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1. INTRODUCTION

Modern forestry is shifting from timber production towards the service
of a broader set of resource values and aims to find the balance
between conservation and management objectives of a forest ecosystem
(Korjus, 2009). Silvicultural systems for timber production have caused
fundamental changes in ecosystem structure and function associated
with anthropogenic alterations of natural disturbance regimes (Esseen ez
al., 1992; Kuuluvainen, 2009). Increasingly, forest management is based
on understanding of processes of natural disturbances, their effects for
stand and landscape composition and structure, considering that this
enables managers to reduce the negative impacts of timber harvest on
biodiversity and thereafter maintain ecological functions (Attiwill, 1994).

Ecological restoration as a research area has developed rapidly over the
past few decades (Harris ez al, 2006; Hobbs ¢# al., 2011). The objective of
ecological restoration is to re-create a self-supporting ecosystem which
existed previously and is resilient to contingent damage (Urbanska e a/,
1997) and to maintain the system in a desirable state or moving away
from an undesirable state. Forest restoration is widely practiced in North
America (Stanturf ez al., 2009; Bolton and D’Amato, 2011; Humber and
Hermanutz, 2011; White e a/., 2011), Australia (Grant ez a/, 2007), and
in Burope, particularly in Finland (Kuuluvainen ez @/, 2005), the United
Kingdom (Hancock ez al, 2009), and Sweden (Olsson and Jonsson,
2010). Forest restoration not only aims for stand re-establishment, but
to initiate natural processes and foster natural structures and species
composition (Stanturf and Madsen, 2002; Vanha-Majamaa e# a/, 2007,
Stanturf ez al., 2014).

Restorationisactivity which canimprove conservation effortsin protected
areas in order to enhance quality and quantity, to improve connectivity
between fragmented areas and create buffer zones between protected
and managed forest areas (Kuuluvainen e @/, 2002). For example, the
need for restoration in protected areas in Sweden is 3-11% of protected
areas (Angelstam and Andersson, 2001). In 2003 in Finland, the need
was 38,600 ha (3.7% of protected forests) (Simild and Junninen, 2012).
Key processes in practical restoration include identifying and dealing
with processes leading to degradation, determining realistic goals and
measures of success, developing methods for implementing the goals



and integrating them into planning and management strategies, and
monitoring the restoration and assessing its success (Hobbs and Norton,

1996).

Traditionally a natural/historical reference system has been used for
setting restoration goals in ecological restoration despite the difficulty
of assessing how natural a forest would be without anthropogenic
disturbances (Stanturf ez al, 2004). Forest naturalness (Korjus, 2009;
Winter, 2012; McRoberts et al, 2012) is widely used to describe the
anthropogenic influence level and management status of a forest
ecosystem. Natural forests are dynamic and versatile ecosystems with
their characteristic components, processes, and functions relatively
little studied. Passive nature conservation of disturbed forests does
not ensure sustainable biodiversity protection as natural rehabilitation
processes may be slow, fragmented or still indirectly heavily influenced
by humans. Active nature restoration activities may have unexpected
results. The results of restoration effort can be evaluated by predicted
ecosystem development trajectories or classified as historic, hybrid and
novel ecosystems (Hobbs ¢7 al., 2009).

Assessment of ecosystem structural properties and characteristics
is needed to understand restoration success and supported processes
(Bradshaw, 1987). For assessing restoration success, it is important to
focus on the current state and dynamics of the degraded ecosystem
besides to the reference ecosystem (Cortina ez al., 2006). Restoration is
an important tool for enhancing conservation values in protected and
productive landscapes, which is a key component for the development
of sustainable land-management systems (Hobbs and Norton, 1996).
Knowledge of forest disturbance and successional processes is relevant
for developing ecologically sustainable forest management strategies
(Kuuluvainen, 2002) including restoration of ecosystem functions.
Emulating natural disturbance regimes that result in more diverse forest
structure and composition provides the main conceptual framework
for alternative management approaches varying from continuous cover
forestry to biodiversity restoration (Stanturf, 2005; Pommerening and
Murphy, 2004; Suffling and Perera, 2004; Kangur e# a/., 2005; Toivanen
¢t al., 2014).
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Deadwood formation is an important indicator of forest naturalness
(Rouvinen ezal., 2002; Debeljak, 2006) and also an indicator of restoration
success. Disturbance events cause mortality and result in continuous
input of deadwood (coarse woody debris) in a forest stand. Deadwood
has immediate and complex effects on the microsite environment
experienced by surviving or newly germinating seedlings. Blocking the
sun can reduce drought stress and increase seedling survival on sandy
sites while reducing growth by shading on other sites where water is not
limiting, Deadwood may also physically hinder the ability of herbivores
to eat seedlings. During decay process deadwood can become a seedbed
for germination that may differ from surrounding soils in temperature,
water holding capacity, and penetrability for roots. Coarse woody debris
dynamics (decay class, position in the stand) depend on dead tree species
and cause of mortality (Taylor and MacLean, 2007; Koster ez al., 2009).

Tree competition, insect and herbivore activity and delayed disturbance
effects (e.g, erosion of mineral soil, ageing or decomposition of biological
legacy components) and other processes usually direct tree mortality and
regeneration in a stand. Modelling tree mortality or survival is essential
for individual tree based forest simulation models. These models provide
support and tools for planning of restoration activities.

Restoration of forest ecosystems has been applied in Estonia on
abandoned oil-shale mining areas since 1960 (Kaar, 2010) and also
on nature conservation areas as experiments (Korjus, 2005; II). More
suitable tree species for post-mining site reclamation have been studied
by Kuznetsova (2011), afforestation of former agricultural land by
Jogiste et al. (2005), Uti et al. (2009), Tullus (2010), and Aosaar (2012),
and characteristics of understorey vegetation by Tullus (2013).

The current thesis synthesizes different aspects and components
of forest restoration. Assessment of forest naturalness as an aim for
classical restoration has been carried out in Estonia. Amount and spatial
distribution of deadwood as one of indicator of forest naturalness
has been assessed (I). Factors influencing tree mortality (I) and tree
survival probability (IV) have been studied. Effects of rehabilitation on
biodiversity and stand structure (II) and success of reclamation (IIT)
are important results for planning future restoration activities and forest
management.
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2. REVIEW OF LITERATURE

2.1. Concept of ecological restoration for forest ecosystems

“Ecological restoration is the process of assisting the recovery of
an ecosystem that has been degraded, damaged or destroyed” (SER,
2004). Forest restoration is done in the context of ecological and social
conditions and restoration is seen as symmetric with degradation: an
undisturbed natural forest can be degraded and a degraded forest can be
restored to natural or historical conditions (Stanturf, 2005). Restoration
actions attempt to guide the trajectory toward desired targets more
quickly than would occur spontaneously (Fischer and Fischer, 2000).

Restoration will be used in a broad sense, incorporating reclamation,
rehabilitation, ecological restoration and forest landscape restoration
(van Diggelen et al., 2001; Stanturf ez al, 2014). A definition of targets
depends on the level ambition and desired endpoint. Ecological
restoration has the ambitious goal of restoring to a previous situation
or historic target (Harris and van Diggelen, 2006). This includes re-
establishment of former functions and characteristics of species,
communities and structure (Grootjans e al., 2001).

Rehabilitation consists of the reintroduction of certain ecosystem
functions (Wali, 1992) including aspects of naturalness by using
techniques that promote natural stand structure, species composition
or disturbance regimes (Bradshaw, 2002; Stanturf, 2005) and focuses on
the dynamic processes that drive structural and compositional patterns
(Stanturf ez al, 2014). This can be used to complement conservation
efforts on protected areas to enhance habitat quality and quantity, to
improve connectivity between fragmented areas and to create buffer
zones between reserved and managed forest areas (Kuuluvainen ez
al., 2002). Rehabilitation would make the landscape more natural, but
it would not necessarily result in a significant increase of biodiversity
(van Diggelen ef al, 2001). Also restored ecosystem may have different
structure and composition than the historical ecosystem (Stanturf e a/,
2014).

Reclamation consists of attempts to restore productive functions and
avoid soil erosion in highly disturbed sites (Stanturf ez a/, 2014). This
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starts at “point zero” (Hiuttl and Weber, 2001) “making the land fit for
cultivation” (Bradshaw, 1997) and it’s commonly used in the context
of mined land and restoring degraded farmland. Reclamation refers to
restoration of forest conditions on highly disturbed sites and may require
stabilization, fertilization and other measures in addition to afforestation
or natural invasion. Primarily focuses on revegetation without regard for
nativeness of species or structural diversity. With continuing intervention
over time, the forest condition may move closer to a natural endpoint
(Stanturf, 2005). The endpoint may be a less diverse natural forest than
existed pre-mining or a mixed species plantation of native or exotic
species.

Restoration ecology, a subdiscipline of ecology, is an integrated science,
bound up with other disciplines for example, conservation biology,
disturbance ecology, forestry, invasion biology, landscape ecology et.
(Walker ez al., 2006; van Andel and Grootjans, 2006). Young (2000) has
said that “the long-term future of conservation biology is restoration
ecology”. Restoration ecology is focused on biodiversity at the species
and community levels, ecosystem health and integrity, resilience and
sociological issues as well (Walker e a/., 2000).

When considering ways to restore a habitat, landscape or ecosystem, we
must address question about why, where, how, what and when (Harris
and van Diggelen, 20006). Guidelines have been created for helping
decision makers to answer these questions (Hobbs and Norton, 1996;
Clewell and Aronson, 2007; Jogiste ez al, 2008). Conceptual planning
identifies a number of key processes: (1) the need for restoration, (2)
realistic goals, (3) easily observable measures of success, (4) practical
techniques for implementing restoration goals, (5) monitor key system
variables.

A fundamental starting point for any restoration scheme is to define both
the starting conditions and the target ecosystem or endpoint (Hobbs
and Norton, 1996; Clewell and Aronson, 2007). Usually the target or
endpoint refers to a natural and/or historic ecosystem. Restoration
success is evaluated by comparing measurement trajectories from
starting point and any other point of time with target values.

13



2.2. Naturalness of forest ecosystems

Natural and/or historic reference systems can be applied in forest
ecosystem restoration by assessing the naturalness of an ecosystem.

Forest naturalness is a complex issue converging forest dynamics,
disturbances at different scales, adaptation to changing environment,
and human influence (Harris and van Diggelen, 2006). Even without
anthropogenic disturbances it is difficult to specify what constitutes a
natural forest in a given place and time (Stanturf e# 2/, 2004). Naturalness
is a continuous variable, where forest stands span a gradient from
mainly artificial forest through semi-natural to naturally dynamic forest
(Roberge ¢t al., 2008).

Ecological understanding of natural systems has progressed from the
Clementsian notion of “steady-state” or “climax’ ecosystems, essentially
without disturbance, to today’s recognition that disturbances structure
ecosystems (Clements, 1936). The natural disturbance regime may be
characterized by gap-dynamics where mortality of large trees allows for
replacement by younger trees (Frelich, 2002), defined by Borman and
Likens (1994) as a “shifting mosaic steady state.” Alternatively other
ecosystems are characterized by relatively frequent stand-replacement
disturbances (Oliver and O’Hara, 2005). In many areas it may be
unrealistic to define natural vegetation for a site and often several

2

communities could be “natural” vegetation for any given site at any
given time. The similarity of a current ecosystem state to its natural state
defines its naturalness (Winter, 2012) also naturalness can be assessed by
quantifying the level of human influence to a forest ecosystem (Uotila ez
al., 2002). Nevertheless, it is often possible to separate between managed
and unmanaged forests for only a limited interval following a disturbance
or management intervention. As managers attempt to emulate natural
disturbances in their interventions by adopting principles of “ecological
forestry” (Franklin ez a/, 2007) “continuous cover forestry” (Gadow ef
al., 2002), “nature-based silviculture” (Larsen, 1995) or “close-to nature
silviculture” (Duncker e al., 2012), definitions of naturalness as being the

opposite of anthropogenic disturbances become even more problematic.

