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I INTRODUCTION 

In the last century, global biodiversity has been changing at an unprecedented 
rate in response to human-induced changes in the environment (Foley et al. 
2005). Over centuries of land use intensification, forest area has decreased in 
Europe (Grigg 1987), and most of the existing forest land is covered by 
secondary and modified stands, while only a few remnants of old-growth forests 
remain (Linder & Östlund 1998). The implementation of sustainable forest 
management systems consisting of a combination of strictly protected forest 
reserves and forests managed using “close to nature” silvicultural methods has 
been seen as one solution to halt the decline in forest biodiversity (Lähde et al. 
1999; Peterken 1999; Larsen & Nielsen 2007). This has provided ground for the 
concept of forest naturalness, which combines information about habitat bio-
diversity and the integrity of ecosystem functions (Anderson 1991; Uotila et al. 
2002; Winter 2012).  

Many management-sensitive structural and compositional characteristics 
have been listed as indicators for the monitoring or detection of the near-natural 
status of forests (Trass et al. 1999; Lindenmayer et al. 2000). Each evaluation is 
usually limited by resource constraints (Ejrnaes et al. 2002), and therefore 
environmental agencies need an optimized and low-cost method with easy-to-
apply indicators (Balmford et al. 2005; Ejrnaes et al. 2008). Rational and diag-
nostic indicators should be (Dale & Beyeler 2001): I) correlated to both bio-
diversity and management/disturbance activities; II) easy to detect and evaluate; 
III) informative over a wide range of environmental conditions, forest types and 
geographical regions; IV) subjected to rigorous testing of statistical predictive 
power.  

Physical structures of forest like dead wood, big living trees are widely used 
indicators as they are characterized by relatively high inertia, are easy to 
measure and there is also enough scientific knowledge to link specific structures 
to species groups (Lindenmayer et al. 2000). For example, number of studies 
have shown clear linkage between characteristics of dead wood and diversity of 
polypores, lichens and insects (Bobiec et al 2005). Many suggested structural 
indicators and their threshold values are specific to a particular forest site type, 
i.e. dependent on soil conditions, community composition and natural dis-
turbance regimes (Uotila et al. 2002; Lõhmus & Kraut 2010). However there 
have been a few studies in which potential confounding factors have been 
measured and analysed simultaneously (Jacquemyn et al. 2003; Aparicio et al. 
2008). 

Compositional indicators are more difficult to measure and interpret mainly 
because of their dynamic character and high variation in feedback to different 
drivers (Lindenmayer et al. 2000). As habitat quality is taxon or guild specific 
and determined by a multi-factorial environmental complex, the sensitivity to 
management disturbances also varies between species groups and habitat types 
(Jonsson & Jonsell 1999). Before using compositional indicator, it is crucial to 
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define the complex of ecological factors that determine its variability and 
dynamics.  

One of the compositional indicators used is composition of forest field layer 
(Winter 2012). Forest field layer community provides multiple ecosystem 
services for humans, controls forest natural regeneration, provides habitat for 
wildlife and has critical role in the nutrient cycling (Messier et al. 1998; Nilsson 
& Wardle 2005; Royo & Carson 2006). The practical importance of field layer 
plant community (herbs and dwarf shrubs) relays in the fact that it is used for 
classification of the forest site types (e.g. Cajander 1926). The effects of single 
environmental factors on field layer vegetation are frequently recognized (Hart 
& Chen 2006; Barbier et al. 2008). For example it is widely accepted that light 
availability and its spatio-temporal variation are the most influential factors 
determining species composition and the abundance of individual species in a 
forest (Kembel & Dale 2006; Sepp & Liira 2009). Soil conditions and other 
substrate-related natural conditions determine the formation of field layer 
vegetation and their responses to environmental changes (Peet et al. 2003; 
Peppler-Lisbach & Kleyer 2009; Van Couwenberghe et al. 2011). Human gene-
rated disturbances dominate in contemporary forest landscape (Bengtsson et al. 
2000), and therefore, there has also been discussion about the relative role of 
forest management in determining forest plant community composition 
(Nieppola 1992; Pitkänen 2000; Hart & Chen 2008). For instance, it has been 
shown that the field layer in boreal forests may exhibit high resilience towards 
direct disturbances, because their composition only reacts to logging intensity 
when cutting rates exceed 80–95% (Bergstedt & Milberg 2001; Jalonen & 
Vanha-Majamaa 2001), while intermediate-intensity thinning treatments or 
other medium-level disturbances are mostly confined to changes in species 
coverage (De Grandpre et al. 2011). 

The evaluation of the relative importance of anthropogenic vs natural 
processes to the plant community is complicated by two problems: I) the 
collinearity of effects, i.e. anthropogenic effects are frequently intermixed with 
natural changes in a stand (Moora et al. 2007; Bartels & Chen 2010); II) in the 
long-term, the direct causal effect of anthropogenic disturbances is overridden 
by indirect effects, such as changed resource levels and their heterogeneity 
(Økland et al. 2003; Reich et al. 2012). The indirect effects of human dis-
turbances are usually long lasting, much longer than the time for which the 
direct effect of the disturbance itself can be recognised in the field (Jantunen et 
al. 2001; Paal et al. 2011). Such a combination of direct and indirect causal 
relationships and natural processes can be partly avoided by: I) targeting only 
mature stands in which major species arrivals and population adaptations have 
already occurred; II) by the parallel observation of all potentially affected 
characteristics and layers. 
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The following are the main questions the thesis seeks to answer: 
1) Which structural and compositional characteristics of boreal forests are 

sensitive to forest management practices in boreal forest landscapes?  
2) How much do observed relationships and indicators vary along the forest 

productivity gradient characterised by forest site types? 
3) What would be a statistically reliable diagnostic set of indicators for the 

evaluation of forest “naturalness” over the range of boreal forest site types? 
4) How is the pattern of natural recruitment correlated with the multitude of 

factors in mature and old boreal and hemiboreal forests? 
5) How resilient is community composition of forest field layer to the multitude 

of direct and indirect anthropogenic factors in boreal forest stands?  
 
The theses are compiled from four papers: paper I represents the study using 
the “landscape window” method to estimate the anthropogenic effects on forests 
of the Rhodococcum forest site type at various ages; paper II focuses on the 
responses of various structural and compositional characteristics to anthropo-
genic disturbance and within stand conditions along the productivity gradient in 
mature and old boreal forests; paper III specifically analyses tree recruitment 
variations in response to ecological factors along the productivity gradient in 
mature and old boreal and boreonemoral forest site types; paper IV is about 
forest field layer resilience along the productivity gradient in mature and old 
boreal forests. 
 

3 
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II MATERIALS AND METHODS 

2.1. Study area 

The Baltic region, including Estonia, represents a transitional zone of 
silvicultural traditions between Western Europe, which has historically been 
intensively managed, and North-Western Russia, which is still rich in old-
growth forests (Angelstam et al. 1995; Carlsson & Lazdinis 2004). Estonia also 
represents a biogeographic ecotone between northern boreal and temperate 
nemoral forests, belonging to the hemi-boreal vegetation zone (Ahti et al. 
1968). The average annual precipitation varies by around 650 mm per year, and 
average temperatures in July are about 17°C, and in February around –5°C 
(Aunap et al. 2004).  

Most of the papers (see Table 1 for greater detail) addressed boreal forests 
on sandy acidic mineral soils in Estonia (Lõhmus 1984; Paal 2007). Only paper 
III used data from two boreonemoral site types (Hepatica and Aegopodium). 
Estonian boreal forests are mostly Scots pine (Pinus sylvestris) or Norway 
spruce (Picea abies) dominated forests, with Silver birch (Betula pendula) and 
aspen (Populus tremula) as occasional sub-dominants. The stand volume of 
these forest site types varies between ca 165–190 m3/ha in the Calluna-
Cladonia, 250–350 m3/ha the Rhodococcum, 250–400 m3/ha in the Myrtillus 
and 400–800 m3/ha in the Oxalis site type (Lõhmus 1984). These forests 
comprise more than 30% of Estonian forested land (Adermann 2008). The 
commonly applied management cycle of these forests typically involves clear-
cutting at the age of about 80–100(120) years, natural regeneration (sometimes 
sowing or planting), and two or three thinnings at approximately 20-year 
intervals.  
 
 

2.2. Sampling design 

In paper I we used the stratified sampling scheme based on 5*5 km landscape 
windows (Figure 1) dominated by poor dry podzols suitable for Vaccinium vitis-
idaea (Rhodococcum) site type forests (Table 1 in paper I). In these landscapes 
we randomly selected a set of 25–30 sites. The sampling sites were selected 
according to the presence of the Vaccinium vitis-idaea site type forest and a 
distance of at least 100 m from the nearest neighbouring site. Altogether, forest 
structure was described in 6 landscapes at 174 sites (our compiled version of the 
field questionnaire was based on Angelstam & Dönz-Breuss 2004).  
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Figure 1. A – the location of 5*5 km forest landscapes used in paper I, in each 
landscape 25–30 random sample points were described. B – the location of sample 
points used in paper II, III, IV. 
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For paper II, III, IV, we intended to minimise the regional effect caused by the 
use of landscape window and effects related to forest age (forest succession). In 
these papers we used a stratified sampling scheme in order to maximise the 
estimation of anthropogenic disturbance effect and minimize the confounding 
effects of spatial autocorrelation, large-scale heterogeneity in the environment 
and biogeography (Liira et al. 2007; Liira & Sepp 2009). For that purpose, we 
positioned pairs (max distance 5 km) of forest study sites evenly over the entire 
distribution area of each forest site type in Estonia (Figure 1 and Table 1). A 
pair of stands was planned with aim to cover as wide management intensity 
gradient as possible. The studied stands were limited to the minimum values of 
1 ha area and stand age of 75 years. The management and disturbance history of 
stands was verified using data from the State Forest Management Centre 
(http://www.rmk.ee), interviews with local foresters and the map of the Forest 
Key Habitat Network (Andersson et al. 2003). 
 
Table 1. Distribution of sampled points among different site types in different studies.  

Site type/ No of samples Paper I Paper II Paper III Paper IV 

Cladonia-Calluna (boreal)  66 66 56 

Rhodococcum (boreal) 174 95 95 95 

Myrtillus (boreal)  91 91 90 

Oxalis (boreal)    35 

Hepatica (boreonemoral)   83  

Aegopodium (boreonemoral)   88  

 
 
Although the design of the sampling was changed for paper II, III, IV, the 
methodology used to describe forest structure and understory vegetation was 
only slightly optimized using the experience from paper I. In each study site, 
we recorded the state of more than 50 characteristics of forest structure and 
species composition. From the centre of a study site, we recorded the basal area 
of each tree species in three diameter classes: DBH=8–40 cm, 41–80 cm and 
>80 cm, using the Bitterlich relascope; we characterized stem diameter diversity 
as the number of trunk diameter classes, and described the vertical structure of 
the stand canopy by visually estimating the cover of the coniferous and 
deciduous foliar layer. We measured the quantity of standing dead trees and 
broken-top snags (DBH > 8 cm) using the Bitterlich relascope. We estimated 
the basal area of lying dead trees (logs) using a methodology that emulates the 
Bitterlich relascope – searching for and counting logs longer than 1.3 m with a 
diameter greater than 8 cm, 15 cm and 40 cm in concentric circles around the 
central point with a radius of 0–5 m, 5–10 m and 10–30 m respectively. We 
recorded the presence of various stand structural features, such as wind-thrown, 
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wind-broken or specially-shaped trees and the decay classes of dead wood 
(early, medium or late decay). We described understory composition (shrubs 
and tree saplings) in a circle (r= 5.6 m, i.e. 100 m²) by estimating shrub layer 
coverage percentages and tree saplings counts by species (DBH<8 cm and 
height between 1.3 m and 25% of stand height).  