Despite the difficulty of defining naturalness, it is an accepted concept
in Buropean forest management and nature conservation and an ability
to assess forest naturalness is important for practical forest management
and conservation decisions (Saudyte ez a/, 2005; McRoberts et al., 2012).
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Forest naturalness is related to forest structural diversity and also
occurrence of indicator species in the forest (Winter, 2012). Naturalness
indicators are deadwood volume, deadwood decay classes, sizes of the
largest trees, native tree species composition, canopy closure, specific
epiphytic lichens, mosses, and herb layer species as well as other
characteristics (Korjus, 2002; Bartha ez a/., 2006; Liira and Sepp, 2009).

Tree mortality as a natural process generates a constant flow of
deadwood in forest ecosystems (Jonsson e al, 2005), and becomes a
major structural ecosystem component (Franklin ez 2/, 2002). Deadwood
is important for maintenance of biodiversity especially in regenerating
stands (Franklin e# a/, 1987).

2.3. Concept of novel ecosystem

The novel ecosystem concept was raised by Milton (2003) who
characterized landscape changes by anthropogenic drivers that resulted
in new species composition that was atypical for natural biome as an
emerging ecosystem. Hobbs e a/. (2006, 2009) characterized as novel
ecosystems those resulting from introduction of invasive species,
enrichment of soil fertility, land degradation and environmental change,
or combinations of these. It is important that the new ecosystem is
independent from continuing human intervention and that it is
impossible to return to the historical condition because of crossed
thresholds (Figure 2.1) (Hallett e a/., 2013). Thresholds are the result
of a sudden discontinuous change in ecosystem functions and status
(Hartis ez al., 2013). Hybrid and novel ecosystems differ from natural or
historical ecosystems in their abiotic and biotic characteristics. Abiotic
changes often facilitate new species colonization or species loss (Mascaro
et al., 2013). A threshold can keep a new ecosystem in a novel state
despite attempts to drive its abiotic and biotic characteristics back to
the historical ecosystem. Hybrid ecosystems can be returned to natural
ecosystems by restoration treatments.

The underlying concept (Stanturf ez a/, 2014) determines the restoration
goal and this determines the way to get to this goal (Harms e al, 1993).
Katz (2000) stated thatif a restored system has been created and managed
by anthropogenic technology, then it is no longer a natural system. This
follows from the definition that forests without any human intervention
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are natural and seems to answer the question whether humans part of
nature or outside of nature in the negative. This means that most of the
world’s forests are not natural, in the sense that they have been influenced
by human activities. Several in the literature talk about human-dominated
forests (Noble and Dirzo, 1997; Vitousek ez al., 1997; Messetli ez al., 2000;
Nagendra, 2007) relatedly, the concept of “novel ecosystems” is based
on knowing that past and present ecosystems differ in composition and/
or function, as a result of climate and land use change (Lindenmayer ez
al., 2008; Hobbs ¢z al., 2009). Therefore, it would appear that semi-natural
forests would be the only feasible goal of restoration.

Historical ecosystems have been used as reference ecosystems, but this
is a moving target and what we consider as historical ecosystems today
were new ecosystem long ago (Mascaro ez al., 2013). Novel ecosystems of
today may be a reference ecosystem in the future and may be preferable
to any historical ecosystem, for example, emergent assemblages are better
able to respond to ongoing environmental change (Hallett ¢ a/., 2013).

NOVEL ECOSYSTEM

¢ Adaptive
management

* Conserve target
species

I BARRIER
HYBRID ECOSYSTEM

* Passiverecovery

* Restoration

* Managingina
hybrid state

NATURAL ECOSYSTEM

CHANGINGBIOTICAND ABIOTICCONDITIONS
Degradation

Figure 2.1. Three different types of ecosystems under changing abiotic and biotic
alterations. From Hobbs ¢z a/., 2009 and Hulvey ¢f a/., 2013. Natural ecosystems might
be natural or historical. Hybrid ecosystems differ from natural/historical with the
changed abiotic condition and biotic composition; moving from hybrid to natural is
possible due to restoration. Novel ecosystems are changed irreversibly from natural
ecosystems and have passed a threshold (barrier) so that it is impossible to return back
to the natural state. Shown in this figure are some management options.
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2.4. Research on forest restoration activities

Boreal and temperate forest ecosystems have been the main focus of
restoration research (Burton and Macdonald, 2011), including Europe
(Lohmus, 2005; Halme ef al., 2013). Forest restoration is connected to
many other forest research issues, e.g. improvement of forest health,
reduction of fire risk, soil erosion control, restoration of culturally
important forest types, and multiple uses of forests. Most of the
restoration experiments and research in Nordic countries have been
carried outin Finland. Many protected areas have been used heavily, such
that they lack elements and processes that are common for natural forest
ecosystems (Lohmus e7 a/, 2005). For planning of restoration activity
it is important to know the (natural) history, species composition, and
disturbance regime of the area.

Controlled burning is an activity mostly associated with forest ecosystem
restoration in Scandinavia and the Baltics where fire is not an acceptable
forest management practice. Fire regime has been altered heavily by
fire prevention and suppression in forest ecosystems; for example in
Finland, the average fire interval in pine forests in the 17h century
was 50 years (Wallenius e# a/, 2007), but nowadays forest fires rare.
Nevertheless, controlled burning and/or partial harvesting, which are
more acceptable restoration activity in Finland, increased the number of
bark beetles in spruce forest, especially when both had been combined
(Toivanen e al., 2009), although after seven years no effect on ground
beetles was found (Toivanen ef al, 2014). Burning affects polypores
negatively in the short-term in pine forests, but after 13 years species
richness tended to be higher (Penttild ef a/, 2013). Greater amounts of
dead wood increased the average number of common polypores in pine
and spruce forests, but not rare or threatened species (Pasanen ez al,
2014). Controlled burning combined with dead wood creation (a unique
type of dead wood) have strong effects on diversity of wood-inhabiting
fungi (Olsson and Jonsson, 2010; Berglund e a/., 2011). Number of birch
seedlings increased in spruce forest after a burning treatment, whereas
spruce seedlings increased after partial harvesting (Vanha-Majamaa ef al.,
2007). Seedling and sapling densities increased in harvest gaps (Bolton
and D’Amato, 2011). Pine seedling establishment was almost 10 times
higher on burnt ground (Hancock ez a/, 2009). After fire or harvesting,
early successional species appeared in the understorey (Vanha-Majamaa
et al., 2007). Such species represent ruderal species and decline with time;
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ruderality was significant only in the first year (Pywell e @/, 2003), but at
the beginning they suppress the abundance of typical forest species by
competition.

Deadwood input as a restoration activity usually serves restoration goals.
Deadwood monitoring (evaluation and addition) after restoration is less
investigated in forest ecosystems (Burton and Mcdonald, 2011). After
deadwood input, tree mortality caused by bark beetles at forest edges
surrounding a restoration plot was relatively low (Eriksson ez a/, 2000).
Level of deadwood volume had no effect on beetle species richness
(Vanha-Majamaa e al, 2007). Created logs do not fully mimic natural
logs as habitat for polypores (Komonen et al., 2014). Due to restoration
treatments beetle species can find many habitats. Decaying wood is a
variable substrate for hundreds of different species of beetles (Esseen
et al., 1992; Siitonen, 2001). The main factors determining species
composition on a dead tree are tree species, diameter, stage of decay
(Jonsell e al, 1998), and quality of the trunk- snag, log or stump (Berg
et al., 1994; Nilsson, 1997). The amount (Martikainen e a/, 2000) and
diversity (Simild ez a/., 2003) of deadwood are crucial for many species;
different parts of dead trees also offer different kinds of habitat.
Different insect species favour different kinds of fruiting polypore
bodies on decaying trees, determined by tree size, height above the
ground, moisture content, and stage of decomposition (Komonen e a/,
2000). A high number of species of beetles are attracted to and depend
on burned wood (Niklasson and Drakenberg, 2001; Niemela ez /., 2007)
and numerous fire-specialists are included in national red lists of rare
and endangered species (Muona and Rutanen, 1994; Wikars, 2002).

Gap treatment as a small-scale disturbance plays an important role for
determining species composition and stand structure (Kuuluvainen,
1994; Frelich, 2002). Development of some old conifer forest is mainly
driven by gap formation by a continuous series of small-scale mortality
events (Caron e al, 2009). Small gaps caused by the death of one or
several trees increase local scale variation in microtopography, which
affect understory and recruitment (Pickett and White, 1985). Gap size
and canopy openness are primary factors for density of seedlings (Zhu
¢t al., 2003) and understory vegetation growth (McGuire ez 4/, 2001). In a
study in Finland, Kuuluvainen (1994) concluded that gaps with diameter
from 15 to 20 meters have good seedling establishment in the middle of
gap, but not near the edges.
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The immediate effect of gap cutting in a boreal spruce forest was that
bryophytes and vascular plant species richness and cover decreased
1-year after treatment (Jalonen and Vanha-Majamaa, 2001). The amount
of beetles was highest one year after treatment (Koivula and Niemeld,
2003) and species richness was higher in larger gaps with diameter 56
m (Klimaszewski e# al., 2008). Opposite results appeared in deciduous
forest, where herbs species richness and abundance increased significantly
(Falk et al., 2008). Creating gaps with added deadwood is more common
practice in management, because managed forest have a low amount
of different quality of deadwood (Kuuluvainen, 2002b) and combining
the two activities will create more varied habitat for more species. Gap
expansion (Kneeshaw and Bergeron, 1998) is probable from natural
disturbance following artificial gap creation (Késter e al., 2009).

Many ecological studies cover the early stages of stand development, e.g.
on oil-shale quarry rehabilitation in Estonia (Kuznetsova and Mandre,
20006; Ostonen et al., 2006; Kuznetsova ef al., 2010, 2011), but there is
lack of studies covering longer time-periods. Hiittl and Bradshaw (2001)
pointed out that long-term research is needed to better understand the
processes directing successional development of post-mine sites. Soil
factors are under-represented in restoration approaches with an objective
of forest diversification, improving forest health. Fire is rarely used in
northern Europe to promote forest regeneration and diversification,
mine reclamation, or old-field recovery. Also pests, pathogens, herbivory
and predation are ignored. There is lacking of a true ecosystem-
based approach in these studies. Research should have more focus on
restoration of the ecological processes underlying ecosystem structure
and function (Stanturf ez a/, 2001).
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3. AIMS OF THE STUDY

Ecological restoration aims to return the degraded system to conditions
where ecosystem structure, function and processes are regained
(Bradshaw, 1997). Planning of restoration treatments should be based
on adequate data and prediction models. Long-term monitoring and
evaluation of restoration areas provides scientific knowledge on the
effects and success of restoration activities. This thesis synthesizes
several studies of forest ecosystem restoration in Estonia.

The aims of the thesis are:

1. To develop naturalness and structural indicators in forest
ecosystems (I);

2. To analyze the effects of restoration treatments for biodiversity
and stand development in managed forest ecosystems (IT);

3. To analyze the success of reclamation on post-mining
restoration site (IIT);

4. To determine factors influencing tree survival/mortality in
forest stands (IV).

The main hypotheses of the study were:

1. Multiple causes of tree mortality and dispersed spatial
distribution of dead trees are relevant indicators of forest
naturalness;

2. Restoration treatments accelerate development of natural forest
structures;

3. Gap cutting, dead wood input and overburning treatments have
different effects on forest structure, deadwood flow and species
composition in forest ecosystems;

4. Novel ecosystems on oil-shale post-mining restoration sites (by
spontaneous succession or afforestation) develop towards to
common forest types but their abiotic and biotic compositions
remain remarkably different for several decades.
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4. MATERIALS AND METHODS

4.1. Study area

Three different datasets have been used in current thesis. These datasets
are available in ForMIS system (http://formis.emu.ee/sampplot/) and
registered also in Noltfox database (http://noltfox.metla.fi/).

4.1.1. Estonian Network of Forest Research Plots (ENFRP)

The Estonian Network of Forest Research Plots (ENFRP) provided
forest permanent sample plot measurement data for papers I and IV.
The network is located all over Estonia (Figure 4.1) and was established
(first round of measurements) from 1995 to 2004. Sample plots are re-
measured at five-year intervals (Kiviste and Hordo, 2003). At present, a
total of 693 permanent sample plots are included in the network, 650 of
which are already re-measured twice and 247 plots three times.

Assessment of naturalness and spatial distribution of deadwood (I)

based on 294 sample pots (data from 43,848 trees) and 236 plots with
31,097 trees has been used to estimate tree survival probability (IV).
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Figure 4.1. Location of the study plots in Estonia. Grey dots denote The Estonian
Network of Forest Research plots (I, I'V), red forest naturalness restoration plots (II)
and blue dots denote post-mining reclamation plots in Aidu quarry (IIT). Green area
indicates forests in Estonia.

4.1.2. Forest naturalness restoration plots (FINR)

The study (IT) was connected to the LIFE-Nature project ,,Protection
of priority forest habitat types in Estonia“, where one of the purposes
was nature restoration on seven nature protected areas with low levels of
naturalness and diversity. Restoration treatments were implemented on
planted, 30-60 years old, pure coniferous stands that were normally or
densely stocked and growing on mineral soils. Altogether 350 ha in seven
protection areas in Estonia were measured according to management
design (Figure 4.1). Fifty restoration areas with permanent sample plots
(PSP) were established in 2004. 27 PSP are on areas where treatments
have been carried out and 23 PSP are control plots on areas without
manipulation (Table 4.1). Plots were established before treatments in
2004, re-measured after treatments in 2005 and then re-measured after
three years in 2008.
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Table 4.1. Distribution of permanent sample plots by treatment. DW - dead wood
input, G - gap cutting, GB - gap cutting and over burning; GDW - gap cutting with
dead wood input, C — control plot.

Nature protection No of plots C DW G GDW  GB
area/ landscape reserve

Kiidpa 6 2 4
Laiksaare 3 1 2

Laulaste 10 5 5

Leigri 4 2 2

Mobisamotsa 3 1 2

Padakérve 15 8 2 5

Saarijoe 9 4 5

Total 50 23 2 4 17 4

4.1.3. Post-mining reclamation plots (PMR)

The study was carried out at Aidu quarry in northeast part of Estonia
(59°15°N; 27°42’E), where excavation of oil-shale in opencast mining
was started 1974 (Figure 4.2). The reforestation began on opencast
mining area (area 30 km?) in 1981 (Kaar, 2010). Scots pine (Pinus sylvestris
L.) 2-year-old seedlings were used. During oil-shale mining the ground
and surface water were continuously extracted. Mining and water
extraction was stopped in 2012. Over the next few years, the water table
will gradually rise. For evaluation of post-mining reclamation success
in the past, and monitoring the effect of changing water regime in the
tuture, 60 survey plots have been established in 2011 in stands with ages
of 12-33 years (Figure 4.2).
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Figure 4.2. Network of post-mining reclamation plots in Aidu quarry, orange areas
are Scots pine stands, light blue areas are silver birch stands. Blue dots are permanent
sample plots. Number on each compartment shows the age of forest stand. (Base
map: Maa-amet, 2014)

4.2. Data collection
4.2.1. Field measurements on permanent sample plots (PSP)

The methodology from ENFRP (Kiviste and Hordo, 2002) for
monitoring stands was used for all studies (I; II; III; IV). Permanent
sample plots were circular with a radius from 15 to 30 m, depending
on the forest density and age. On each plot the azimuth and distance
from plot center to each tree was recorded along with its diameter
at breast height (DBH) and defects. For every fifth tree and also for
dominant and single species, tree height and height to crown base were
measured. In young stands (III) many trees were below 1.3 meter (6
plots) and the height was measured from all trees and DBH if it was
possible. Measurement records were available for living trees (upper-,
mid-, understory and shrub layer trees), dead trees (standing, downed
and broken trees) and fresh stumps.
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The need to determine reasons of tree death came up during the course of
the work and was addressed with paper IV. The causal agent responsible
for tree death was identified with the help of observed symptoms and
other signs indicating the occurrence of the causing factor. The cause
of mortality (CM) of each tree was determined every tree that had been
alive at the time of the previous measurement but was dead at the last
measurement (I; II). For each sampling period, the mortality rate was
calculated as the number of trees that died, expressed as a percent of the
number of trees living at the beginning of the period. Annual mortality
is the number of dead trees in an interval divided by the number of
years in the period. Different causal agents were grouped into density-
dependent and density-independent factors. One of the most important
density-dependent effects was competition among individual trees
including unspecified causes of mortality for suppressed trees. Density-
independent mortality was identified more precisely by causal agents: a)
wind; b) game; c) insects; d) fungi and diseases; €) other.

Natural regeneration establishment was recorded in study II for the first
time on the third inventory. Five 25 m” subplots were established in each
PSP, one in the center of the PSP and the other four were located 10
meters from plot center in cardinal directions. All seedlings were counted
by tree species and the two tallest seedlings of each species were selected
for height measurement.

Naturalness was estimated in each PSP (I) using a method that
incorporates both quantitative and qualitative scoring (Korjus, 2002).
Different anthropogenic influences in a forest stand determine the level
of naturalness.

4.2.2. Biodiversity assessment

In study II, all inventories were carried out before, immediately after,
and three years after treatments by species-specific experts. Data on
understory vegetation were surveyed on each PSP using a step-line
intercept method (Jogiste ez al., 2008). A 25 m* quadrat was located from
center of a PSP in the north direction; after each step a 10 x 10 cm square
was described, resulting in total 100 squares. Lichens were inventoried
on selected living and dead trees, tree roots and stumps. Beetle diversity
was inventoried with flight-intercept traps. 18 traps were set together on
all PSPs. Beetles were collected six times during the vegetation period.
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The majority of the beetles caught were identified to the species level.
Beetle diversity was not inventoried on control plots because they were
too close to the treatment plots.

In paper III biodiversity is inventoried on the ground vegetation layer.
Vegetation sampling plots were connected to the PSP; from the center
of each PSP, 5 meters to north, east, south and west plots of 1 x 1
m were established, where all seedlings, vascular plant species and all
bryophytes were recorded by Braun-Blanquet scale. Altogether 240
subplots were described.

4.2.3. Soil sampling

Local soil conditions were characterized in each plot in study III. The
humus layerand topsoillayer thickness was measured by the re-bar method
at 13 points. Stoniness for each plot was calculated using the model of
Laarmann ez al. (2011). Topsoil samples were taken from each plot to a
depth of 10 cm and analyzed in the Laboratory of Biochemistry of the
Estonian University of Life Sciences. Total nitrogen and carbon content
of oven-dried samples were determined by the dry combustion method
on a varioMaX CNS elemental analyzer (ELEMENTAR, Germany).
Soil organic carbon was determined with Tjurin’s method (Vorobjova,
1998), pH values were determined by extraction using potassium
chloride, and the concentrations of potassium and phosphorus was
extracted in ammonium lactate and measured by flow injection analysis
(Ruzicka and Hansen, 1981) and available potassium was measured with
a flame photometer (FiaStar5000, Relingen, Germany). Soil texture was
classified into three categories: clay (1- <0.002 mm), silt (2-0.002 — 0.063
mm) and sand (0.063 — 2 mm).

4.3. Data analysis

The logistic function was used for estimating tree survival (IV) and to
model mortality of individual trees (I). Goodness-of-model-fit was
determined by examining percent concordant values, which indicate
overall model quality through the association of predicted probabilities
and observed responses. The higher the predicted event probability of
the larger response variable, the greater the percent concordant value
will be.
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The spatial distribution of deadwood in a stand can be evaluated by the
pattern of mingling of dead and live stems (I). Deadwood mingling is
defined as the proportion of the # nearest neighbours that are also dead
trees (Figure 3 in I). In paper I a deadwood mingling index (DM, was
developed using the species mingling formula proposed by Gadow (1993)
for a group with four nearest neighbours of a dead reference tree #

with )

J

{l , when the neighbour j is dead tree
y =

0, when the neighbour j is living tree

With four neighbours, DM, can assume five different values: 0, 0.25, 0.50,
0.75 and 1. The mingling index value of 1 indicates that all neighbouring
trees of a dead tree are also dead trees; conversely a mingling value of
0 indicates that all neighbouring trees are alive. The distribution of all
reference trees or average DM, can be used as a surrogate for deadwood
clumping in a stand.

Diversity index of mortality reasons (CMDI) was adopted from Shannon
(1948) H’ index for the estimation of diversity in an ecosystem. CMDI
can be calculated by the formula (I):

cMDI ==Y 5, In(p)) @

i=1

S = number of CM; p, = proportion of the CM (p, = N./N); N.= number
of dead trees because of CM; N = total number of dead trees.

Species richness (IT; III) was set to the average number of different
species per plot sampled for the vascular plants, bryophytes, lichens
and beetles; this variable is expected to have the Poisson distribution
and significance analyzed with SAS procedure GLIMMIX (Freund and
Littell, 2002).
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Species and communities data (IT; IIT) were analyzed using different
ordination techniques with the PC-ORD software ver.6. (McCune and
Grace, 2002). Non-metric multidimensional scaling (NMS) was used to
ordinate understorey data in study III. NMS is an ordination technique
based on ranked similarities of species composition suitable for
community data that may not be normally distributed or fit assumptions
of linear relationships among variables.

Principal Component Analysis (PCA) was used for tracking changes in
forest composition over time (II) and for ordination of environmental
parameters of the reclamation research area (III). Stand parameters

were logarithmically transformed if needed. Randomization test showed
suitability for PCA.

The significance of grouping factors was tested (II; IIT) using Multiple
Response Permutation Procedure (MRPP). MRPP is a nonparametric
procedure that tests the hypothesis of no difference in compositional
similarity among two or more groups (McCune and Mefford, 1999).

Indicator species analysis (ISA) was performed to find out indicator
species for different treatments (II). Indicator species are species
that are used as ecological indicators of environmental conditions or
environmental changes (De Caceres ¢ al., 2010). Indicator values were
tested for statistical significance using Monte Carlo simulation tests.

To compare measured data with forest inventory data (III), a generalized
additive model (GAM) estimation method was used (Hastie and
Tibshirani, 1990).

The level of statistical significance was set at p<<0.05.
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5. RESULTS

5.1. Deadwood flow as an indicator of forest naturalness

The flow of deadwood characterises natural processes within a forest
ecosystem. The dimensions of dead trees, amount and steadiness of
the flow are related to forest naturalness. Paper I shows that forest
naturalness can be assessed by qualitative scoring and the naturalness
score is significantly different in managed and semi-natural forests (t-test,
p<0.001); naturalness score was 8 in managed forests and 24 in semi-
natural forests. The forest naturalness score is correlated to the diversity
of tree mortality causes (Table 4 in I) which shows that tree mortality
is more diverse in semi-natural forests than in managed forests. Diverse
tree mortality causes refer to more constant flow of deadwood in semi-
natural forests.