Within study sites (r=30 m), we located one 4x4 m plot (paper I) or ten 
randomly scattered 2x2 m plots (paper II, III, IV) to characterize the 
composition of the herb layer by cover-abundance classes (1–<1%; 2–<5%; 
3<25%; 4–<50%; 5–<75%; 6–<100%), moss-lichen layer coverage and canopy 
closure above. We also recorded the presence of widely-accepted and easily-
recognizable forest biodiversity indicators such as long epiphytic lichens Usnea 
spp., Bryoria spp., ground lichen Peltigera spp., macrofungi on living and dead 
wood, large insect holes (diameter classes 5–10 mm and >10 mm), ant nests and 
any signs of woodpecker activity. Some of the registered structural cha-
racteristics and indicators appeared very infrequently in the study sites, and 
were not used later. 
 
 

2.3. Management intensity index 

In paper I we used information from State Forest Management Centre 
databases to calculate the management intensity index (MI) as the sum of the 
presence/absence of various documented silvicultural activities, weighted by 
their proportional area in a 60-m-radius circle around the sampling point. The 
value of MI was 0 if no cutting operations was done and 4 if the whole area was 
clear cut. Because the detailed management and disturbance history of a stand 
was frequently only available for the last 20 years and was not available for 
private forests, we developed the indicator-based quantified estimate of the 
direct anthropogenic disturbances as an index of management intensity (paper 
II, III, IV). The latter index considers the region- and community-specific 
spectrum of disturbances, and avoids the potential assessment bias based on 
single trait estimation (e.g. the number of cut stumps). This was called the 
Management Intensity Index (MI), because the majority of features considered 
are related to forest management in Estonia. The index can be interpreted as the 
quantified judgment of an expert, assessing the disturbance rate by pooling the 
presence of various visible signs of anthropogenic disturbance. These signs, 
recorded from maps, databases and during stand inventories, are: cut stumps, 
piles of logs, forest tracks, roads, neighbouring clear-cut areas, ditches, garbage, 
fences, soil mechanical damage etc. Signs were recorded within two distance 
intervals – in a study site (r=0–30 m) and in a buffer zone (r=30–60 m). Each 
sign of anthropogenic activities received a score describing its proportional 
effect (1 – weak, 2 – strong), and these were double weighted for a radius zone 
of 0–30 m. The management intensity index (MI) is the sum of these weighted 
scores. The MI is equal to zero if there are no signs of any disturbances within a 

4
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radius of 60 m, and can reach a value of 50 in the case of a clear-cut area with 
soil damage, trash pollution, intersecting ditches and roads, and surrounded by 
neighbouring arable fields or buildings. In our study sites inside larger forested 
areas, we observed the maximum value of MI=19. 
 
 

2.4. Statistical analyses 

The overview of the statistical methods used in various papers is found in 
Table 2. In paper I, II, III, General Linear Model (GLM) analysis in the 
Statistica ver. 8.0 statistical package was applied to test the response pattern of 
numerical forest structural and compositional characteristics to various factors. 
The inclusion of collinear factors was avoided by including only less inter-
correlated characteristics in the model. The tested factors and drivers can be 
classified into several groups according to their roles in the model or in the eco-
system: 
(1)  natural confounder variables causing expected variability in data – site 

productivity (site type in paper II, III), natural succession (stand age in 
paper I, II, IV) and geographical location (geographical coordinates in 
paper II);  

(2)  direct effects of management as an index of the intensity of anthropogenic 
disturbance (MI) (paper I, II, III, IV);  

(3)  indirect effects of management (paper II, III, IV): 
(3a)  via changed average light availability (stand closure, coverage of 

foliage layer from 1.3–4 and 4–10 meters, coverage of shrub layer, 
basal area of trees, basal area of spruce);  

(3b) via altered light resource heterogeneity (the variation coefficient of 
closure inside the site, the number of tree, tree sapling and shrub 
species, and the proportion of boreal deciduous trees in a stand as a 
factor describing seasonal variation and the compositional hetero-
geneity of litter); 

(3c) via the directly or indirectly management controlled amount of lying 
dead wood 

(4)  characteristics of small-scale (within stand) natural variation such as soil 
and ground layer conditions (thickness of organic soil layer (A0), thickness 
of soil humus layer (A1), the cover of moss layer), which can sometimes be 
disturbed by management, but which were little influenced by anthropo-
genic activities in the observed forests. 

 
A two-directional stepwise selection of variables was applied in analyses, until 
the best parsimonious models were reached. Where necessary, the log-transfor-
mation or the arcsine of square-root transformation were applied to attain the 
normal distribution of residuals. In paper II, Generalized Linear Model 
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(GLIM) analysis was used on binomial (presence/absence data) structural 
features with similar model structures.  

We described compositional variation (beta-diversity) within and between 
communities. In paper II we applied the index of relative richness to measure 
the homogeneity (or saturation) of the herb layer within the study site (r=30 m 
forest stand), calculating it as the average proportion of herb layer species 
richness in 2x2 m plots relative to the total number of herb layer species in a 
stand (Zobel & Liira 1997). In paper IV we used a combined methodology to 
estimate the relative importance of factors causing the variation in field layer 
composition allowing non-linear relationships. For that purpose, we used PC-
Ord 6.0 to calculate the compositional dissimilarity of field layer vegetation 
reciprocally among all sites within each forest site type in terms of Sørensen 
distance (belonging to the family of dissimilarity measures by Dice, Hellinger 
and Bray Curtis; McCune & Mefford 1999). Analogously to the dissimilarity 
estimate, we calculated the contrast for each anthropogenic, structural or 
environmental factor reciprocally among all study sites within the same site 
type. The contrast of each stand attribute was standardized into proportional 
units using the average value of the two sites, which were compared. In the next 
step of the analyses, multi-factorial General Linear Model (GLM) analysis in 
the Statistica ver. 8.0 was used to fit a multi-factorial model explaining the 
compositional variation, which was measured as the dissimilarity among two 
sites. The data on compositional dissimilarity were used as a response variable, 
and a two-way stepwise and the best subset selection of variables was applied to 
find the optimal parsimonious model (based on adjusted R² and Mallow Cp 
parameters). Models were built within each forest site type. In paper IV we 
used the relative abundance of each species, by multiplying species average 
abundance in plots (rescaled 0...100%) by its frequency in plots (0…100%) and 
scaled it back to the score range of 0–100.  

In paper I, direct gradient analyses (CCA) were used in CANOCO for 
Windows ver. 4.5 (Ter Braak & Šmilauer 2002) to estimate the relationship 
between field layer composition and environmental variables. Indicator species 
analyses were also used to define compositional indicators in the herb layer 
community (PC-ORD ver. 4.0) in paper I. In paper I and IV we excluded 
species represented in less than three study sites prior to the analyses. 

To identify the diagnostic set of forest indicators that can be used to 
recognize the old-aged stand in near-natural status we used Generalized Linear 
Model (GLIM) analysis in paper I and II. For that purpose, we pre-classified 
stands into two groups (near-natural stands and human-disturbed stands) based 
on stand age (100 years) and management intensity indexes (one weak 
disturbance was allowed).  
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Tabel 2. Statistical methods used in different studies. 

Statistical method Paper I Paper II Paper III Paper IV 

Regression analysis X    

Generalized Linear Model (GLIM) X X   

General Linear Model (GLM)  X X X 

Ordination (CCA) X   X 

Indicator species analyses X    
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III RESULTS 

3.1. The effect of geographic location,  
site type and forest age on forest stands 

In paper II, geographical location, interpreted as a confounding factor in this 
study, showed a significant effect on 24 characteristics out of the total of 35 
characteristics tested (Table 1 in paper II). The effect corresponded with the 
gradient from maritime to inland (paper II). 

Forest site type was a significant factor for 30 forest characteristics out of the 
35 that were tested (paper II). The tested structural and compositional forest 
characteristics showed a uniform positive correlation to the productivity rank of 
the forest site type. Only in the case of a few characteristics is the correlative 
trend with productivity negative – the coverage of ground layer lichens (mostly 
Cladonia spp.)and the variation coefficient of tree canopy closure tend to 
increase toward low productivity forests (the Cladonia-Calluna site type). It is 
important to note that the statistically significant increase in the values of 
different forest characteristics described as forest site type based homogenous 
groups is often trait-specific (Figure 2). Average values of forest characteristics 
in different site types are presented in Table 1 in paper IV. 

In paper I we showed that there is a very strong negative relationship 
between stand age and management intensity, and the more natural Rho-
dococcum site type forests have a minimum age limit of between 50 and 80 
years (Figure 1 in paper I). If minimum stand age was set at 75 (paper II, IV), 
it remained a statistically significant explanatory variable for many characte-
ristics. In paper II 16 forest characteristics out of 35 were dependent on stand 
age (Tables 1 and 2 in paper II). Stand age was mostly associated with those 
structural traits or biodiversity indicators that are related to trees or shrubs, 
while the characteristics of forest floor vegetation do not correlate with stand 
age (Tables 1 and 2 in paper II). In general, older stands have a larger number 
of tree species, a higher proportion of spruce, basal area of large trees (DBH> 
40 cm) and dead wood. The stand canopy has a denser second tree layer and 
understory (foliar layers 4–10 m and 1–4 m) in older forests. The only negative 
correlation between stand age and forest structure was observed in the basal 
area of small diameter trees (DBH=8–40 cm). Old forests also have a higher 
occurrence probability of dead branches, wind-throw and wind-break of trees, 
and also a higher relative incidence rate of biodiversity indicators, such as 
indicator lichens on trees, insect holes (d>10 mm) on trunks and signs of 
woodpecker activity. 

5 
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Figure 2. The pattern of statistically significant increase of stand characteristics (n=16) 
related with tree and shrub layer (based on ranks (a, b and c in increasing order) among 
homogeneity groups of average values tested with GLM analysis in Paper II).  
 
 

3.2. The direct effect of management  
on forest stands 

The direct anthropogenic impact measured through visible signs of management 
(management intensity index) was a significant predictor for 24 forest 
characteristics (paper II). It usually had a significant negative effect on the 
forest structure and compositional characteristics of trees and the shrub layer 
(see also Table 2 in paper I). 

Most evidently, management reduced the total basal area of a stand, parti-
cularly of large trees, and also the number of diameter classes present in a stand. 
Managed boreal forests are usually dominated by Scots pine and have lower 
tree species richness. Management activity predicted a decrease in the amount 
and diversity of dead wood and the closure of the stand canopy, as well as the 
coverage of the lower tree layers. It also reduces the probability of the 
occurrence of wind-throw or wind-break trees, specially-shaped trees, fruit 
bodies of fungi on trees, indicator lichens, as well as signs of insects and 
woodpeckers. 
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3.3. The indirect effects of management  
on forest stands 

The indirect effects of forest management are reflected in forest regeneration 
composition and abundance and in field layer vegetation (see paper II, III, IV). 
Indirect effects appear through site type specific changes in stand density, tree 
species composition, the availability of dead wood as substrate, but most of all 
in the reduction of stand closure and the coverage of understory layers (the 
second layer and shrubs).  

In paper II we showed that although management did not have a direct 
effect on field layer vegetation, the variability of light conditions and average 
light availability had significant effect on field layer composition. The greater 
openness facilitated herb layer coverage and suppressed graminoids. These 
changes also reduced the total number of herb species in a stand, but did not 
affect small-scale species richness, therefore increasing the homogeneity of the 
herb layer. 
 
 

3.4. Factors affecting forest regeneration along  
the productivity gradient 

In paper II (see also paper I) we showed that management intensity did not 
have a direct effect on sapling species richness. In paper III we analysed the 
indirect effects of management on forest saplings, and found an analogy with 
field layer community. 