The amount of deadwood formation also indicates forest naturalness.
The recent deadwood volume (RDV5) was different in managed and
semi-natural forests (Figure 5.1). Deadwood accumulated twice as
quickly in semi-natural forests (2.5 m® ha'yr") than in managed forests
(1.1 m’ ha''yr") according to the study I. There is correlation between
RDV5 and tree mortality causes and deadwood mingling value (Table 4
in I).

Standing dead trees were more dispersed within a forest stand in semi-
natural stands in comparison with managed stands (Figure 10 in I).
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Figure 5.1. Comparison of the volume of recent deadwood in managed and semi-
natural stands (I). The upper and lower boundaries of the boxes are the 75 and 25
percentiles, the horizontal line within the box is the median and the error bars show
the 10" and 90™ percentiles.

5.2. Restoration effects on a forest ecosystem
5.2.1. Effects on forest stand structure

More diverse stand structure is often an aim for forest ecosystem
restoration. Gaps, different tree mingling patterns, deadwood, trees of
different sizes and species provide more habitats for different species.
From the paper II, stand structure was changed by different naturalness
restoration treatments between pre-treatment and subsequent years
(F=6.18, p<0.001) (Figure 3 in II). The number of living trees on most
of the plots was reduced by gap cuttings (treatments G, GB, GDW) and
the amount of deadwood increased to 67 m’ ha' on plots (treatments
DW and GDW). Pre-treatment stands were structurally quite even and
similar to each other and three years after treatments stand structure has
changed as well as herb, moss, lichen, and beetle composition and tree
regeneration.
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5.2.2. Effects on biodiversity

Restoration treatments can change species abundance and composition
in an ecosystem. Different species groups react differently as well as
different treatments may have diverse effects. From the paper II, herb
species richness was affected by changes in light conditions; due to gap
formation (G, GDW, GB treatments) richness was increased (F=06.94,
p<0.001). The greatest change was in the G treatment, an average
of 4.25 species were added. Richness of mosses and lichens was not
significantly affected in any treatment. Richness of beetles increased
over time (p<<0.001) (Figure 1 in II).

Effects on species composition three years after treatment become
evident in MRPP analysis (Table 5.1). Significant differences between
treatments were in composition of herbs (p<0.001, A=0.07), mosses
(p=0.04, A=0.03), lichens (p<0.001, A=0.03) and beetles (p<0.001,
A=0.14). In pairwise comparisons (Table 5.1), herb species composition
in treatment GB was significantly different from control plots (T=-7.87,
p<0.001) and the rest of the treatments. Also moss composition in the
treatment GB differed from the other treatments (p<<0.05) except from
the treatment DW (p=0.12). Lichen composition was different for all
treatments and control plot except in treatment GDW (p=0.44). Beetle
composition was shown only for treatments and a clear pattern was not
detected.

5.2.3. Effects on tree regeneration

Abundance of natural regeneration was significantly different by
treatments and by seedling species three years after treatment (p<<0.05).
The treatment GB increased the number of pine seedlings (Figure 2 in
IT). Treatments GB and GDW increased the number of birch seedlings
and G increased number of spruce seedlings. The number of other
trees, mainly aspen and oak did not differ among treatments.
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Table 5.1. Multi-response permutation procedure analysis between treatments (G-gap
cutting, DW-deadwood input, GDW-gap cutting with deadwood input, GB-gap cutting
and overburning, C-control plot) in herbs (H), mosses (M), lichens (L) and beetles
(B) three years after treatment (IT). Shown are only significant differences (p<0.05).

G DW GDW GB C
G
DW L;B
GDW L ;B
GB H; M; L H; L H; M; L; B
C L L H; M; L

5.2.4. Effects on deadwood flow

Forest naturalness restoration treatments should initiate conditions
for constant deadwood flow in a forest ecosystem. At the same time,
treatment reduces the immediate effects of deadwood formation.
Tree mortality during first three years after treatment was 1.6% with
treatment DW, 3.9% with treatment G, 4.7% with treatment GDW, and
0.7% on control plots. Sample plots with treatment GB, where gap size
was significantly larger than on sample plots with treatment G or GDW,
had no any dead trees during this three-year period. Amount of coarse
woody debris (CWD) was significantly different in treatment plots (11.3
m® ha') than in control plots (0.16 m® ha) (F=7.99, p=0.000).

Relative diameter (DS) of tree describes tree survival better than absolute
diameter (Table 7 in IV). Growth-dependent CM, wind and insects
showed different behaviour related to DS in semi-natural, managed
forests, and restoration plots (Figure 5.2). The share of growth-
dependent mortality was lower in the treated plots than in managed
forests while the share of wind CM increased with the treatments.

The assessment of causes of tree mortality revealed the treatments have
an effect on tree mortality caused by tree competition (p=0.001) and by
other reasons (p=0.023); the remaining CM had no significant relations
with treatments. Tree mortality was highest in control plots (2.2% yr™).
Average annual mortality on the gap alone (1.3%) and gap with deadwood
(1.6%) was higher than the treatment of added deadwood (0.5%).
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Figure 5.2. Probability of mortality causes for individual trees depending from relative
tree diameter in semi-natural forests, managed forests and restoration plots (I; II).

5.3. Evaluating restoration success
5.3.1. Soil properties

The soil formation over the 33 years in the oil-shale post-mining
restoration site in Aidu has created a suitable environment for forest
development. The increase in soil nitrogen was statistically significant
(p<0.001) over the years (Figure 5.3). Also phosphorus content (p<0.001)
and organic carbon content (p=0.05) increased. Soil pH was higher in
young pine stands and soil acidity increased with age (p<<0.001). Total
carbon and potassium content did not depend on age (p>0.05) (Figure
2 in III).
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Comparing content results from the mining site with soil of regular forest
types, then nitrogen (0.11%), potassium (86 mg kg™') and organic carbon
(4.7%) content were similar to soil in Hepatica type forests (respectively
by Lohmus (1973) 0.07-0.2%, 10-120 mg kg, 2.6-9.1%). Total carbon
(9.2%), phosphorus (25 mg kg') and soil acidity (7.55), on the other
hand, were similar to soil in Calamagrostis type forests (C-8.4%, P-19-50
mg kg!, pH 6-7.5).
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Figure 5.3. The dynamics of soil properties that had significant relationships with
stand age (ITI). Mean value of soil properties in pine stands is given by solid line and
95% confidence limits by the dashed lines.

5.3.2. Vegetation composition

Three protected herbaceous species were found in the afforested post-
mining area in Aidu (Epipactis helleborine, Goodyera repens and Dactylorhiza
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fuchsiz), also two hemerophobic species (Orthilia secunda and Monotropa
hypopitys). Understory species richness increased significantly (p<<0.001)
with stand age. The greatest increase was in the forest species group
(Figure 4 in III). Meadow and forest/meadow species groups also
increased, with the meadow group increasing more than the forest/
meadow group.

In matching species to site types by indicator species, two-thirds of
vascular species on the area were not characteristic to site types of similar
bedrock condition (Figure 5.4, Table S1 in III). More forest species are
indicators of Hepatica site type than to other types.

Arctostaphylos h W Forest

Meadow

Calamagrostis - - = Forest/Meadow

0 10 20 30 40 50 60 70
Share of species (%)

Figure 5.4. Distribution of all the understory species into forest site type and habitat
preference group (IIT).

5.3.3. Stand development

Despite that pine was used for afforestation in Aidu, birch colonized
naturally some areas. The thickness of the mineral soil layer was
significantly different (p<<0.001), with the average soil depth in pine
stands 6.7 cm and in birch stands 37.6 cm (Figure 1 in III). Stand
height and mean stand diameter were significantly (p<<0.001) different
in pine and birch stands (Table 1 in III). Height and diameter in pine
stands showed strong relationships with stand age. Data of tree height
and diameter were not significantly different from Hepatica type forest
(p=0.140, Figure 5.5) and was significantly different from alvar forests
(p<0.001, Figure 5 in III).
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Figure 5.5. Relationship of stand height and diameter with stand age on pine plots
(dots) and Hepatica type forest (solid line) (ITI).

5.3.4. Evaluation of novel ecosystem

Restoration of post-mining site in Aidu raised a question about novel
ecosystem development in these sites. Distinguishing novel ecosystem
from natural or hybrid ecosystems is based on three main criteria:
irreversibility, species composition, and development of a self-organizing
community.

Irreversibility is the most important criteria. Restoration of post-mining
site faces completely altered substrate conditions at the beginning and
usually it is not possible to restore historical or natural conditions of
soil and substrate. The properties of soil may have similarities to several
forest site types, if any, and usually different soil variables refer to
different site types.

Species composition is also the important criteria. New species arrival,
not common eatrlier to the site, may compensate losses in biodiversity or
in functions of an ecosystem. Compositional mix of understory species
(dry and wet site habitat species, poor and fertile site characteristic
species) results from changed abiotic conditions and spontaneous
succession of understory species (Table S1 in IIT).
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The third criterion is a self-organizing community, without further
human intervention needed. Tree species composition is affected by
human activity (planted pine) and further by spontaneous colonization
by birch. There were differences in almost all measured variables between
birch and pine stands (Table 1 in III), which provide different habitat
for understory species and increase diversity of the area.

Restoration of post-mining sites often leads to development of novel
ecosystems. Their functions and composition may be valuable and serve
restoration goals. Novel ecosystems on post-mining sites are dynamic;
changing completely by disturbances or management activities and
their development is not easily predictable. Long-term monitoring and
evaluation of restoration of post-mining sites should be linked with
planning and implementation of further management activities on these
areas. In certain cases, spontaneous succession should be considered in
restoration of oil shale post-mining sites as an alternative to common
afforestation practice, especially if these sites are small, surrounded by
natural vegetation, and there is no specific production goal or time limit
for restoration.
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6. DISCUSSION

The aim of forest restoration in Estonia is afforestation on abandoned
areas (III) and restoration of natural structures, processes, and habitat
for diverse species (II). Due to increasing anthropogenic land use,
biodiversity has decreased, old-growth features declined, and natural
disturbance regime depressed. Establishment of restoration goals
is site and situation dependent and is challenged over timing (Burton
and Macdonald, 2011); this is difficult because of the heterogeneity
and dynamics of forest ecosystems. Clear objectives are important for
monitoring progress and success of restoration activities. A question that
should arise in a study evaluating restoration treatments is whether the
cost of intervention is worthwhile; that is, would natural revegetation
processes be sufficient to develop desirable conditions quickly enough to
meet social goals? To answer this question requires a non-intervention
treatment in the study design. Restoration activities may need repeated
treatments to obtain self-sustaining ecosystems and to meet the desired
objectives. Choosing a reference ecosystem for ecological restoration is
complicated because of changed condition (Hallett e# a/, 2013); it is easier
to achieve success when the goal is to restore some degree of function
or some of the species than to achieve complete restoration (Hobbs,
2007). In forest restoration, a restoration goal at given place may be a
fully functional natural ecosystem instead of a human managed forest
stand. In the Estonian case, historic reference ecosystems are not always
available because of long-term human influence to ecosystems and lack
of knowledge, as well as natural ecosystems dynamics and the present
may not be similar to the past. A good indicator for restoration evaluation
and goal-setting may be the level of naturalness of an ecosystem.

Naturalness can be assessed by different ways (McRoberts ef al., 2012);
through signs of management, species composition, stand structure,
deadwood, efe. and altogether in qualitative scoring as in paper I. The
amount of deadwood, dispersed standing dead trees, and diversity of
mortality causes are related to forest naturalness (I). The abundance of
deadwood is dependent on disturbance severity and frequency (Franklin
¢t al., 1987) and amount of deadwood is an important indicator of forest
ecosystem quality (Jonsson and Jonsell, 1999; Kohv and Liira, 2005;
Liira et al., 2007). Semi-natural forests have larger amounts of deadwood
than managed forest (I); in managed forests it was 5.4 m’ha' and in
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semi-natural forests, deadwood was 12.3 m® ha!. Similar results have
been found in southern Finland where the mean volume of standing
deadwood was 2.7 m’ ha' in forests available for wood production
and in mature forests, standing deadwood was 14.5 m>ha' (Tomppo e/
al., 2011). Forest naturalness cannot be explained only by the amount
of deadwood and tree survival rates, but deadwood spatial and size
distributions and variety of the causes of mortality are good indicators
of forest naturalness (I; Laarmann, 2007).