The most common microhabitat for tree regeneration was undisturbed 
vegetation, and the only considerable alternative substrate for tree regeneration 
was dead wood, but only in spruce forests (Table 1 in paper III). Seedling fre-
quency and the number of seedling species were strongly related to produc-
tivity. Boreal forest site types lacked several deciduous tree species in the field 
layer, and seedling frequency was also considerably lower than that of more 
productive boreonemoral forests (Table 2 in paper III). Spruce seedlings were 
most common in all site types other than the Cladonia-Calluna site type. Only 
rowan (Sorbus aucuparia) seedlings were as frequent as spruce, particularly in 
productive site types. The ubiquity of oak (Quercus robur) across forest site 
types was surprising: it was equally frequent everywhere, but it also possessed 
the highest local importance among seedlings in low-productivity boreal forests. 

The GLM model on the number of saplings (Table 3 in paper III) revealed 
that there were significant differences in sapling abundance between forest site 
types, and that sapling abundance was positively correlated with tree species 
richness, variation in canopy closure and the amount of lying dead wood, 
hinting at the impact of microhabitat availability. The model showed the 
common suppressing effect of spruce density on the number of saplings, and in 
boreal forests this suppression was enhanced by the large number of young trees 
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in the stand (Figure 2 in paper III). On the ground, abundant moss cover and 
the presence of a thick organic horizon layer also had positive effects on sapling 
abundance in a stand. Several other factors that were considered to be potential 
predictors, such as the average closure of the canopy and the presence of wind-
thrown or wind-broken trees, did not prove to be significant in the model. 

In the GLM analysis on sapling species richness, we first took into account 
the number of saplings in the sample, expecting a standard relationship between 
sample size and species richness. The model confirmed that site type was one of 
the most important factors (Table 3 in paper III, see also paper II). Sapling 
richness is significantly and positively correlated with the species richness of 
the tree layer (Figure 3 in paper III). Competitive intensity from herbs and the 
dense moss layer proves to be a forest site type specific interaction – only in 
boreonemoral forests did the mosses facilitate the species richness of saplings, 
while the herb layer proved to be a dominant suppressing competitor. Finally, 
we also found that the species richness of saplings decreased in proportion to 
the amount of lying wood in a stand (Figure 3 in paper III).  
 
 

3.5. Factors affecting field layer composition along  
the productivity gradient 

GLM analyses for each site type described a relatively similar proportion of the 
total variation in field layer compositional dissimilarity: 26.7% (adjusted R2) in 
the Cladonia-Calluna site type, 26.5% in the Rhodococcum site type, 13.7% in 
the Myrtillus site type and 27.1% in Oxalis site type. General factors such as 
management intensity and age were significant in all site types, but their relative 
importance was small in all site types, being highest in the Cladonia-Calluna 
site type. The direct effect of management intensity was only observed in the 
Cladonia-Calluna site type and in the most productive Oxalis site type. In both 
site types, the relationship was non-linear, indicating that the dissimilarity 
increase of field layer composition occurs at widely varying management 
intensities (Table 2 in paper IV). 

The forest structural and compositional characteristics determining light 
availability and light spatio-temporal heterogeneity were the most important 
significant explanatory variables in the Cladonia-Calluna and Oxalis site types 
(Figure 3). The pooled effect of characteristics describing light availability 
described 11.5% of the compositional variation of the field layer in the 
Cladonia-Calluna site type, 12.7% in the Oxalis site type and 5.8% and 4.7% 
respectively in the Rhodococcum and Myrtillus site types. Of these characte-
ristics, shrub cover was the most common influential factor, being important in 
all site types. The effect of general light availability described by canopy 
closure and other lower canopy layers on the compositional dissimilarity of the 
field layer increased along the productivity gradient. The effect of canopy 
closure was complemented by the second foliar layer (4–10 m) only in the 
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Myrtillus site type. The effect of stand density, described by various sub-indices 
of the basal area of trees, was also a significant factor determining field layer 
composition in all site types. In general, the contrast in the basal area of small 
(DBH 8–40cm) and large (DBH >40cm) diameter trees among stands predicts 
increasing dissimilarity in field layer composition (Figure 1 in paper IV).  

A group of variables describing the potential heterogeneity of light condi-
tions in a stand (variation of closure within the stand, the species richness of 
trees, tree saplings and shrubs, and the proportion of boreal deciduous trees) had 
the strongest effect on field layer dissimilarity in the Oxalis (7.9%) and 
Cladonia-Calluna (7.6%) site types, while a weaker but significant effect was 
observed in the Rhodococcum (0.8%) and Myrtillus (1.4%) site types. Of site 
heterogeneity variables, the contrast of the species richness of the shrub layer 
was the most common and the most influential predictor of field layer 
compositional dissimilarity in all site types. This dissimilarity-increasing effect 
was only evident at large contrast in shrub richness estimates between stands. 
The temporal heterogeneity in light conditions described by the contrast in the 
proportion of Betula and Populus trees caused higher compositional dis-
similarity in the Cladonia-Calluna site type (Figure 1 in paper IV). Within 
stands, the variation in canopy closure was a significant variable that made the 
field layer community more homogeneous in the Cladonia-Calluna site type. 

The complex of soil and ground layer conditions, which was not affected by 
management, proved to be a relatively significant predictor of field layer 
composition in all forest site types. It was particularly important in the 
Rhodococcum site type, explaining 19.2% of variance. Of ground layer cha-
racteristics, the moss cover and the thickness of the organic layer (A0) were the 
most common revealing factors. Combining the effect profiles of these two 
organic-rich structures above mineral soils, the greater contrast in this ‘organic 
blanket’ predicts larger field-layer dissimilarity, particularly in the ground layer 
dominated communities of the Cladonia-Calluna site type. In forests of inter-
mediate productivity, the Rhodococcum and Myrtillus site types, the saturating 
effect of moss cover contrast is supported by the effect of A0 layer contrast 
(Figure 1 in paper IV). The contrast in the quantity of lying dead wood predicts 
a significant effect on field layer compositional dissimilarity in all site types, 
except for the Rhodococcum site type. In extreme productivity site types (the 
Cladonia-Calluna and Oxalis site type), the relationship was positive, indicating 
increasing compositional dissimilarity along the increasing contrast in dead 
wood amounts. In the intermediate the Myrtillus site type, the relationship was 
negatively linear, suggesting a more similar field layer composition in forests 
with a great contrast in amounts of dead wood (Figure 1 in paper IV). The 
effect of the contrast in the thickness of the humus layer (A1) was significant in 
the Rhodococcum and Myrtillus site types. The models predicted that com-
positional dissimilarity increases along the A1 thickness contrast in the 
Myrtillus site type. In the Rhodococcum site type, the response is hump-shaped 
(Figure 1 in paper IV). 
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Figure 3. The relative importance of factor groups in the compositional variation of the 
field layer, based on GLM model partial determination coefficient (η2) (GLM model in 
paper IV). 
 
 

3.6. Optimised indicator set for determining forest 
near-naturalness 

In paper II the optimised set of forest indicators was able to classify correctly 
65% of pre-defined near-natural forest stands and 86% of stands with 
anthropogenic disturbances (Table 3 in paper II). In paper I (the model applied 
only to the Rhodococcum site type), where all successional stages were 
represented, the model classified correctly 75% and 96% respectively (Table 3 
in paper I). In both studies, only a few studied features from the long list of 
potential and responding characteristics turned out to be statistically informative 
for the recognition of near-natural forests. In paper II the results of the analysis 
suggest that a minimal set of ‘positive’ indicators used to assess the forest’s 
habitat quality in Estonia over a range of boreal forest site types consists of the 
amount (basal area) of standing dead wood, the presence of specially shaped 
trees and signs of woodpecker activity. The proportion of deciduous trees in a 
stand is informative only in the Myrtillus site type. Boreal forests seem to have 
a higher rate of anthropogenic perturbation if there is an abundance of forest 
herb Melampyrum pratensis, i.e. it is a ‘negative’ indicator of stand nature 
quality. 
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IV DISCUSSION 

4.1. General factors determining the variability  
of boreal forests 

In the analysis of boreal forests (paper I, II) we found that even in surveys with 
very restricted sampling to detect only management effects, many structural 
features and biodiversity indicators were affected by generic factors including 
stand age and geographic location. In addition, most of the forest characteristics 
have a specific correlation with site productivity described through forest site 
type. This supports the view that structural indicators should be interpreted 
specifically to site type conditions (paper II) (Lõhmus & Kraut 2010). 

Successional young stands on the contemporary forest landscape are usually 
created by management operations and rarely by natural disturbances, and thus 
the effects of management and stand age lead to analogous response values of 
many forest characteristics (paper I, II) (Sturtevant et al. 1997; Ekbom et al. 
2006). For example, 14 out of 16 stand characteristics that were positively 
correlated with stand age were negatively related to management intensity. The 
absence of young stands with low management intensity index values (paper I) 
suggests that Estonian dry boreal forest landscapes (dominated by the Rho-
dococcum site type) lack natural regeneration dynamics, e.g. patch dynamics 
caused by stand replacing disturbances. This is supported by the fact that we 
observed a very low proportion of deciduous pioneer tree species in the tree 
canopy (paper I), which was not explained by stand age and silvicultural 
operations during the last 20 years. This is probably the result of a long-term 
management history that has suppressed deciduous tree species due to their 
lower economic value and traditional salvage loggings after disturbances. 
 
 

4.2. The direct effect of management  
on boreal forest structure and composition 

The direct effect of forest management leads stands toward simplification 
through the reduction of structural complexity and tree species richness. The 
observed pattern was clear in our studies covering the whole successional range 
of Rhodococcum forest landscapes (paper I), and it was also consistent along 
the soil productivity gradient in the studied mature boreal forests on sandy soils 
(paper II). The same has been noted in productive broad-leaved forests in 
Estonia (Meier et al. 2005) and in several studies in other regions (Siitonen et 
al. 2000; Uotila et al. 2002; Köster et al. 2005). We also showed that the direct 
impact of management on natural forest regeneration and field layer 
composition cannot be observed in mature forests, but it is evident through the 
indirect effects of management on substrate and critical resources (paper II, 
III, IV). 
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4.3. The indirect effects of management on forest 
regeneration along the productivity gradient 

It has been noted by Angelstam et al. (1995) that the enhancement of natural 
regeneration in stands may be the most cost-effective way to obtain a species-
rich stand. The success of this approach depends on seed source availability, but 
also on management practices supporting the establishment and growth of 
saplings. Our study confirmed that tree regeneration is very site type specific 
(Kuuluvainen 1994) and is affected by a complex of factors, of which stand 
structure is most likely controlled by silvicultural operations such as thinning 
(paper III). 

As expected, the higher rate of tree regeneration estimated as seedling fre-
quency was found in productive habitats, and the abundance-corrected richness 
of saplings was also higher in productive and species-rich boreonemoral stands. 
Many tree seedlings in boreonemoral stands belong to various late-successional 
tree species, and they are ready to use the ‘‘window of opportunity’’ to support 
stand development into a multispecies late-successional forest (Lieffers et al. 
1999; Lõhmus & Kraut 2010). In boreal forests, seed sources were limited to a 
few species preserved in the stand during forest management. In boreal forests, 
management in younger stands was probably also historically more intensive, 
and excluded most of the deciduous trees from stands (paper I). It was, 
however, surprising to note that oak was a species that could in near future 
enrich all types of forests, even dry boreal ones.  

Earlier studies on specific forest types have shown that there are different 
facilitating or suppressing interactions between tree saplings and understory 
vegetation (Jäderlund et al. 1997; Hanssen 2003). We found that field and 
ground layer communities affect sapling abundance and diversity, as equal 
competitors and their effects on sapling richness were forest-type specific. In 
boreal forests, sapling species richness was positively correlated with herb layer 
cover and negatively with moss layer cover, and vice versa in boreonemoral 
forests (paper III). Many studies have indicated the importance of dead wood, 
microrelief and other specific ground structures for the establishment of tree 
seedlings (Kuuluvainen 1994). Our studies did not confirm this, as we showed 
that the majority of the regeneration occurs in undisturbed field layer vege-
tation. The only considerable alternative were lying dead tree trunks, which are 
a specific regeneration substrate in spruce-related stands (Svoboda et al. 2010).  

Management to enhance natural tree regeneration should be based on 
knowledge about the maintenance of the biodiversity of forest herb layer 
communities, because tree saplings belong to the same ecological niche as herb 
layer plants. The optimal set of conditions can be achieved by including forest-
type-specific cutting methods and through the generation of optimal small-area 
gaps of light, thereby avoiding the creation of intensive competition by light-
demanding plants but nevertheless providing suitable microclimatic and 
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microhabitat conditions for successful tree seedling germination and the growth 
of saplings. 

 
 
4.4. The indirect effects of management on field layer 

composition along the productivity gradient 

In paper IV we showed that direct management has only weak or insignificant 
effects on species richness and turnover (Aubin et al. 2007, see also paper II). 
One reason for the high resilience of the field layer to disturbances in 
intermediately productive forests (the Rhodococcum and Myrtillus site type) 
may be the abundant occurrence of dwarf shrub species from genus Calluna, 
Empetrum and Vaccinium, which are long-living and remarkably resistant to 
different types of small disturbances (Hart& Chen 2006; Hautala et al. 2005). 

The indirect effects of forest management operate through changed canopy 
structure, which is associated with changes in the availability and spatio-
temporal distribution of light. Our results confirmed the fact that the availability 
of light is an important driver of field layer composition (Bartemucci et al. 
2006; Tinya et al. 2009). Along the productivity gradient, the importance of 
different factor-complexes changed non-linearly, particularly concerning light 
conditions, but also ground conditions. 

The overall effect of light conditions did not depend only on the mono-
factorial effect of the average level of light, but it was revealed through a 
complex effect of several hierarchically-ordered stand characteristics that 
determine the level and spatio-temporal structure of light availability at the level 
of the field layer (paper III). Our study supported the specific view that light 
availability for the field layer is instantaneously controlled by the shrub and 
understory tree layer (Messier et al. 1998), but this effect was only strong in 
forests at the extremes of the productivity gradient, and was less evident in 
intermediate productive types. In contrast, in the intermediate productivity 
Myrtillus forests, where the shrub layer was mostly absent, or in the Rho-
dococcum site type, where re-growth consisted mostly of spruce, only large 
changes in the forest’s second layer and undergrowth had an effect on the 
composition of the field layer.  

We would like to note that at each productivity level, field layer composition 
had different drivers because of different limiting factors. The effects of the 
spatio-temporal heterogeneity of light availability were related to somewhat 
different processes along the productivity gradient. In the Cladonia-Calluna site 
type forests, a small increase in canopy closure and the presence of spruce exert 
a homogenizing effect on the field layer, because moderate shade (Semchenko 
et al. 2012) and the occurrence of deciduous trees (Betula pendula, Populus 
tremuloides) increases resource heterogeneity, particularly temporal light 
variation, because light is available in early spring, when soil moisture is not 
limiting, and shade is only provided in the dry period. In the highly productive 
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the Oxalis site type, the presence of a dense coniferous canopy creates per-
manently shaded conditions for the field layer, whereas even a minor increase in 
light availability results in a strong response in field layer composition.  

Instead of the effects of light resources, in intermediate-productivity forests 
the ground layer and soil surface properties had a more prominent role in 
determining the composition of the field layer. In these site types, the thick soil 
organic horizon (A0) and abundant moss cover ‘isolate’ herbaceous plant roots 
from the mineral soil (particularly the Rhodococcum site type) at the seedling 
stage, and the presence or absence of an ‘organic blanket’ cause apparent 
differences in field layer composition (Zobel et al. 2000; Mallik 2003; Hautala 
et al. 2005). In some of the forest site types, the ‘organic blanket’ effect of thick 
organic layers was relaxed by the presence of lying dead wood (Kirchner et al. 
2011). 
 
 

4.5. Indicators of forest naturalness 

Compared to the length of the list of structural and compositional characteristics 
that is widely used in assessments and monitoring systems (Larsson 2001; 
Andersson et al. 2003), the statistically-supported set of indicators of ecosystem 
naturalness appeared to be much shorter (paper I, II) (Liira et al. 2007). One 
reason for this may be the choice of the analytical method – the assessment of 
near-natural status takes a different analytical path than the estimation of the 
correlations between management and forest characteristics. In many studies, 
the latter has been selected as a sufficient step in the search for indicators. The 
evaluation of the predictive power of potential indicators should, however, be 
tested. Another reason for such shortening can be explained by the rarity of 
many widely accepted indicators of old-growth forests (e.g. very big trees), 
which can be treated as stochastic components in contemporary forest land, and 
therefore do not carry sufficient diagnostic power for contemporary forests 
(Lindenmayer et al. 2000; Büchs 2003).  

Our studies of different site types have shown that the different structural 
characteristics of a forest should be combined to obtain an efficient set of indi-
cators that would recognize the naturalness of a forest on contemporary forest 
landscapes (paper I, II). All of our suggested indicators (the amount of 
standing dead wood, the presence of specially-shaped trees, signs of wood-
pecker activity and the proportion of deciduous trees in the Myrtillus site type) 
for determining the naturalness of mature boreal forests are commonly used 
forest structural characteristics and biodiversity indicators, they are easy to 
recognize, have low observer bias, are robust to measure and have a low cost of 
estimation. It is clear that the extension of the list of independent indicators and 
the inclusion of the estimate of management intensity will only improve the 
evaluation. 
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V CONCLUSIONS 

1) One must take into account the collinearity and confounding effects of 
different factors when analyzing the effect of management operations, 
because most of the structural elements do not respond linearly to the 
increase in site productivity and are simultaneously affected positively by 
stand age and negatively by management activities.  

2) The effects of direct management on mature forests are mostly confounded 
by trees and shrubs. Forest structural and compositional characteristics that 
are significantly negatively affected by direct management operations are: 
large-diameter trees (DBH>40cm) and diameter classes, the proportion of 
spruce and deciduous trees, the amount of coarse woody debris of various 
stages, tree canopy closure and coverage of lower canopy layers.  

3) Only a fraction of indicators that are negatively affected by management 
appear to be statistically significant for the assessment of the naturalness of 
mature boreal forests: the amount of standing dead wood, the proportion of 
deciduous trees in the Myrtillus site type, the presence of specially shaped 
trees and signs of woodpeckers. 

4) Indirect forest management mainly affects tree regeneration and field layer 
composition through manipulated canopy structure and composition, which 
determines light availability and heterogeneity, but also the availability of 
dead wood, as the regeneration niche is important. Indirect effects have a 
greater influence in site types that suffer stress, either because of an excess 
or a deficit of light.  

5) Sustainable forest management in Estonia should focus on the stand scale 
and on the maintenance of different structural features, particularly dead 
wood, old trees, and deciduous tree species. To enhance compositional 
diversity through field layer (natural regeneration), the management should 
be site type specific in diversifying stand structure. On the landscape scale, 
forest management and nature conservation should begin to emphasise the 
importance of natural regeneration with deciduous tree species after stand-
replacing disturbances. 
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VI SUMMARY 

During the last century, the biodiversity of boreal forests has been reported to 
be increasingly endangered. The main reasons for this in boreal forests are 
related to the intensification of silvicultural practices and the decline of old 
forests with continuous disturbance histories. One way to deal with this problem 
is to establish strict forest reserves together with forests with changed manage-
ment practices, thereby making it possible to maintain and restore the natural-
ness of managed forests. To do this we need to understand what structural and 
compositional elements of the forest community are directly affected by 
silviculture, and whether these effects are uniform over an array of different 
forest site types. 

In this thesis we sought answers to the following questions: 
1) Which structural and compositional characteristics of boreal forests are 

directly sensitive to forest management practices in the boreal forest 
landscape?  

2) How much do observed relationships and indicators vary along the forest 
productivity gradient characterised by forest site types? 

3) What would be a statistically reliable diagnostic set of indicators for the 
evaluation of forest “naturalness” over the range of boreal forest site 
types? 

4) How is the pattern of natural recruitment correlated with the multitude of 
factors in matured or old boreal and hemiboreal forests? 

5) How resilient is the composition of the forest field layer community to 
the multitude of direct and indirect anthropogenic factors in boreal forest 
stands? 

 
Our study area comprised the whole of Estonia, which is situated in the hemi-
boreal vegetation zone. Most of the papers addressed boreal forest site types on 
sandy mineral soils (Cladonia-Calluna, Rhodococcum, Myrtillus, Oxalis site 
type). The commonly applied management cycle of these forests typically 
involves clear-cutting at the age of about 80–100(120) years, natural regene-
ration (sometimes sowing or planting), and two or three thinnings at approxi-
mately 20-year intervals. In the first study we used landscape window based 
sampling, but we later developed it to a more random stratified sampling 
scheme with a minimum age limit of 75 years, covering the whole of Estonia. 
Data from a total of 632 sample points were used. The main statistical methods 
used for the statistical analyses were the General Linear Model and Generalized 
Linear Model analyses.  

Our results suggest that as expected, site type (productivity) determines the 
amount and variability of most of the structural and compositional cha-
racteristics of a forest. The majority of structural elements do not, however, 
increase linearly on a productivity gradient. Therefore a site type specific 
approach is needed when interpreting structural indicators on a wider scale, 
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because a significant part of the variability between forest stands is caused by 
differences in productivity and not by management intensity.  

The effect of direct management in mature forests is mostly confounded by 
trees and shrubs. Forests’ structural and compositional characteristics that are 
significantly negatively affected by direct management operations are: large-
diameter trees (DBH>40cm) and diameter classes, the proportion of spruce and 
deciduous trees, the amount of coarse woody debris of various stages, tree 
canopy closure and the coverage of lower canopy layers. It is important to 
notice that only a fraction of forest characteristics affected negatively by 
management appear to be statistically significant for the assessment of the 
natural quality of mature boreal forests over a range of site types. In our case, 
when examining the three most common boreal forest site types (the Calluna-
Cladonia, Rhodococcum and Myrtillus site type), the significant predictors 
were: the amount of standing dead wood, the proportion of deciduous wood in 
the Myrtillus site type trees, the presence of specially shaped trees and signs of 
woodpeckers. 

Indirect forest management mainly affects tree regeneration and field layer 
composition through manipulated canopy structure and composition, which 
determines light availability and heterogeneity, but also the availability of dead 
wood, as the regeneration niche is important. The reaction of forest field layer 
composition to the indirect effects of forest management disturbances varies 
along the productivity gradient. Light conditions represent the dominant factor 
complex explaining the compositional variation of the field layer vegetation in 
habitat types with low and high productivity, while in intermediate productivity 
conditions, natural heterogeneity, such as upper soil layers and ground layer 
conditions, are the most important determinants.  