Disturbances are important processes for maintaining community and
landscape biodiversity in boreal ecosystems (Bonan and Shugart, 1989;
Attiwill, 1994; Kuuluvainen, 2002a). Disturbances have strong control
over the species composition and structure of forests (Frelich, 2002).
In boreal forests, natural disturbance regimes range from succession
following stand-replacing disturbances, such as severe fires and wind-
storms, to small-scale dynamics associated with gaps in the canopy
created by the loss of individual trees (Angelstam and Kuuluvainen,
2004). Non-fire disturbance events, particularly those caused by insects
and disease, tend to be skewed towards the low-severity end of the
disturbance spectrum, causing tree mortality in gaps and small patches
with little understory or soil damage (Kneeshaw and Bergeron, 1998).
Opening up the tree canopy often results in increased abundance of
understory species (Jentsch e a/., 2002). Changes in disturbance regimes
(because of management or climate change) can affect forest health in
indirect and unexpected ways (Messetli e# a/, 2000). Restoring natural
forest composition and structure in forests can create healthy forests
(Crow, 2014).

Anthropogenic disturbances such as clearcut logging, thinning, and
selective cutting of trees impact the species diversity and composition of
populations (Aavik ezal., 2009). Forest management does not mean a direct
threat to species diversity; its amplitude depends on its characteristics
and can be positive or negative (Voolma and Ounap, 2006). Small-
scale environmental heterogeneity may support higher species richness
(Wilson, 2000). These impacts could be negative or positive: understorey
species richness in previously clearcut managed forest has been shown
to be lower (Qian ez al, 1997; Jalonen and Vanha-Majamaa, 2001), similar
(Okland ez al., 2003; Moora ef al., 2007) or higher (Zobel, 1989; Scheller
and Mladenoff, 2002; Aavik ez 4/, 2009) than in old-growth unmanaged
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forests. Management influences spatial structure of vegetation. Multi-
layers (Lorimer ez al., 2001; Fraver and White, 2005) and canopy gaps
(Attiwill, 1994; Moora et al, 2007) in old-growth forest stands due to
presence of mosaic light conditions may create differences in the spatial
structure of vegetation, which gives different local conditions compared
to even-aged stands regenerated after clear-cutting. Different species
groups reacted differently and different treatments had diverse effects
in study II. The richness of herbs, mosses, lichens and beetles increased
after treatments. Control areas stayed quite similar over time. Beetles
have the most dynamic reaction to the changing conditions in forest
ecosystems, which makes them one of the most valuable markers in
the research of biological diversity (IT; Siida, 2009). Decaying wood is a
variable substrate for hundreds of different species of beetles (Esseen
et al., 1992; Siitonen, 2001). The main factors determining species
composition in a dead tree are tree species, tree diameter, stage of decay
(Jonsell ez al., 1998) and quality of the trunk- snag, log or stump (Berg ez
al., 1994; Nilsson, 1997), amount (Martikainen ez a/., 2000) and diversity
(Simild e# al, 2003) of dead wood are crucial for many species and
different part of dead trees also offer different kind of habitats. On the
treatment with the added deadwood the debris had decomposed enough
to create habitat for some new species (II). Beetle diversity increased
after treatments from 0.5 (Shannon index, Table 2 in IT) to 3.4 showing
remarkable immediate effect of treatments.

Gap cutting may emulate the effect of natural small-scale disturbance
by mortality of single trees or groups of trees. Retaining compositional
and structural attributes induces increased growth rates in residual
trees (Gendreau-Berthiaume ¢ a/, 2012). Gap cuttings accompanied by
creating deadwood increased the amount of CWD to 67 m® ha' (II). This
was similar to Siitonen (2001), who stated that CWD in natural forest in
Finland ranges from 60 to 90 m’ ha while in managed forests the range
is only 2 to 10 m® ha™. Tree survival or mortality depends significantly on
relative diameter of trees (I; IV). CM showed different patterns in semi-
natural, managed forests and on restoration plots. Deadwood input and
heterogeneity increased after treatment; pre-treatment stands were quite
even in structure and composition (II). Determining the cause of tree
death is often difficult and in future studies the process-based multiple-
reason method (Figure 11 in I) may be more useful.
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The gap creation with overburning treatment differed significantly from
control plots in each species group. Fire treatments are not allowed as
restoration activity in Estonia anymore. For experimental purposes, a
low intensity overburning was conducted on the Kéddpa Nature reserve
area. The purpose of the fire treatment was to recreate features of
natural forest that have disappeared because of fire suppression. Two
vascular plants, two bryophytes, three lichens, and 12 beetle species
were identified as indicator species to the GB treatment (Table 4 in IT).
Different studies have also shown that wildfire provides opportunity
for fire-adapted and fire-dependent species to develop in closed-canopy
stands (Wikars, 2002; Junninen ez /., 2008; Ruokolainen and Salo, 2009).
Natural regeneration is often difficult to achieve on pine stands. On
dry sandy soils is the problem with thick litter layer and on moderately
wet sandy soils the difficulty is due to abundant understorey vegetation
cover or thick raw humus layers. GB treatments created conditions for
successful Scots pine regeneration, reduced competition and increased
light availability.

When a forested landscape has been heavily degraded by human activity,
it may not be possible to return to historical or natural conditions. In
post-mining sites the inability to easily achieve ecological restoration
goals is due to the radical difference in physiochemical and biological
features of these sites as compared to historical environments. The
degree of degradation is so severe that novel ecosystems develop
(Hobbs ez al., 2006; Mascaro ef al., 2013). In Aidu plots in this study a
suitable environment for forest development was formed (Figure 5.5)
but the composition of soil was unlike natural soil due to the mixing
of extraction waste from mining (Toomik and Liblik, 1998). Properties
of soil showed (III) that some variables (N, K, organic C) were more
similar to one type of forest soil and others (total C, P and pH) were
more similar to a different type of forest soil. Species composition of
the canopy is known to influence soil variables as a result of litter type
(Prescott, 2002). Falling litter is a source of soil organic matter rich in
carbon but poor in nitrogen (Reintam ez a/., 2002). Deep rooting grasses
play an important role in humus accumulation (Reintam e# a/, 2002).
Soil pH (higher in clearcut and young stands) and P (higher in mid-aged
and old-growth stands) content affect also the variation in community
composition (Aavik ez al., 2009). Soil nitrate content was higher in young
stands (Moora et al., 2007).
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One advantage of active restoration is usually that there is a faster
formation of continuous vegetation cover than a passive approach
that relies on spontaneous succession (Prach and Hobbs, 2008). Active
restoration has helped to create a more natural landscape after mining
(Toomik and Liblik, 1998). After extreme ecosystem change on mine-
sites, reclamation managers often plant fast-growing plants regardless of
their origin to ensure that protective environmental service is restored
(Richardson 7 a/, 2010). In the current study, planting Scots pine was
the aim because it was a common reforestation practice on mined land
and for commercial purposes (I1I; Kaar, 2002).

Novel ecosystems and cultural ecosystem services are not tied to
historical species assemblage and they can reflect people’s preference for
nature that may not include historical ecosystems (Perring ez al, 2013);
they do not fall along the gradient from old-growth to degraded forests
(Lindenmayer ez al, 2008). Novel ecosystem management depends on
the specific management goal and decisions focus on what to value
and when to intervene in these ecosystems. Precaution is an important
element of novel ecosystem management (Hallett ez 2/, 2013). A feature
of novel ecosystems is new combinations of species assemblages that has
not occurred previously in a given place (Hobbs ez 4/, 2006). The study
III results indicate that ground vegetation includes species of broad
amplitude; dry and wet site, poor and fertile site-specific habitats species
are represented. If we look at the vegetation of the ground layer then it
is spontaneous and is not influenced by seeding or sowing. Pines in the
overstory layer were planted, but birch came spontaneously. Colonization
ability of species is important in the early stages of development of a
restored community (Pywell ez 4/, 2003). Such species represent ruderal
species and decline with the time, because ruderality was significant only
in the first year (Pywell ez a/., 2003), but at the beginning they suppress
the abundance of typical forest species by competition. We found a
combination of meadow and forest species, but also ruderal species
and pioneer species were represented. Share of forest species increased
as the stands aged, but the number of meadow and forest/meadow
species also increased with age (Figure 5 in III). Sites of spontaneous
succession may act as habitat for endangered species, while reclaimed
sites offer habitat for common species with broad amplitude (Prach
et al., 2011). Also novel ecosystems may be more diverse than natural
communities and may offer suitable habitat for threatened and protected
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species (Richardson ez al., 2010). This supports our findings in Aidu site
where three protected species were growing there. The natural value
of spontaneously colonized sites is higher than planted sites (Hodacova
and Prach, 2003; Pensa ez al, 2004) and it is more probable when the
disturbed site is small and surrounded by natural vegetation (Prach
and Pysek, 2001). Novel ecosystems on post-mining sites are dynamic,
changing completely by disturbances or management activities and their
development is not easily predictable, and nevertheless their functions
and composition may be valuable and serve restoration goals.
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7. CONCLUSIONS

Knowledge from ecological studies (I; II; III; IV) supports forest
management policies aiming to increase the value and functions of
commercially managed forests and to restore naturalness in protected
forests. Forest restoration is changing traditional forestry practices
to more individualized approaches. New methods, experiments and
models provide scientific background for data assessment and design of
restoration activities. Long-term monitoring and evaluation should be
an integral part of any restoration project as it serves for planning and
implementation of further management activities on these areas and at
new sites.

Based on the results of this thesis, the general conclusions are:

® Deadwood quantity and spatial distribution as well as tree
mortality rate and causes are reliable indicators of forest
naturalness. Deadwood mingling index and diversity index
of mortality reasons as new proposed variables improve the
assessment of forest naturalness and clarify the effects of recent
disturbances.

® ‘Tree mortality in a stand is caused by specific agents or by the
complex effect of several mortality agents and it is different in
semi-natural and managed forest. Determining the cause for
a tree death is often difficult; therefore it is sensible to use a
process-based multiple-reason method for determining the
factors of mortality for a single tree.

® Survival probability of a tree is dependent on the specific
mortality agent and relative size of the tree in a stand.

® Restoration pre-treatment stands are often homogeneous even-
aged monocultures on fertile sites; rehabilitation treatments
(gap cuttings, overburning and addition of deadwood) increase
their structural heterogeneity and promote differentiation of
microclimatic conditions and therefore species richness and
abundance increase after treatments.
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In a gap treatment, the ratio between the gap diameter and the
surrounding stand height determines the light availability inside
the gap; the larger this ratio is, the greater likelihood of seedling
recruitment and successful establishment of light demanding
species.

Species groups respond differently to treatments: understory
vegetation diversity increases in gaps with burning, lichen
diversity in gaps without burning, and bryophyte diversity
with the addition of dead wood. Increased beetle abundance
and greater species diversity is a direct effect of changed light
conditions inside the canopy. Gaps with overburning have the
greatest recruitment of tree seedlings.

Multiple treatments create stand heterogeneity and can increase
biodiversity more than one homogenous application of a single
treatment.

It is not possible to restore historical or natural ecosystems on
reclaimed mined areas by simple afforestation. Soil formation
and properties and the vegetation on reclaimed sites is different
from soils and vegetation on common forest sites, hence this
leads to development of novel ecosystems.