Sustainable forest management in Estonian boreal forests should focus on 
the stand scale and on the maintenance of different structural features, parti-
cularly dead wood, old trees and deciduous tree species, and to enhance com-
positional diversity through field layer (natural regeneration), management 
should be site type specific in diversifying stand structure. At the landscape 
scale, forest management and nature conservation should begin to emphasize 
the importance of natural regeneration with deciduous tree species after stand-
replacing disturbances. 
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KOKKUVÕTE 

Majandamise otsene ja kaudne mõju boreaalsete  
metsade struktuurile ja alustaimestikule 

Viimase sajandi jooksul on hakatud boreaalsete metsade elurikkuse ohustatuse 
pärast järjest rohkem muret tundma. Peamised elurikkuse ohustatuse põhjusteks 
on vanade loodusmetsade vähenemine ja metsamajanduse intensiivistumine. 
Ühe lahendusena nähakse ökoloogiliste võrgustike loomist, kus majandamisest 
kõrvale jäetavate looduslähedaste metsade vahel paiknevad metsad, kus majan-
damistegevus säilitab või vajadusel taastab looduslikele metsadele iseloomu-
likke elemente, nagu näiteks suured vanad puud ja surnud puit. Selleks, et 
määratleda praktikas kõige looduslähedasemas seisundis olevaid metsasid või 
hinnata majandatavate metsade looduslähedust, kasutatakse indikaatoritena 
metsa struktuuri, liigilist koosseisu ja funktsionaalsust kirjeldavaid indikaato-
reid. Indikaatorite väärtuste alusel järelduste tegemiseks peame mõistma, kuidas 
erinevad struktuursed ja koosseisulised indikaatorid on metsamajandamisest 
mõjutatud ja kas indikaatorite reaktsioon on sarnane ka erinevate kasvukoha-
tüüpide (produktiivsustasemete) lõikes. 

Käesolevate teeside eesmärgiks oli uurida, millised boreaalsete kasvukoha-
tüüpide struktuurilised ja koosseisulised tunnused on metsamajandusest kõige 
enam mõjutatud ning kuidas see muutub erinevates kasvukohatüüpides. Koos-
seisulistest karakteristikutest uurisime detailsemalt puude järelkasvu ja metsa 
puhma- ja rohurinde koosseisu tundlikkust metsamajandamisest tingitud muu-
tustele. 

Teeside aluseks olevad uuringud keskendusid liivastel muldadel kasvavatele 
okaspuumetsadele sambliku, kanarbiku, pohla, mustika ja jänesekapsa kasvu-
kohatüüpides. Järelkasvu uuringus olid kaasatud sinilille ja naadi kasvukoha-
tüübi metsad. Esimeses uuringus keskendusime kitsamalt pohla kasvukohatüübi 
metsadele ja see põhines maastikulisel valimil. Välitööd toimusid kuuel 25 ruut-
kilomeetri suurusel maastikul. Igal alal kirjeldati 25–30 juhuslikku, üksteisest 
vähemalt 100 m kaugusel asuvat punkti pohla kasvukohatüübi metsades. 
Kirjeldatud puistud esindasid nii suktsessioonilist kui majandusintensiivsuse 
gradienti. Järgnevates uuringutes hõlmasime juba suuremat hulka kasvukoha-
tüüpe (produktiivsusgradient) ja keskendusime ainult küpsetele ja vanadele 
metsadele (puistu vanus vähemalt 75 aastat). Sellega püüdsime minimeerida 
suktsessioonilisest vanusest tulenevaid mõjusid. Ruumilise autokorrelatsiooni 
vältimiseks loobusime maastikutasandil eelvalikust ja paigutasime proovi-
punktide paarid juhuslikult kogu kasvukohatüübi levikualale üle Eesti. Proovi-
punktide paar esindas võimalikult laia majandusintensiivsuse gradienti konk-
reetses piirkonnas. Kõikides proovipunktides kirjeldasime üle viiekümne metsa 
struktuuri ja koosseisu kirjeldavat näitajat. Kokku kirjeldasime erinevate uurin-
gute raames metsa struktuuri ja alustaimestikku 632 punktis. Andmeid ana-
lüüsiti peamiselt üldise lineaarse mudeli ja üldistatud lineaarsete mudelite 
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meetodiga ning alustaimestiku puhul kasutati ka ordinatsioonianalüüsi meeto-
deid. 

Meie esimene uuring, mis keskendus kitsamalt pohla kasvukohatüübi metsa-
dele näitas, et metsade vanus ja majandamise intensiivsus olid tugevalt nega-
tiivselt korreleeritud. Kuigi järgmistes uuringutes kasutasime vanuse alampiiri 
(75 aastat) ja vanuse tähtsus struktuursete ja koosseisuliste indikaatorite kirjel-
damisel vähenes, jäi see statistiliselt siiski oluliseks. See tulemus rõhutas veelgi 
vajadust pöörata majandamise mõjude uurimisel tähelepanu vanuse ja majanda-
mise mõju omavahelisele seotusele. Nagu eeldasime, mõjutas kasvukohatüüp 
oluliselt erinevate struktuursete tunnuste väärtusi ja varieerumise ulatust. 
Oluline on siinkohal märkida, et erinevad struktuursed tunnused käitusid pro-
duktiivsuse suurenemisel erinevalt ja ei suurenenud alati lineaarselt. See viitab 
vajadusele arvestada kasvukohatüübipõhiste lävenditega, kui erinevaid struk-
tuurseid elemente kasutatakse metsade loodusläheduse indikaatoritena. 

Metsamajandamise otsesed mõjud olid enamasti seotud puu- ja põõsa-
rindega. Metsakoosluse struktuurilised ja koosseisulised elemendid, mis olid 
statistiliselt usaldusväärselt majandamisest negatiivselt mõjutatud, olid järg-
mised: suurediameetriliste puude ja diameetriklasside arv, kuuse ja lehtpuude 
osakaal puistus, erinevas laguastmes lamapuidu kogus ning puistu erinevate 
rinnete liituvus. Huvitav oli, et ainult väike osa majandamisest oluliselt mõju-
tatud tunnustest olid statistiliselt olulised metsade loodusläheduse prognoosi-
mise mudelis. Sambliku, kanarbiku, pohla ja mustika kasvukohatüüpide loodus-
lähedasi metsi tundis kõige paremini ära tunnustekompleks, kuhu kuulusid: 
seisva surnud puidu kogus, lehtpuude osakaal mustika kasvukohatüübis, erilise 
võrakujuga puude hulk ja rähnide tegevusjälgede esinemine ning negatiivse 
tunnusena (positiivselt seotud häiringutega) jäi mudelisse Melampyrum praten-
sise ohtruse suurenemine, mis oli seega iseloomulik inimtegevusest rohkem 
mõjutatud metsadele. Nimetatud tunnustekompleks ennustas õigesti 65% 
looduslähedastest metsadest ja 86% inimtegevusest rohkem mõjutatud 
metsadest. 

Meie uuritavates metsades mõjutas majandustegevus metsa alustaimestikku 
vaid kaudselt, eelkõige puistu vertikaalse struktuuri ja liigilise koosseisu kaudu, 
mis määrab alustaimestikuni jõudva valguse hulga ja omadused ning selle 
varieerumise ajas ja ruumis. Lisaks avaldub majandamise mõju lamapuidu 
koguse kaudu, mis väljendub konkurentsivaba substraadi olemasolus nii puu-
liikide kui teiste taimede jaoks. Alustaimestiku koosseisu reaktsioon kaudsetele 
majandusmõjudele oli erinevates kasvukohatüüpides väga varieeruv. Valgus-
tingimusi kujundavate faktorite kompleks oli domineeriv alustaimestiku koos-
seisu muutuste selgitamisel kõige madalama produktiivsusega sambliku ja 
kanarbiku kasvukohatüübis ning kõige viljakamas jänesekapsa kasvukoha-
tüübis. Mõlemas kasvukohatüübis on vastavalt kas valgustingimuste üleküllus 
või nappus ja sellest tulenevalt on alustaimestik pidevas valgusstressi seisundis 
ning ka väike muutus valgustingimustes toob endaga kaasa alustaimestiku koos-
seisu muutumise. Samas suhteliselt optimaalsete valgustingimustega keskmise 



37 

produktiivsusega pohla ja mustika kasvukohatüübis on kõige olulisemateks 
taimestiku koosseisu määravateks teguriteks kõdu- ja huumushorisondi paksus. 

Loodussõbralik metsamajandus Eesti liivastel muldadel levinud okaspuu-
metsades peab puistu tasandil pöörama rohkem tähelepanu surnud puidu, 
vanade puude ja lehtpuude säilitamisele. Alustaimestiku mitmekesisuse säilita-
miseks peab erinevates kasvukohatüüpides kasutama erinevaid majandamis-
võtteid, et suurendada puistute ruumilist varieeruvust. Maastiku tasandil peab 
senisest enam väärtustama looduslike häiringute järgsete suktsessioonifaaside 
olemasolu. 
 
 

10 



38 

ACKNOWLEDGEMENTS 

Current thesis and underlying studies are all done in close collaboration with 
my supervisor Jaan Liira. Without his positive and supporting attitude it would 
not have happened. Thank you Jaan! 
 
The research study was supported by the Estonian Science Foundation grants 
5478, 7878 and 9157, target-financing projects TBGBO0553, SF0180098s08 
and SF0180012s09 and the European Union through the European Regional 
Development Fund [Centre of Excellence Frontiers in Biodiversity Research 
(FIBIR)].  
 
The proofreading was done by Alexander Harding. 
 



 

 

 

 

 

 

PUBLICATIONS 



CURRICULUM VITAE 

Name:  Kaupo Kohv 
Date of birth:  16.05.1978 
Citizenship:  Estonian 
E-mail:  kaupo.kohv@rmk.ee 
 
Education: 
1985–1996  Türi Gymnasium 
1996–2001 University of Tartu, BSc in landscape ecology 
2001–2003 University of Tartu, MSc in plant ecology  
2003 …    University of Tartu, PhD student in plant ecology and 

ecophysiology 
 
Professional employment: 
2011–  State Forest Management Centre, Conservation management 

specialist 
2005–2011  Estonian Fund for Nature, Forest specialist 
 
Research interests: 
forest ecology, plant ecology, management impact on forest structure and 
biodiversity 
 
Publications: 
Kohv, K. Zobel, M. & Liira, J. (submitted). Productivity affects the driver-

specific resilience of forest understory community. 
Liira, J., Sepp, T. & Kohv, K. (2011). The ecology of tree regeneration in 

mature and old forests: combined knowledge for sustainable forest manage-
ment. Journal of Forest Research, 16(3), 184–193. 

Jüriado, I., Liira, J., Csencsics, D., Widmer, I., Adolf, C., Kohv, K. & Schei-
degger, C. (2011). Dispersal ecology of the endangered woodland lichen 
Lobaria pulmonaria in managed hemiboreal forest landscape. Biodiversity 
and Conservation, 20(8), 1803–1819. 

Liira, J. & Kohv, K. (2010). Stand characteristics and biodiversity indicators 
along the productivity gradient in boreal forests: Defining a critical set of 
indicators for the monitoring of habitat nature quality. Plant Biosystems, 
144(1), 211–220. 

Kohv, K. & Liira, J. (2005). Anthropogenic effects on vegetation structure of 
the boreal forest in Estonia. Scandinavian Journal of Forest Research, 
20(S6), 122–134. 

Lõhmus, A., Kohv, K., Palo A. & Viilma, K. (2004). Loss of old-growth, and 
the minimum need for strictly protected forests in Estonia. – In: Angel-
stam, P., Donz-Breuss, M. & Roberge, J.-M. (Eds.). Targets and Tools for 

109 
28



the Maintenance of Forest Biodiversity. Ecological Bulletins 51:401–411. 
Blackwell Science. 

 
Conference presentations: 
Kohv, K. & Palo, A. (2010). How are Estonian Woodland Key Habitats mana-

ged – what has remained and how are they protected? In: Proceedings of the 
conference “Nature Conservation Beyond 2010”: Conference “Nature 
Conservation beyond 2010”; Tallinn, Estonia; May 27–29, 2010. Pp 36–37. 