Spontaneous succession should be considered in forest
restoration as an alternative to afforestation practice, especially if
reclamation sites are small, surrounded by natural vegetation, and
there is no specific production goal or time limit for restoration.
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SUMMARY IN ESTONIAN

METSAOKOSUSTEEMI TAASTAMISE SEIRE JA ANALUUS
Sissejubatus

Tdnapieval arvestatakse metsade majandamisel puidutootmise korval
tha enam ka teiste metsakasutuse viiside ja vairtustega, mis tihendab
sageli seda, et eesmairgist ldhtuvalt tuleb leida tasakaal metsaGkoststeemi
kaitsmise ja majandamise vahel. Uldiselt on intensiivne metsade
majandamine pohjustanud metsade struktuuri ja liigilise koosseisu
lihtsustumist ning muutnud looduslike hiiringute diinaamikat. Maailmas
pooratakse jirjest enam tidhelepanu nii inimeste kui ka kliimast tingitud
muutustele 6koststeemides ja nende muutuste komplekssele mojule, et
tagada olemasolevate funktsioonide ja vairtuste sdilimine ka muutunud
tingimuste korral. Seetottu tuleks eelkdige kaitsealustes metsades jlgida
ja taastada metsade looduslikku funktsionaalsust. Metsi oskuslikult
majandades saab vihendada majandamisvotete negatiivset moju
elurikkusele ja sdilitada metsadkosiisteemide looduslikke funktsioone.

Okoloogiline taastamine kui tegevusvaldkond on viimase paarikiimne
aasta jooksul kiiresti arenenud, taastamistegevused on praktikas
laialdaselt kasutusel kogu maailmas. Okoloogilise taastamise eesmirk on
kiitendada muudetud, rikutud v6i hivitatud 6kostisteemides loodusliku
taastumise  protsesse. MetsaOkostisteemide taastamise  eesmirk
pole mitte ainult taasmetsastamine, vaid ka looduslike protsesside
kiirendamine ja taaskdivitamine, looduslike struktuurielementide
olemasolu tagamine ning soovitud liikide vajadustest tingitud elupaikade
struktuuri ja funktsionaalsuse taastamine. MetsaGkoststeemi taastamist
vOib vaadata erinevatest aspektidest: kaevandamisega rikutud alade
taasmetsastamine, metsa hdiringureziimi taastamine, loodusmetsade
struktuurikomponentide tekitamine madala loodusviirtusega aladele
ning aladele, kus loodusliku taastumise protsess on viga aeglane.

Looduslik 6kostisteem on taastamistegevusele eesmarkide seadmisel
eeskujuks. Looduslikud metsad on mitmekesised nii puude ruumilise
paitknemise, vanuselise ja liigilise koosseisu kui ka seal elavate erinevate
organismide poolest. Surnud puit on nii jalalseisva kui ka lamapuiduna
theks loodusmetsade hindamise oluliseks indikaatoriks. Looduslikkuse
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hindamine on kompleksne ilesanne, mis holmab nii puistudiinaamika,
hiiringute kui ka keskkonnamuutuste ja inimmojude hindamist.
Metsadkosiisteemide looduslikkus on pidev tunnus, kus darmusteks
on ihelt poolt ,,puupollud® ja teiselt poolt inimtegevusest puutumata
trgmetsad.

Doktorit66s kisitletakse ja analiisitakse metsade taastamise erinevaid
aspekte ja komponente. Doktorit66 eesmirkideks oli: 1) uurida puistute
looduslikkuse indikaatoreid ning hinnata puistute looduslikkust (I),
2) madirata puistus tksikpuu suremist mojutavad faktorid (IV), 3)
analtiiisida looduslikkuse taastamise votete moju puistu diinaamikale ja
elurikkusele majandatud metsades (II), 4) analiitisida kaevandamisjirgsel
taasmetsastamisel tekkinud 6kostisteemi (III). T66s pustitati jargmised
hiipoteesid: 1) puude suremise pohjuste mitmekesisuse ning surnud puude
paitknemise jargi puistus saab paremini hinnata puistu looduslikkust, 2)
taastamisvotted kiirendavad looduslike struktuurielementide lisandumist
puistusse, 3) erinevad taastamisvotted avaldavad erinevat moju puistu
struktuurile, surnud puidu voole ja liigilisele mitmekesisusele, 4)
aastakiimnete jooksul peale kaevandamisjirgset taasmetsastamist on
vilja arenenud uudne 6kostisteem.

Materjal ja metoodika

Doktorit66s kasutati kolme andmekogu (joonis 4.1): 1) Eesti metsa
kasvukaigu pusiproovittiikkide andmed (I; I'V), 2) metsade looduslikkuse
taastamise katsealade andmed (II), 3) taasmetsastatud Aidu
polevkivikarjairi piisiproovialade andmed (IIT).

Eesti metsa kasvukiigu pusiproovitikkkide vorgustik koosneb 693
proovitiikist tle Eesti; esimesed proovitikkide mootmised algasid
1995. aastal ning 5-aastase intervalliga mootmine jitkub seniajani.
Metsade looduslikkuse taastamise 50 katseala rajas 2004. aastal Eesti
Metsakaitsealade Vorgustik (EMKAV). TaastamisvOtetena kasutati
hiilu raiumist (G), lamapuidu tekitamist (DW), hiilu raiumist koos
lamapuidu jitmisega (GDW) ning hdilu raiumist ja tlepdoletamist
(GB). 23 proovitiikki jdeti kontrollaladeks (C). Inventuurid tehti enne
taastamisvotete tegemist, iiks aasta parast votteid ning neli aastat parast
votete tegemist. Aidu polevkivikarjddri hakati kaevandamise jarel jark-
jargult metsastama hariliku manniga (Pinus sylvestris 1..) 1981. aastal.

64



Taasmetsastatud Aidu karjddri rajati 2011. aastal pusiproovitikkide
vorgustik (60 proovitiikki), et jilgida taasmetsastamise tulemusi ning
Okosiisteemi arengut erivanuselistes puistutes karjadri sulgemise jarel.

Puistute looduslikkust wuriti 294 pusiproovitikil tle Eesti (I).
Looduslikkuse hindamise metoodika pShineb Eesti Metsakaitsealade
Voérgustiku projekti kdigus koostatud puistu loodusviirtuste, kultuurilis-
bioloogiliste viirtuste ning negatiivsete inimmojude hindamismeetodil,
punktiskoori jargi saab madrata puistute looduslikkuse seisundit (joonis
4 artiklis T).

Koikide proovitiikkide (640 tk) puistu mootmistel kasutati Eesti metsa
kasvukiigu pusiproovitikkide metoodikat. Puistu struktuuri ning
seisukorra kirjeldamiseks moodeti igal proovitiikil koikidel puudel
diameeter, mudelpuudel korgus, maiirati puude suremise pohjused
nendel puudel, mis olid eelmisel mo6tmisel elus olnud ning viimase viie
aasta jooksul surnud (I; II). Puude suremise pohjuste mitmekesisuse
uurimiseks koostati suremise pohjuste mitmekesisuse indeks (CMDI),
mis annab hinnangu suremise pohjuste mitmekesisusele puistus (valem 3
artiklis I). Surnud puude ruumilise paiknemise uurimiseks arendati vilja
surnud puude ruumilise paiknemise indeks (DMi), mis pohineb surnud
puule nelja lihima naaberpuu seisukorral (surnud voi elus) (valem 4
artiklis I). Kui DMi viirtus on 1, siis on koik neli naaberpuud surnud,
kui DMi véirtus on 0, siis on naaberpuud elus. Selle meetodi jirgi saab
hinnata, kas surnud puud on puistus hajutatult v6i kobaras koos.

Puu ellyjadmistdendosuse hindamisel kasutati 31 097 puu andmeid 236
proovitukilt (IV). Ellujagdmistoendosuse arvutamiseks soltuvalt tiksikpuu
tunnustest kasutati logistilist regressiooni (valem 20 artiklis I'V).

Liigilise mitmekesisuse inventeerimisel kasutati metsade looduslikkuse
taastamise juhendit, kéik liigiinventuurid tegid vastava eriala spetsialistid.
Alustaimestiku liigilise mitmekesisuse maaramiseks kasutati 100 sammu
meetodit 25 m* suurusel piisialal (IT) ning nelja 1 m? suurust plsiprooviala
(ITT). Miirati koikide litkide esinemine ning katvus. Samblike seire viidi
libi selleks valitud pusiseirepuudel (elusad, surnud, kinnud) (II). Mairati
litkide esinemine ning ohtrus. Putukate seirel kasutati 18 akenpiitinist,
mida tithjendati juunist septembrini (kuus korda), ning maarati koik
putinistes olevad liigid ning isendite arv (II).
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Liigirikkuse —analtitisimisel kasutati programmi SAS protseduuri
GLIMMIX. Liigilise mitmekesisuse hindamiseks kasutati Shannoni
indeksit. Indikaatorliikide analiiisiga leiti erinevatele taastamisvotetele
indikaatorliigid, kasutades selleks programmi PC-ORD.
Indikaatorviairtuste olulisuse hindamiseks tehti Monte Carlo test.
Puistustruktuuri muutuse hindamiseks labi aja (II) ning taasmetsastatud
ja loodusliku arenguga puistute ordineerimiseks moddetud parameetrite
jargi (III) kasutati peakomponentanaliiisi (PCA). Statistilist olulisust
testiti mitmese reaktsiooni permutatsiooni protseduuriga (MRPP).
Usaldusnivoo kéikide analtiiside korral oli p < 0,05.

Tulemused ja jireldused

Looduslikkuse hindamisel selgus, et majandatud metsa ning looduslikus
seisundis metsa punktiskoorid erinevad statistiliselt tiksteisest oluliselt
(vastavad keskmised 8 ja 24). Surnud puidu kogus, ruumiline jaotus, samuti
suremise kiirus ja pohjused on tihedas seoses puistu looduslikkusega (I).
Surnud puidu maht looduslikus seisundis ja majandatud metsas erinevad
tksteisest oluliselt (joonis 5.1). Puude suremise hindamine voimaldab
paremini aru saada metsadkosiisteemi struktuurist ja seal toimivatest
protsessidest (I). Seeldbi kogutakse infot puistu tootlikkuse, elurikkuse
ja tervisliku olukorra kohta. Puistus pohjustab puude suremist kas
moni kindel hiiringuagent voi erinevate hdiringuagentide koosmoju.
Uksikpuude suremise pohjuste hindamine ja analiitisimine on vajalik
metsade inventeerimisel ja korraldamisel. Puu ellujdgdmine soltub
koige enam puu suhtelisest diameetrist puistus (IV) ning puu suremise
pohjused erinevat tiitipi puistutes on erinevad (joonis 5.2). Suremise
pohjuste mitmekesisus on suurem looduslikus seisundis puistutes ning
samuti on surnud puude paiknemine sellises puistus rohkem hajutatud
@), t66s viljatdotatud indeksid pakuvad vOimalusi paremini hinnata
puistu looduslikkust ja seejuures eristada puistus toimunud hiljutisi
hiiringuid.