Kohv, K. & Liira, J. 2004. Structural differences between managed and near-
natural Estonian Vaccinium vitis-idaea forests. – The 5th International 
Conference on Disturbance Dynamics in Boreal Forests. Dubna, Russia, 
August 1–5, 2004 

 
 
 

110 



ELULOOKIRJELDUS 

Nimi:  Kaupo Kohv 
Sünniaeg:  16.05.1978 
Kodakondsus:  Eesti 
E-post:  kaupo.kohv@rmk.ee 
 
Haridus: 
1985–1996  Türi Gümnaasium 
1996–2001 Tartu Ülikool, BSc maastikuökoloogias 
2001–2003 Tartu Ülikool, MSc taimeökoloogia erialal  
2003…    Tartu Ülikool, doktorant taimeökoloogia ja ökofüsioloogia 

erialal 
 
Töökogemus: 
2011–  Riigimetsa Majandamise Keskus, kaitsekorraldusspetsialist 
2005–2011 Eestimaa Looduse Fond, metsaspetsialist, juhatuse liige 
 
Peamised uurimisvaldkonnad:  
metsaökoloogia, taimeökoloogia, majandamise mõju metsade struktuurile ja 
elurikkusele 
 
Publikatsioonid: 
Kohv, K. Zobel, M. & Liira, J. (submitted). Productivity affects the driver-

specific resilience of forest understory community. 
Liira, J., Sepp, T. & Kohv, K. (2011). The ecology of tree regeneration in 

mature and old forests: combined knowledge for sustainable forest manage-
ment. Journal of Forest Research, 16(3), 184–193. 

Jüriado, I., Liira, J., Csencsics, D., Widmer, I., Adolf, C., Kohv, K., & Schei-
degger, C. (2011). Dispersal ecology of the endangered woodland lichen 
Lobaria pulmonaria in managed hemiboreal forest landscape. Biodiversity 
and Conservation, 20(8), 1803–1819. 

Liira, J. & Kohv, K. (2010). Stand characteristics and biodiversity indicators 
along the productivity gradient in boreal forests: Defining a critical set of 
indicators for the monitoring of habitat nature quality. Plant Biosystems, 
144(1), 211–220. 

Kohv, K. & Liira, J. (2005). Anthropogenic effects on vegetation structure of 
the boreal forest in Estonia. Scandinavian Journal of Forest Research, 
20(S6), 122–134. 

Lõhmus, A., Kohv, K., Palo A. & Viilma, K. (2004). Loss of old-growth, and 
the minimum need for strictly protected forests in Estonia. – In: 
Angelstam, P., Donz-Breuss, M., & Roberge, J.-M. (Eds.). Targets and Tools 
for the Maintenance of Forest Biodiversity. Ecological Bulletins 51:401–
411. Blackwell Science. 

111 



Konverentsiettekanded: 
Kohv, K. & Palo, A. (2010). How are Estonian Woodland Key Habitats 

managed – what has remained and how are they protected? In: Proceedings 
of the conference “Nature Conservation Beyond 2010”: Conference “Nature 
Conservation beyond 2010”; Tallinn, Estonia; May 27–29, 2010. Pp 36–37. 

Kohv, K. & Liira, J. 2004. Structural differences between managed and near-
natural Estonian Vaccinium vitis-idaea forests. – The 5th International Con-
ference on Disturbance Dynamics in Boreal Forests. Dubna, Russia, August 
1–5, 2004 

 
 
 
 
 

112 



DISSERTATIONES BIOLOGICAE 
UNIVERSITATIS TARTUENSIS 

 

  1. Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p. 
  2. Enn K. Seppet. Thyroid state control over energy metabolism, ion transport 

and contractile functions in rat heart. Tartu, 1991, 135 p.  
  3. Kristjan Zobel. Epifüütsete makrosamblike väärtus õhu saastuse indikaa-

toritena Hamar-Dobani boreaalsetes mägimetsades. Tartu, 1992, 131 lk. 
  4. Andres Mäe. Conjugal mobilization of catabolic plasmids by transposable 

elements in helper plasmids. Tartu, 1992, 91 p. 
  5. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp. 

strain EST 1001. Tartu, 1992, 61 p. 
  6. Allan Nurk. Nucleotide sequences of phenol degradative genes from 

Pseudomonas sp. strain EST 1001 and their transcriptional activation in 
Pseudomonas putida. Tartu, 1992, 72 p. 

  7. Ülo Tamm. The genus Populus L. in Estonia: variation of the species bio-
logy and introduction. Tartu, 1993, 91 p. 

  8. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli ribo-
some. Tartu, 1993, 68 p. 

  9. Ülo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p. 
10. Arvo Käärd. The development of an automatic online dynamic fluo-

rescense-based pH-dependent fiber optic penicillin flowthrought biosensor 
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p. 

11. Lilian Järvekülg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p. 

12. Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu, 
1993, 47 p. 

13. Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst. 
trees grown under different enviromental conditions. Tartu, 1994, 119 p.  

13. Mati Reeben. Regulation of light neurofilament gene expression. Tartu, 
1994, 108 p. 

14. Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p. 
15. Ülo Puurand. The complete nucleotide sequence and infections in vitro 

transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p. 
16. Peeter Hõrak. Pathways of selection in avian reproduction: a functional 

framework and its application in the population study of the great tit (Parus 
major). Tartu, 1995, 118 p. 

17. Erkki Truve. Studies on specific and broad spectrum virus resistance in 
transgenic plants. Tartu, 1996, 158 p. 

18. Illar Pata. Cloning and characterization of human and mouse ribosomal 
protein S6-encoding genes. Tartu, 1996, 60 p. 

19. Ülo Niinemets. Importance of structural features of leaves and canopy in 
determining species shade-tolerance in temperature deciduous woody taxa. 
Tartu, 1996, 150 p. 

113 
29



20. Ants Kurg. Bovine leukemia virus: molecular studies on the packaging 
region and DNA diagnostics in cattle. Tartu, 1996, 104 p. 

21. Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996, 
100 p. 

22. Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor tran-
scription factors in neurogenesis. Tartu, 1996, 109 p. 

23. Maido Remm. Human papillomavirus type 18: replication, transformation 
and gene expression. Tartu, 1997, 117 p. 

24. Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,  
124 p. 

25. Kalle Olli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p. 

26. Meelis Pärtel. Species diversity and community dynamics in calcareous 
grassland communities in Western Estonia. Tartu, 1997, 124 p. 

27. Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania: dis-
tribution, morphology and taxonomy. Tartu, 1997, 186 p. 

28. Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,  
80 p. 

29. Arvo Tuvikene. Assessment of inland water pollution using biomarker 
responses in fish in vivo and in vitro. Tartu, 1997, 160 p. 

30. Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of  
23S rRNA. Tartu, 1997, 134 p. 

31. Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of Riga 
ecosystem. Tartu, 1997, 138 p. 

32. Lembi Lõugas. Post-glacial development of vertebrate fauna in Estonian 
water bodies. Tartu, 1997, 138 p. 

33. Margus Pooga. Cell penetrating peptide, transportan, and its predecessors, 
galanin-based chimeric peptides. Tartu, 1998, 110 p. 

34. Andres Saag. Evolutionary relationships in some cetrarioid genera (Liche-
nized Ascomycota). Tartu, 1998, 196 p. 

35. Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p. 
36. Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the 

eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p. 
37. Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis on 

the competition and coexistence of calcareous grassland plant species. 
Tartu, 1998, 78 p. 

38. Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Keroplati-
dae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae). Tartu, 
1998, 200 p.  

39. Andrus Tasa. Biological leaching of shales: black shale and oil shale. 
Tartu, 1998, 98 p. 

40. Arnold Kristjuhan. Studies on transcriptional activator properties of tumor 
suppressor protein p53. Tartu, 1998, 86 p. 

114 



41. Sulev Ingerpuu. Characterization of some human myeloid cell surface and 
nuclear differentiation antigens. Tartu, 1998, 163 p. 

42. Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic 
factors in the shallow lake Võrtsjärv. Tartu, 1998, 118 p. 

43. Kadri Põldmaa. Studies in the systematics of hypomyces and allied genera 
(Hypocreales, Ascomycota). Tartu, 1998, 178 p. 

44. Markus Vetemaa. Reproduction parameters of fish as indicators in 
environmental monitoring. Tartu, 1998, 117 p. 

45. Heli Talvik. Prepatent periods and species composition of different 
Oesophagostomum spp. populations in Estonia and Denmark. Tartu, 1998, 
104 p. 

46. Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water 
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p. 

47. Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998, 
77 p. 

48. Indrek Ots. Health state indicies of reproducing great tits (Parus major): 
sources of variation and connections with life-history traits. Tartu, 1999, 
117 p. 

49. Juan Jose Cantero. Plant community diversity and habitat relationships in 
central Argentina grasslands. Tartu, 1999, 161 p. 

50. Rein Kalamees. Seed bank, seed rain and community regeneration in 
Estonian calcareous grasslands. Tartu, 1999, 107 p. 

51. Sulev Kõks. Cholecystokinin (CCK) — induced anxiety in rats: influence 
of environmental stimuli and involvement of endopioid mechanisms and 
erotonin. Tartu, 1999, 123 p. 

52. Ebe Sild. Impact of increasing concentrations of O3 and CO2 on wheat, 
clover and pasture. Tartu, 1999, 123 p. 

53. Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p. 

54. Andres Valkna. Interactions of galanin receptor with ligands and  
G-proteins: studies with synthetic peptides. Tartu, 1999, 103 p. 

55. Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999, 
101 p. 

56. Ana Rebane. Mammalian ribosomal protein S3a genes and intron-encoded 
small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p. 

57. Tiina Tamm. Cocksfoot mottle virus: the genome organisation and transla-
tional strategies. Tartu, 2000,  101 p. 

58. Reet Kurg. Structure-function relationship of the bovine papilloma virus E2 
protein. Tartu, 2000, 89 p. 

59. Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p. 

60. Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS. Tartu 
2000. 88 p. 

115 



61. Dina Lepik. Modulation of viral DNA replication by tumor suppressor 
protein p53. Tartu 2000. 106 p. 

62. Kai Vellak. Influence of different factors on the diversity of the bryophyte 
vegetation in forest and wooded meadow communities. Tartu 2000. 122 p. 

63. Jonne Kotta. Impact of eutrophication and biological invasionas on the 
structure and functions of benthic macrofauna. Tartu 2000. 160 p. 

64. Georg Martin. Phytobenthic communities of the Gulf of Riga and the inner 
sea the West-Estonian archipelago. Tartu, 2000. 139 p. 

65.  Silvia Sepp. Morphological and genetical variation of Alchemilla L. in 
Estonia. Tartu, 2000. 124 p. 

66. Jaan Liira. On the determinants of structure and diversity in herbaceous 
plant communities. Tartu, 2000. 96 p. 

67. Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu 2001. 
111 p. 

68. Tiit Teder. Direct and indirect effects in Host-parasitoid interactions: 
ecological and evolutionary consequences. Tartu 2001. 122 p. 

69. Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its 
transport across the plasma membrane. Tartu 2001. 80 p. 

70. Reet Marits. Role of two-component regulator system PehR-PehS and 
extracellular protease PrtW in virulence of Erwinia Carotovora subsp. 
Carotovora. Tartu 2001. 112 p. 

71. Vallo Tilgar. Effect of calcium supplementation on reproductive perfor-
mance of the pied flycatcher Ficedula hypoleuca and the great tit Parus 
major, breeding in Nothern temperate forests. Tartu, 2002. 126 p. 