Puistu struktuuri mitmekesisemaks muutmine ninglooduslike elementide
lisamine on sageli metsadkoststeemide looduslikkuse taastamise
eesmirkideks. Hiilud, puude paiknemise mitmekesine muster, surnud
puud, erineva suurusega puud ja erinevad liigid pakuvad elupaiku
paljudele teistele litkidele. Looduslikkuse taastamisvotetega muudeti
puistustruktuuri vorreldes taastamiseelse seisundiga oluliselt (joonis 3
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artiklis II). Kui eelnevalt olid puistud thetaolised ning sarnased, siis
pérast votteid struktuur mitmekesistus, niiteks surnud puidu maht
suurenes votete DW ja GDW korral kuni 67 m” ha™ (II). Taastamisvotted
avaldasid erinevatele liigirithmadele erinevat mo6ju. Hailu suuruse ja puistu
korguse suhtarv midrab hiilus olevad valgustingimused: kui suhtarvu
vairtus on lks voi suurem, siis on seal arvukam looduslik uuendus ja
edukas valgusnoudlike liikide esinemine. Loodusliku uuenduse arvukus
oli korgeim pindalalt suuremas hiilus ning taastamisvotte GB korral (IT).
Rohttaimede liigirikkus ja mitmekesisus suurenesid votete G, GDW ja
GB korral. Sammalde ja samblike keskmine liigirikkus peale votteid et
muutunud, kuid sammalde mitmekesisuse indeks erines votete vahel
oluliselt (tabel 2 artiklis IT) ning votete jirel suurenes enim votte DW
korral. Samblike mitmekesisus erines kontrollalade ja votete vahel,
mitmekesisuse indeks suurenes enim votte G korral, votte GB korral
mitmekesisus vahenes. Kontrollaladest eristub koige rohkem vote GB
rohttaimede, sammalde ja samblike puhul (tabel 5.1). Mardikaliste
suurenenud arvukus ja liigiline mitmekesisus on puistu valgustingimuste
muutuse ning elupaikade lisandumise (joonis 1 artiklis II) otsene
tulemus. Vorreldes the taastamisvotte rakendamisega suurendab
erinevate taastamisvotete Uheaegne kasutamine puistu heterogeensust ja
tanu sellele suureneb ka elurikkus.

Metsade looduslikkuse taastamise votete moju elurikkusele (II) ja
kaevandamisjirgse taastamise edukuse hindamine (III) annavad
vajalikud teadmised planeerimaks erinevaid taastamisvotteid ning
metsade majandamist. Kaevandamisjirgse taasmetsastamise eesmirk
on taastada Skosiisteemide kaevandamiseelne olukord (IIT). Uldjuhul
on voimatu taastada minevikus olnud seisundit, sest kaevandamisega
on kasvupinnast tiielikult muudetud ning tihtipeale areneb seal vilja
hoopis uudne Okosiisteem. Taastamisedukuse hindamine pd&hineb
mullanditajate diinaamika, liigilise mitmekesisuse, taimkatte struktuuri
ja 6koloogiliste protsesside uurimisel. Endiste kaevandamisalade mullad
erinevad tulpilistest metsamuldadest ja seetottu on seal taimestiku
arenguks tekkinud teistsugused tingimused (joonis 5.3). Samuti erinevad
sealsed taimekooslused tudpilistest metsas esinevatest kooslustest
(joonis 5.4, tabel S1 artiklis III). Puistu takseerniitajad on sarnaseimad
sinilille kasvukohatiitibi puistute takseerniitajatega (joonis 5.5). Ala
looduslikule arengule jitmine voib taastamisel olla oluline alternatiiv
metsaistutamisele, eriti juhul, kui rikutud ala on viike ja Gmbritsetud
loodusliku taimkattega ning kui alale pole mairatud soovitavat eesmarki
ning taastumise tahtaega.
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Edasised nunrimissununad

Doktorit66 raames tehtud uuringud on kavandatud jatkuma pikemaajalise
uurimisprogrammi osana. Metsade taastamise vOtete ning 6kosiisteemi
taastumise mojude uurimine on pikaajaline protsess, mis vajab katsealade
edasist jilgimist ning annab infot edasisteks praktilisteks tegevusteks
metsade majandamisel. Looduslike metsadkosiisteemide diinaamika
kui taastamise eesmirgi kirjeldamine on muutuvate kliimatingimuste
korral suhteliselt keeruline iilesanne. Seetottu on kavas jitkata looduslike
metsa0kostuisteemide uuringuid pusiproovitikkidel ning katsealade
vorgustikku laiendada ka polismetsa tunnustega puistutesse.
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1. Introduction inventories and therefore is often omitted or very simplified

methods are used (McElhinny et al., 2005).

Forests in Baltic countries are structurally diverse, often with
complex structures (Nilson, 1996). Factors that have contributed to
this structural diversity include infrequent management inter-
vention, reliance on natural regeneration methods, as well as great
variation in site conditions within stands, even in commercial
forests (Jogiste, 1998). New methods for evaluating structural
properties of ecosystems and mortality within forests are needed
to enhance biodiversity assessment in forest inventories (Lee et al.,
2000). Increasingly, the importance of stand dynamics and
resulting structural properties are recognized in forest manage-
ment and modelling (Ozolincius et al., 2005; Kint et al., 2004;
Gadow, 1993) and environmental planning (Pommerening, 2006).
One approach is to assess the degree of naturalness in a forest but
naturalness is difficult to objectively evaluate in routine forest
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E-mail address: diana.laarmann@emu.ee (D. Laarmann).
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Forest “naturalness” is a complex issue converging forest
dynamics, disturbances at different scales, adaptation to changing
environment and human influence. Stanturf et al. (2004) stated
that even without anthropogenic disturbances it is difficult to
specify what constitutes a natural forest in a given place and time.
Sprugel (1991) explained that in some regions an equilibrium may
exist in which patchy disturbance is balanced with regrowth, but in
others equilibrium may be impossible. Where equilibrium does
not exist, defining “natural” vegetation becomes much more
challenging, because the vegetation would not be stable over long
periods even without man’s influence. Ecosystems in a steady state
(climax ecosystems) are still continuously dynamic and changing
due to gap formation caused by the mortality of large trees.
Borman and Likens (1994) defined this as a “shifting-mosaic steady
state” ecosystem. In many areas it may be unrealistic to define
natural vegetation for a site and often several communities could
be “natural” vegetation for any given site at any given time. In
regions characterized by infrequent or only fine-scale disturbance,
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naturalness can be assessed by quantifying the level of human
influence to a forest ecosystem. Uotila et al. (2002) define the level
of naturalness as the extent to which human influence has affected
the current forest structure. Nevertheless, it is often possible to
distinguish between managed and unmanaged forests for only a
limited interval following a disturbance or management inter-
vention. As managers attempt to emulate natural disturbances in
their interventions by adopting principles of “ecological forestry”
(Franklin et al., 2007) “continuous cover forestry” (Gadow et al.,
2002) or “nature-based silviculture” (Larsen, 1995), definitions of
naturalness as being the opposite of anthropogenic disturbances
become even more problematic. Despite the difficulty of defining
naturalness, it is an accepted concept in European forest manage-
ment and nature conservation and an ability to assess forest
naturalness is important for forest management and conservation
decisions (Saudyte et al., 2005).

In this study we used a random selection of commercially
managed forests between 10 and 170 years of age in Estonia. We
examined the usefulness of individual tree mortality and
composition and structure of deadwood for evaluation of forest
naturalness and biodiversity value at the stand level, with
application for forest inventory methods. Our rationale was that
because of the relatively undisturbed nature of forests in Estonia,
mortality and deadwood were useful for operationally defining
“naturalness”. Individual tree death and replacement (fine-scale
disturbance) as a process guarantees vitality and dynamics of
forest ecosystems. Its main features are altered forest structure and
release of additional resources for the remaining trees and other
organisms (Koster et al., 2005). The process of tree mortality is
critical for understanding forest stand dynamics (Juknys et al.,
2006; Ozolincius et al., 2005; Monserud and Sterba, 1999) and a
likely indicator of naturalness (Debeljak, 2006; Rouvinen et al.,
2002). Assessment of individual tree mortality permits evaluation
of stand development stage and the level of human influence.
Deadwood structure includes both the variety and condition of
individuals such as snags and logs and their spatial arrangement.
These attributes change during stand development and the
amount and structure of deadwood is another indicator of the
level of human disturbance, i.e., the amount of material that has
been removed in harvests.

There are different ways to categorize causes of tree death. One
possibility is to distinguish between abiotic and biotic factors
(Franklin et al., 1987; Rouvinen et al., 2002). Abiotic factors are fire,
wind, flooding, snow breakage etc. Biotic causes of tree mortality
are diseases, insects, mechanical imbalance, old age etc. Another
possibility is to group tree mortality into density-dependent
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(Greenwood and Weisberg, 2008) and density-independent factors
(Franklin et al., 2002; Ozolincius et al., 2005). Density-dependent
tree mortality is due to competition among individuals (self-
thinning mortality) and density-independent mortality is due to
other agents.

Our specific hypotheses were that (a) multiple causes
(processes) for individual tree mortality are a good indicator of
naturalness in a forest stand; (b) the spatial distribution of dead
trees within a stand is a good indicator of naturalness, specifically
in middle-aged semi-natural forests, dead trees are not clumped
together as they would be in a managed forest; (c) deadwood
properties (distribution by size, spectrum of mortality causes,
species composition) may be used to detect recent forest
disturbances in a stand; and (d) trees with smaller relative
diameter are more likely than larger trees to have died because of
tree competition.

2. Material and methods
2.1. Estonian forest growth network

Estonia is situated in the hemiboreal vegetation zone (Ahti
et al, 1968) and covers a broad range of biogeographical
conditions. The climate varies from maritime to continental.
Average annual precipitation increases from west to east within
a range of 600-700 mm. Mean temperature of the warmest
month (July) ranges from 16.3 to 17.4 °C; and the coldest month
(February) from —2.0 to —7.4 °C.

We used 5-year interval measurement data provided by the
Estonian forest growth network permanent research plots. This
network was established during the period 1995-2004 and covers
all of Estonia (Kiviste et al., 2003). Since 1999, the network of forest
research plots has been extended using the sample grid of the ICP
Forest level I monitoring plots (Karoles et al., 2000) to place the
centers of plot groups. The plot locations in the field were selected
randomly on a map and represent the most common forest types
and age groups in Estonia. The method of establishing the plots is
mainly based on the experience of the Finnish Forest Research
Institute (Gustavsen et al., 1988). Data on 98,106 trees from 680
sample plots had been recorded in the database until 2008.

Generally the permanent sample plots were circular with a
radius of 15, 20, 25 or 30 m. The size depended on the forest
density and age, and as a rule every plot had at least 100 trees in the
upper-storey. On each plot the azimuth and distance from plot
centre to each tree was recorded along with its diameter at breast
height (DBH) and defects. For every fifth tree and also for dominant
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Fig. 1. Geographic location of study areas (black dots). Grey area indicates forests in Estonia.
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Fig. 2. Distribution of plots by groups of forest site types (A) and main tree species (B). The site type “others” includes alvar, bog moss, heath, paludified and fen forests. Age
classes are appropriate to the dominant species (e.g., mature pine stands are considerably older than mature alder stands).

and rare tree species, tree height and height to crown base were
measured. (Kiviste and Hordo, 2003).

Relative tree diameters were calculated for each measured tree,
where relative diameter is defined as the ratio of an individual
tree’s diameter to the mean diameter of the stand (Eid and Tuhus,
2001). A relative tree diameter value <1.0 indicates a tree smaller
than the stand average tree. Measurement records were available
for living trees (upper-, mid-, under-storey and shrub layer trees),
dead trees (standing, downed, and broken trees) and fresh stumps.

This study was based on 294 sample plots (Fig. 1) and the data
from 43,848 trees. Species composition of the sampled trees was
42% Scots pine (Pinus sylvestris L.), 25% Norway spruce (Picea abies
(L.) Karst.), 21% birch (Betula pendula Roth. and Betula pubescens
Ehrh.) and 12% of several deciduous species. Fig. 2 presents
distributions of permanent sample plots analyzed in this study
by forest site types, dominant species and stand development
classes. Distribution of plots by stand age and dominant species is
presented in Table 1.