72. Rita Hõrak. Regulation of transposition of transposon Tn4652 in 
Pseudomonas putida. Tartu, 2002. 108 p. 

73. Liina Eek-Piirsoo. The effect of fertilization, mowing and additional 
illumination on the structure of a species-rich grassland community. Tartu, 
2002. 74 p. 

74. Krõõt Aasamaa. Shoot hydraulic conductance and stomatal conductance of 
six temperate deciduous tree species. Tartu, 2002. 110 p. 

75. Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002. 
112 p. 

76. Neeme Tõnisson. Mutation detection by primer extension on oligo-
nucleotide microarrays. Tartu, 2002. 124 p. 

77. Margus Pensa. Variation in needle retention of Scots pine in relation to 
leaf morphology, nitrogen conservation and tree age. Tartu, 2003. 110 p. 

78. Asko Lõhmus. Habitat preferences and quality for birds of prey: from 
principles to applications. Tartu, 2003. 168 p. 

79. Viljar Jaks. p53 — a switch in cellular circuit. Tartu, 2003. 160 p. 
80. Jaana Männik. Characterization and genetic studies of four ATP-binding 

cassette (ABC) transporters. Tartu, 2003. 140 p. 
81. Marek Sammul. Competition and coexistence of clonal plants in relation to 

productivity. Tartu, 2003. 159 p 

116 



82. Ivar Ilves. Virus-cell interactions in the replication cycle of bovine 
papillomavirus type 1. Tartu, 2003. 89 p.  

83. Andres Männik. Design and characterization of a novel vector system 
based on the stable replicator of bovine papillomavirus type 1. Tartu, 2003. 
109 p. 

84. Ivika Ostonen. Fine root structure, dynamics and proportion in net 
primary production of Norway spruce forest ecosystem in relation to site 
conditions. Tartu, 2003. 158 p. 

85. Gudrun Veldre. Somatic status of 12–15-year-old Tartu schoolchildren. 
Tartu, 2003. 199 p. 

86.  Ülo Väli. The greater spotted eagle Aquila clanga and the lesser spotted 
eagle A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004. 
159 p.  

87. Aare Abroi. The determinants for the native activities of the bovine 
papillomavirus type 1 E2 protein are separable. Tartu, 2004. 135 p. 

88. Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004. 116 p. 
89. Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspension 

feeders and mesograzers in the northern Baltic Sea. Tartu, 2004. 117 p. 
90. Maarja Öpik. Diversity of arbuscular mycorrhizal fungi in the roots of 

perennial plants and their effect on plant performance. Tartu, 2004. 175 p.  
91. Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004. 109 p. 
92. Kristiina Tambets. Towards the understanding of post-glacial spread of 

human mitochondrial DNA haplogroups in Europe and beyond: a phylo-
geographic approach. Tartu, 2004. 163 p. 

93. Arvi Jõers. Regulation of p53-dependent transcription. Tartu, 2004. 103 p. 
94. Lilian Kadaja. Studies on modulation of the activity of tumor suppressor 

protein p53. Tartu, 2004. 103 p. 
95. Jaak Truu. Oil shale industry wastewater: impact on river microbial  

community and possibilities for bioremediation. Tartu, 2004. 128 p. 
96. Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu, 

2004. 105 p. 
97. Ülo Maiväli. Studies on the structure-function relationship of the bacterial 

ribosome. Tartu, 2004. 130 p.  
98. Merit Otsus. Plant community regeneration and species diversity in dry 

calcareous grasslands. Tartu, 2004. 103 p. 
99. Mikk Heidemaa. Systematic  studies  on  sawflies of  the  genera Dolerus,  

Empria,  and  Caliroa (Hymenoptera:  Tenthredinidae). Tartu, 2004. 167 p. 
100. Ilmar Tõnno. The impact of nitrogen and phosphorus concentration and 

N/P ratio on cyanobacterial dominance and N2 fixation in some Estonian 
lakes. Tartu, 2004. 111 p. 

101. Lauri Saks. Immune function, parasites, and carotenoid-based ornaments 
in greenfinches. Tartu, 2004. 144 p.  

102. Siiri Rootsi. Human Y-chromosomal variation in European populations. 
Tartu, 2004. 142 p. 

117 
30



103. Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative 
plasmid pEST4011. Tartu, 2005. 106 p.  

104.  Andres Tover. Regulation of transcription of the phenol degradation 
pheBA operon in Pseudomonas putida. Tartu, 2005. 126 p. 

105.  Helen Udras. Hexose  kinases  and  glucose transport  in  the  yeast Han-
senula  polymorpha. Tartu, 2005. 100 p. 

106. Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distri-
bution patterns, taxonomy. Tartu, 2005. 162 p. 

107. Piret Lõhmus. Forest lichens and their substrata in Estonia. Tartu, 2005. 
162 p.  

108. Inga Lips. Abiotic factors controlling the cyanobacterial bloom occur-
rence in the Gulf of Finland. Tartu, 2005. 156 p. 

109.  Kaasik, Krista. Circadian clock genes in mammalian clockwork, meta-
bolism and behaviour. Tartu, 2005. 121 p. 

110.  Juhan Javoiš. The effects of experience on host acceptance in ovipositing 
moths. Tartu, 2005. 112 p.  

111.  Tiina Sedman. Characterization  of  the  yeast Saccharomyces  cerevisiae 
mitochondrial  DNA  helicase  Hmi1. Tartu, 2005. 103 p.  

112.  Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae): 
distribution, population structure and ecology. Tartu, 2005. 112 p.  

113.  Riho Teras. Regulation of transcription from the fusion promoters ge-
nerated by transposition of Tn4652 into the upstream region of pheBA 
operon in Pseudomonas putida. Tartu, 2005. 106 p.  

114.  Mait Metspalu. Through the course of prehistory in india: tracing the 
mtDNA trail. Tartu, 2005. 138 p.  

115. Elin Lõhmussaar. The comparative patterns of linkage disequilibrium in 
European populations and its implication for genetic association studies. 
Tartu, 2006. 124 p. 

116. Priit Kupper. Hydraulic and environmental limitations to leaf water rela-
tions in trees with respect to canopy position. Tartu, 2006. 126 p. 

117. Heili Ilves. Stress-induced transposition of Tn4652 in Pseudomonas 
Putida. Tartu, 2006. 120 p. 

118. Silja Kuusk. Biochemical properties of Hmi1p, a DNA helicase from 
Saccharomyces cerevisiae mitochondria. Tartu, 2006. 126 p. 

119. Kersti Püssa. Forest edges on medium resolution landsat thematic mapper 
satellite images. Tartu, 2006. 90 p. 

120. Lea Tummeleht. Physiological condition and immune function in great 
tits (Parus major l.): Sources of variation and trade-offs in relation to 
growth. Tartu, 2006. 94 p. 

121. Toomas Esperk. Larval instar as a key element of insect growth schedules. 
Tartu, 2006. 186 p.  

122. Harri Valdmann. Lynx (Lynx lynx) and wolf (Canis lupus)  in the Baltic 
region:  Diets,  helminth parasites and genetic variation. Tartu, 2006. 102 p. 

118 



123. Priit Jõers. Studies of the mitochondrial helicase Hmi1p in Candida 
albicans and Saccharomyces cerevisia. Tartu, 2006. 113 p. 

124. Kersti Lilleväli. Gata3 and Gata2 in inner ear development. Tartu, 2007. 
123 p.  

125. Kai Rünk. Comparative ecology of three fern species: Dryopteris carthu-
siana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins & Jermy and 
D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007. 143 p.  

126. Aveliina Helm. Formation and persistence of dry grassland diversity: role 
of human history and landscape structure. Tartu, 2007. 89 p.  

127. Leho Tedersoo. Ectomycorrhizal fungi: diversity and community structure 
in Estonia, Seychelles and Australia. Tartu, 2007. 233 p.  

128. Marko Mägi. The habitat-related variation of reproductive performance of 
great tits in a deciduous-coniferous forest mosaic: looking for causes and 
consequences. Tartu, 2007. 135 p.  

129. Valeria Lulla. Replication strategies and applications of Semliki Forest 
virus. Tartu, 2007. 109 p.  

130. Ülle Reier. Estonian threatened vascular plant species: causes of rarity and 
conservation. Tartu, 2007. 79 p. 

131. Inga Jüriado. Diversity of lichen species in Estonia: influence of regional 
and local factors. Tartu, 2007. 171 p. 

132. Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based 
cooperation. Tartu, 2007. 112 p. 

133. Signe Saumaa. The role of DNA mismatch repair and oxidative DNA 
damage defense systems in avoidance of stationary phase mutations in 
Pseudomonas putida. Tartu, 2007. 172 p. 

134. Reedik Mägi. The linkage disequilibrium and the selection of genetic 
markers for association studies in european populations. Tartu, 2007. 96 p.  

135. Priit Kilgas. Blood parameters as indicators of physiological condition and 
skeletal development in great tits (Parus major): natural variation and 
application in the reproductive ecology of birds. Tartu, 2007. 129 p.  

136. Anu Albert. The role of water salinity in structuring eastern Baltic coastal 
fish communities. Tartu, 2007. 95 p.  

137. Kärt Padari. Protein transduction mechanisms of transportans. Tartu, 2008. 
128 p. 

138. Siiri-Lii Sandre. Selective forces on larval colouration in a moth. Tartu, 
2008. 125 p. 

139. Ülle Jõgar. Conservation and restoration of semi-natural floodplain mea-
dows and their rare plant species. Tartu, 2008. 99 p. 

140. Lauri Laanisto. Macroecological approach in vegetation science: gene-
rality of ecological relationships at the global scale. Tartu, 2008. 133 p. 

141. Reidar Andreson. Methods and software for predicting PCR failure rate in 
large genomes. Tartu, 2008. 105 p.  

142. Birgot Paavel. Bio-optical properties of turbid lakes. Tartu, 2008. 175 p. 

119 



143. Kaire Torn. Distribution and ecology of charophytes in the Baltic Sea. 
Tartu, 2008, 98 p.  

144. Vladimir Vimberg. Peptide mediated macrolide resistance. Tartu, 2008, 
190 p. 

145. Daima Örd. Studies on the stress-inducible pseudokinase TRB3, a novel 
inhibitor of transcription factor ATF4. Tartu, 2008, 108 p. 

146. Lauri Saag. Taxonomic and ecologic problems in the genus Lepraria 
(Stereocaulaceae, lichenised Ascomycota). Tartu, 2008, 175 p. 

147. Ulvi Karu. Antioxidant protection, carotenoids and coccidians in green-
finches – assessment of the costs of immune activation and mechanisms of 
parasite resistance in a passerine with carotenoid-based ornaments. Tartu, 
2008, 124 p. 

148. Jaanus Remm. Tree-cavities in forests: density, characteristics and occu-
pancy by animals. Tartu, 2008, 128 p. 

149. Epp Moks. Tapeworm parasites Echinococcus multilocularis and E. gra-
nulosus in Estonia: phylogenetic relationships and occurrence in wild 
carnivores and ungulates. Tartu, 2008, 82 p. 

150. Eve Eensalu. Acclimation of stomatal structure and function in tree ca-
nopy: effect of light and CO2 concentration. Tartu, 2008, 108 p. 

151. Janne Pullat. Design, functionlization and application of an in situ 
synthesized oligonucleotide microarray. Tartu, 2008, 108 p. 

152. Marta Putrinš. Responses of Pseudomonas putida to phenol-induced 
metabolic and stress signals. Tartu, 2008, 142 p.  

153.  Marina Semtšenko. Plant root behaviour: responses to neighbours and 
physical obstructions. Tartu, 2008, 106 p. 

154. Marge Starast. Influence of cultivation techniques on productivity and 
fruit quality of some Vaccinium and Rubus taxa. Tartu, 2008, 154 p.  

155. Age Tats. Sequence motifs influencing the efficiency of translation. Tartu, 
2009, 104 p. 

156. Radi Tegova. The role of specialized DNA polymerases in mutagenesis in 
Pseudomonas putida. Tartu, 2009, 124 p. 

157. Tsipe Aavik. Plant species richness, composition and functional trait 
pattern in agricultural landscapes – the role of land use intensity and land-
scape structure. Tartu, 2009, 112 p. 

158. Kaja Kiiver. Semliki forest virus based vectors and cell lines for studying 
the replication and interactions of alphaviruses and hepaciviruses. Tartu, 
2009, 104 p. 

159. Meelis Kadaja. Papillomavirus Replication Machinery Induces Genomic 
Instability in its Host Cell. Tartu, 2009, 126 p. 

160. Pille Hallast. Human and chimpanzee Luteinizing hormone/Chorionic 
Gonadotropin beta (LHB/CGB) gene clusters: diversity and divergence of 
young duplicated genes. Tartu, 2009, 168 p. 

161. Ain Vellak. Spatial and temporal aspects of plant species conservation. 
Tartu, 2009, 86 p. 

120 



162. Triinu Remmel. Body size evolution in insects with different colouration 
strategies: the role of predation risk. Tartu, 2009, 168 p. 

163. Jaana Salujõe. Zooplankton as the indicator of ecological quality and fish 
predation in lake ecosystems. Tartu, 2009, 129 p. 

164. Ele Vahtmäe. Mapping benthic habitat with remote sensing in optically 
complex coastal environments. Tartu, 2009, 109 p.  

165. Liisa Metsamaa. Model-based assessment to improve the use of remote 
sensing in recognition and quantitative mapping of cyanobacteria. Tartu, 
2009, 114 p. 

166. Pille Säälik. The role of endocytosis in the protein transduction by cell-
penetrating peptides. Tartu, 2009, 155 p. 

167. Lauri Peil. Ribosome assembly factors in Escherichia coli. Tartu, 2009,  
147 p. 

168. Lea Hallik. Generality and specificity in light harvesting, carbon gain 
capacity and shade tolerance among plant functional groups. Tartu, 2009, 
99 p. 

169. Mariliis Tark. Mutagenic potential of DNA damage repair and tolerance 
mechanisms under starvation stress. Tartu, 2009, 191 p. 

170. Riinu Rannap. Impacts of habitat loss and restoration on amphibian po-
pulations. Tartu, 2009, 117 p. 

171. Maarja Adojaan. Molecular variation of HIV-1 and the use of this know-
ledge in vaccine development. Tartu, 2009, 95 p. 

172. Signe Altmäe. Genomics and transcriptomics of human induced ovarian 
folliculogenesis. Tartu, 2010, 179 p. 

173. Triin Suvi. Mycorrhizal fungi of native and introduced trees in the 
Seychelles Islands. Tartu, 2010, 107 p. 

174. Velda Lauringson. Role of suspension feeding in a brackish-water coastal 
sea. Tartu, 2010, 123 p. 

175. Eero Talts. Photosynthetic cyclic electron transport – measurement and 
variably proton-coupled mechanism. Tartu, 2010, 121 p.  

176. Mari Nelis. Genetic structure of the Estonian population and genetic 
distance from other populations of European descent. Tartu, 2010, 97 p. 

177. Kaarel Krjutškov. Arrayed Primer Extension-2 as a multiplex PCR-based 
method for nucleic acid variation analysis: method and applications. Tartu, 
2010, 129 p. 

178. Egle Köster. Morphological and genetical variation within species complexes: 
Anthyllis vulneraria s. l. and Alchemilla vulgaris (coll.). Tartu, 2010, 101 p. 

179. Erki Õunap. Systematic studies on the subfamily Sterrhinae (Lepidoptera: 
Geometridae). Tartu, 2010, 111 p.  

180. Merike Jõesaar. Diversity of key catabolic genes at degradation of phenol 
and p-cresol in pseudomonads. Tartu, 2010, 125 p. 

181. Kristjan Herkül. Effects of physical disturbance and habitat-modifying 
species on sediment properties and benthic communities in the northern 
Baltic Sea. Tartu, 2010, 123 p. 

121 
31



182. Arto Pulk. Studies on bacterial ribosomes by chemical modification 
approaches. Tartu, 2010, 161 p. 

183. Maria Põllupüü. Ecological relations of cladocerans in a brackish-water 
ecosystem. Tartu, 2010, 126 p.  

184. Toomas Silla. Study of the segregation mechanism of the Bovine 
Papillomavirus Type 1. Tartu, 2010, 188 p. 

185. Gyaneshwer Chaubey. The demographic history of India: A perspective 
based on genetic evidence. Tartu, 2010, 184 p. 

186. Katrin Kepp. Genes involved in cardiovascular traits: detection of genetic 
variation in Estonian and Czech populations. Tartu, 2010, 164 p. 

187. Virve Sõber. The role of biotic interactions in plant reproductive 
performance. Tartu, 2010, 92 p. 

188. Kersti Kangro. The response of phytoplankton community to the changes 
in nutrient loading. Tartu, 2010, 144 p. 

189. Joachim M. Gerhold. Replication and Recombination of mitochondrial 
DNA in Yeast. Tartu, 2010, 120 p. 

190. Helen Tammert. Ecological role of physiological and phylogenetic 
diversity in aquatic bacterial communities. Tartu, 2010, 140 p. 

191. Elle Rajandu. Factors determining plant and lichen species diversity and 
composition in Estonian Calamagrostis and Hepatica site type forests. 
Tartu, 2010, 123 p. 

192. Paula Ann Kivistik. ColR-ColS signalling system and transposition of 
Tn4652 in the adaptation of Pseudomonas putida. Tartu, 2010, 118 p. 

193. Siim Sõber. Blood pressure genetics: from candidate genes to genome-
wide association studies. Tartu, 2011, 120 p. 

194. Kalle Kipper. Studies on the role of helix 69 of 23S rRNA in the factor-
dependent stages of translation initiation, elongation, and termination. 
Tartu, 2011, 178 p. 

195. Triinu Siibak. Effect of antibiotics on ribosome assembly is indirect. 
Tartu, 2011, 134 p. 

196. Tambet Tõnissoo. Identification and molecular analysis of the role of 
guanine nucleotide exchange factor RIC-8 in mouse development and 
neural function. Tartu, 2011, 110 p. 

197. Helin Räägel. Multiple faces of cell-penetrating peptides – their intra-
cellular trafficking, stability and endosomal escape during protein trans-
duction. Tartu, 2011, 161 p.  

198. Andres Jaanus. Phytoplankton in Estonian coastal waters – variability, 
trends and response to environmental pressures. Tartu, 2011, 157 p. 

199. Tiit Nikopensius. Genetic predisposition to nonsyndromic orofacial clefts. 
Tartu, 2011, 152 p. 

200. Signe Värv. Studies on the mechanisms of RNA polymerase II-dependent 
transcription elongation. Tartu, 2011, 108 p. 

201. Kristjan Välk. Gene expression profiling and genome-wide association 
studies of non-small cell lung cancer. Tartu, 2011, 98 p. 

122 



202. Arno Põllumäe. Spatio-temporal patterns of native and invasive zoo-
plankton species under changing climate and eutrophication conditions. 
Tartu, 2011, 153 p. 

203. Egle Tammeleht. Brown bear (Ursus arctos) population structure, demo-
graphic processes and variations in diet in northern Eurasia. Tartu, 2011, 
143 p.  

205. Teele Jairus. Species composition and host preference among ectomy-
corrhizal fungi in Australian and African ecosystems. Tartu, 2011, 106 p.   

206. Kessy Abarenkov. PlutoF – cloud database and computing services 
supporting biological research. Tartu, 2011, 125 p.  

207. Marina Grigorova. Fine-scale genetic variation of follicle-stimulating 
hormone beta-subunit coding gene (FSHB) and its association with repro-
ductive health. Tartu, 2011, 184 p. 

208. Anu Tiitsaar. The effects of predation risk and habitat history on butterfly 
communities. Tartu, 2011, 97 p. 

209. Elin Sild. Oxidative defences in immunoecological context: validation and 
application of assays for nitric oxide production and oxidative burst in a 
wild passerine. Tartu, 2011, 105 p. 

210. Irja Saar. The taxonomy and phylogeny of the genera Cystoderma and 
Cystodermella (Agaricales, Fungi). Tartu, 2012, 167 p. 

211. Pauli Saag. Natural variation in plumage bacterial assemblages in two 
wild breeding passerines. Tartu, 2012, 113 p. 

212. Aleksei Lulla. Alphaviral nonstructural protease and its polyprotein 
substrate: arrangements for the perfect marriage. Tartu, 2012, 143 p. 

213. Mari Järve. Different genetic perspectives on human history in Europe 
and the Caucasus: the stories told by uniparental and autosomal markers. 
Tartu, 2012, 119 p. 

214. Ott Scheler. The application of tmRNA as a marker molecule in bacterial 
diagnostics using microarray and biosensor technology. Tartu, 2012, 93 p. 

215. Anna Balikova. Studies on the functions of tumor-associated mucin-like 
leukosialin (CD43) in human cancer cells. Tartu, 2012, 129 p. 

216. Triinu Kõressaar. Improvement of PCR primer design for detection of 
prokaryotic species. Tartu, 2012, 83 p. 

217. Tuul Sepp. Hematological health state indices of greenfinches: sources of 
individual variation and responses to immune system manipulation. Tartu, 
2012, 117 p. 

218. Rya Ero. Modifier view of the bacterial ribosome. Tartu, 2012, 146 p. 
219. Mohammad Bahram. Biogeography of ectomycorrhizal fungi across dif-

ferent spatial scales. Tartu, 2012, 165 p. 
220. Annely Lorents. Overcoming the plasma membrane barrier: uptake of 

amphipathic cell-penetrating peptides induces influx of calcium ions and 
downstream responses. Tartu, 2012, 113 p. 

123 



221. Katrin Männik. Exploring the genomics of cognitive impairment: whole-
genome SNP genotyping experience in Estonian patients and general 
population. Tartu, 2012, 171 p. 

222. Marko Prous. Taxonomy and phylogeny of the sawfly genus Empria 
(Hymenoptera, Tenthredinidae). Tartu, 2012, 192 p. 

223. Triinu Visnapuu. Levansucrases encoded in the genome of Pseudomonas 
syringae pv. tomato DC3000: heterologous expression, biochemical 
characterization, mutational analysis and spectrum of polymerization 
products. Tartu, 2012, 160 p. 

224. Nele Tamberg. Studies on Semliki Forest virus replication and patho-
genesis. Tartu, 2012, 109 p. 

225. Tõnu Esko. Novel applications of SNP array data in the analysis of the ge-
netic structure of Europeans and in genetic association studies. Tartu, 2012, 
149 p. 

226. Timo Arula. Ecology of early life-history stages of herring Clupea 
harengus membras in the northeastern Baltic Sea. Tartu, 2012, 143 p. 

227. Inga Hiiesalu. Belowground plant diversity and coexistence patterns in 
grassland ecosystems. Tartu, 2012, 130 p. 

228. Kadri Koorem. The influence of abiotic and biotic factors on small-scale 
plant community patterns and regeneration in boreonemoral forest. Tartu, 
2012, 114 p.  

229. Liis Andresen. Regulation of virulence in plant-pathogenic pectobacteria. 
Tartu, 2012, 122 p. 

 
 
 
 
 
 
 


	Paper_III.pdf
	The ecology of tree regeneration in mature and old forests: combined knowledge for sustainable forest management
	Abstract
	Introduction
	Materials and methods
	Study area
	Sampling methods
	Statistical analyses

	Results
	Discussion
	Acknowledgments
	References