2.2. Analysis of patterns of individual tree mortality

For each sampling period, mortality rate was calculated as the
number of trees that died, expressed as a percent of the number of
trees living at the beginning of the period. Annual mortality is the
number of dead trees in an interval divided by the number of years
in the period.

The cause of the mortality (CM) of each dead tree was
categorized into density-dependent and density-independent
factors. One of the most important density-dependent effects is
competition among individual trees including unspecified causes

Table 1

Distribution of sample plots by main species and age classes.

Age Alder Aspen Birch Pine Spruce

5-14 1 1

15-24 10 18 12
25-34 7 1 18 28 26
35-44 1 4 12 12 14
45-54 1 7 11 26 5
55-64 18 1
65-74 16 2
75-84 16 2
85-94 6 1
95-104 10

105-114 2

115-124 3

135-144 1

165-174 1
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of mortality for suppressed trees. Density-independent mortality
was identified more precisely:

a) Wind damage, including wind throw and stem breakage;

b) Game damage, mainly by moose peeling the bark from spruce
and pine leading to death of trees;

c) Insect attacks, mainly bark beetle (Ips sp.) as primary or
secondary causes;

d) Fungi and disease, mainly root rot, heart rot, canker and other
pathogens as primary or secondary causes;

e) Other, including flooding, frost or unknown reasons.

The logistic function (Eq 1) (Freund and Littell, 2000) was used
to model mortality of individual trees due to the causes considered
with each dead tree being an observation, as

logit(p):lnlfp (1)
where p is probability of CM (e.g., wind).

The logit-transformation rendered CM into a dependent
variable with a normal distribution, which can be analyzed with
methods of regression and variance analysis:

Logit(p) = f(x) (2)

where f(x) is a linear function of the vector x of measurement
variables.

Goodness of model fit was determined by examining percent
concordant values which indicate overall model quality through
the association of predicted probabilities and observed responses.
The higher the predicted event probability of the larger response
variable, the greater the percent concordant value will be.

Diversity index of mortality reasons (CMDI) was adopted from
Shannon (1948) H’ index for the estimation of diversity in an
ecosystem. CMDI can be calculated by the formula:

S
CMDI = —>" p;In(p;) 3)
i=1

S=number of CM; p;=proportion of the CM (p;=N;/N);
N; =number of dead trees because of CM;; N =total number of
dead trees.

2.3. Deadwood mingling
The spatial distribution of deadwood in a stand can be

evaluated by the pattern of mingling of dead and live stems.
Deadwood mingling is defined as the proportion of the n nearest
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dead reference tree i

Fig. 3. Structure variable—deadwood mingling for reference tree and four of its
nearest neighbours. The mingling index value DM; is 0.25 in this example.

neighbours that are also dead trees (Fig. 3). We developed a
deadwood mingling index (DM;) using the species mingling
formula proposed by Gadow (1993) for a group with four nearest
neighbours of a dead reference tree i:

1 4
DM =73 v
J

with

=

With four neighbours, DM; can assume five different values: 0,
0.25, 0.50, 0.75 and 1. The mingling index value of 1 indicates that
all neighbouring trees of a dead tree are also dead trees; conversely
amingling value of 0 indicates that all neighbouring trees are alive.
The distribution of all reference trees or average DM; can be used as
a surrogate for deadwood clumping in a stand. We calculated the
DM; for each plot and tested for homogeneity of variances in
deadwood mingling of each category of forest using the Fligner-
Killeen test implemented with the R statistical software.

Edge effects should be considered in calculating the mingling
index. One way is to consider a buffer zone around the edge of the
plot, with a buffer width equal to the distance to the fourth nearest
neighbour. This method has been shown to reduce bias effectively
in a comparison of several edge correction techniques (Pommer-
ening and Stoyan, 2006). In the case of deadwood mingling, edge
effects cannot be effectively adjusted afterwards because there are
usually just few dead trees on a plot.

1, when the neighbourj is dead tree
0, when the neighbour j is living tree

4)

2.4. Nature value assessment

Nature value assessment has been included in sample plot
measurements since 2006 using a method that incorporates both
quantitative and qualitative scoring (Korjus, 2002). The method is
based on evaluating specific stand and landscape attributes to
arrive at a score that is compared to a scoreboard (Fig. 4).

Naturalness was measured as different levels of anthropogenic
influence in a forest stand. Forests were classified as old-growth,
natural, recovering, or commercial forests, depending on the signs
of management activities. As most forests in Estonia have been
managed or influenced by humans to some degree, by “old-
growth” we meant that the remnants have not been managed for at
least 200 years. According to the special full-scale inventory of
present and possible forest conservation areas (Viilma et al., 2001)
there are several hundred hectares of such “old-growth” still
existing in Estonia. Natural forest included uneven-aged forests of
natural origin with a composition characteristic of the site. Natural
forest can bear traces of earlier cuttings but these must have no
effect on the present structure of the stand. There is also some
downed dead wood in different stages of decomposition in such
stands. Recovering forest has come into existence as a result of
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15 34 50
Managed forest Managed or | Natural forest| Old-growth

recovering forest forest
° >
Non- key habitat (Potential) Key (habitat
key habitat
8 25 35
POOR FOREST SITES

Fig. 4. The scale for evaluating forest naturalness by the method of nature value
assessment (Korjus, 2002). Numbers represent total scores of nature value for
distinguishing different levels of naturalness and key habitats. For example, on poor
forest sites the margin between natural forests and recovering forests is 25 points;
on fertile sites the margin between non-key habitats and potential key habitats is 15
points.

human activities, bears numerous traces of earlier cuttings but
their effect on the present structure of the stand is insignificant
such that the stand would develop into a natural forest in 20-
30 years if left untouched. Standing and downed dead wood is
present in various amounts in a recovering forest. Compared to a
classification for Lithuania (Saudyte et al., 2005), our recovering
forests match their semi-natural forests and the natural forests are
the same for both classifications. Managed forests have evidence of
cuttings with a strong effect on the species composition and
structure of the stand; there is very little or no downed dead wood.

For our sample plots, all old-growth forests, natural forests and
recovering forests were regarded as semi-natural forests in the
analysis. Of the sample plots, 32 were classified as semi-natural
and 262 as managed forests. Large-scale disturbances (at least 15%
of trees died within last 5-year) were present on 13 sample plots,
all in managed forests.

3. Results

A total of 2493 trees died during the study period from 2001 to
2007. Of the dead trees, 29% were pine, 27% birch, and 20% spruce.
The average annual tree mortality rate was 1.3% based on the initial
stem numbers. Grey alder (Alnus incana (L.) Moench) had the
highest mortality rate (4.3%) and pine and spruce had the lowest
(0.9%) (Table 2).

Data analysis showed that the main CM was competition (45%)
between trees. Scots pine, birch and aspen (Populus tremula L.),
were the most influenced by tree competition and spruce was the
least (Fig. 5). Fungi and diseases was the second commonest CM,
accounting for 30% of grey and black alder (Alnus glutinosa (L.)
Gaertn.) mortality. Wind (wind throw and storm breakage) was the
third commonest CM (19%). Spruce was the most influenced (more
than 40% of dead trees) and pine the least influenced (10%).

Table 2
Annual mortality rates (% from stem number per year) by tree species and stand
development class.

Tree species Stand development class

Young stands Middle-aged Mature stands

and maturing stands

Scots pine 1.21 0.55 0.48
Norway spruce 1.05 0.97 0.84
Black alder 1.52 1.80 143
Birch 1.54 2.05 1.28
Aspen 0.95 2.90 -

Grey alder - 3.74 5.06
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Fig. 5. Distribution of dead trees by causes of mortality (CM) and tree species.
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Table 3
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Results of logistic regression for probability of individual tree mortality on relative diameter of tree (Dr) by different reasons.

Reason for individual tree mortality Parameter Estimate Standard error Pr > Chi-Square Percent concordant

Fungi Intercept -1.8179 0.1327 <.0001 56.3
Dr 0.8435 0.1654 <.0001

Game Intercept —5.7174 0.4048 <.0001 69.1
Dr 2.1289 0.4081 <.0001

Insects Intercept —3.9417 0.2201 <.0001 65.1
Dr 1.7507 0.2439 <.0001

Wind Intercept —2.9240 0.1579 <.0001 64.6
Dr 1.6984 0.1854 <.0001

Growth- Intercept 1.8309 0.1331 <.0001 69.0

dependent Dr —2.8806 0.1855 <.0001

The average recent deadwood volume (RDV5) for the last 5-year
period for all stands was 6.1 m> ha~'. The highest average RDV5
was found in aspen stands (15.3 m> ha~1), the lowest in black alder
stands (1.0 m® ha ') (Fig. 8). The average RDV5 was significantly
lower (p-value < 0.001) in managed forests (5.4 m® ha™') than in
semi-natural forests (12.3 m® ha~!) (Fig. 9). RDV5 is correlated to
the number of mortality causes and deadwood mingling (Table 4).

A comparison of deadwood mingling and nature value scores in
managed and semi-natural forests showed that dead trees were
more dispersed (Fligner-Killeen test, p-value < 0.001) and the
naturalness score was higher in semi-natural forest stands (t-test,
p-value < 0.001) (Fig. 10). The nature score was significantly
correlated with the diversity index of mortality causes (CMDI),
indicating that CM are more diverse in semi-natural stands
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Fig. 8. Amount of recent deadwood volume (RDV5) in stands dominated by different
species.
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Fig. 9. Comparison of the volume of recent deadwood (RDV5) in managed and semi-
natural stands.
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(Table 4). Mean values and distribution of the deadwood mingling
index (DM;) in managed and semi-natural forests (Table 5) were
not significantly different. In middle-aged semi-natural forests,
mortality is spatially more random than in managed forests, thus
there is no evidence of gap formation. Gap formation, however,
should be more characteristic of older stands.

4. Discussion

There are many different definitions of forest naturalness (Lee
et al.,, 2000). A true “natural” forest can be defined as an idealized
virgin forest condition that is not influenced by large-scale,
systematic human activity (Bradshaw, 2005). Accumulation of
large standing and downed deadwood and complex structural
properties are often important indicators in these definitions
(Kneeshaw and Burton, 1998). However, most definitions of “old-
growth” include the premise that recent large-scale forest
disturbances are absent (Rubin et al., 2006), which is challenged
by some authors (e.g., Oliver and O’Hara, 2005). As recent
disturbances are almost always present at the landscape level,
we expected a variety of tree mortality patterns even on
landscapes dominated by old-forests. Managed forests usually
have an even distribution of stands in different developmental
stages (age classes) except that old over-mature forests are
generally lacking in managed landscapes. Often a mosaic of stands
in different stages of forest development is desirable for
biodiversity considerations, which also can be characteristic of
unmanaged forests.

In the real world “naturalness” is almost impossible to define
quantitatively. A bare landscape destroyed by natural large-scale
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Fig. 10. Deadwood mingling and score of nature value in managed and semi-natural
stands.
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Table 4

Spearman correlation matrix of mean deadwood mingling index (DMi), nature
value score, diversity index of mortality causes (CMDI), number of mortality causes
(CM) and recent deadwood volume (RDV5) on sample plot data (values in bold are
significantly different from zero).

Mean DMi Nature CMDI Number RDV5
score of CM
Mean DMi 1.000
Nature score 0.182 1.000
CMDI 0.194 0.471 1.000
Number of CM 0.331 0.423 0914 1.000
RDV5 0.630 0.291 0.469 0.661 1.000
Table 5

Mean values and distribution of the deadwood mingling index (DMi) in managed
and semi-natural forests.

Forest class Mean value Percent of trees with corresponding
of DMi DMi value
0.00 0.25 0.50 075 1.00
Managed forests 0.220 4423 3155 1732 591 1.00
Without large disturbance  0.196 48.28 30.78 15.63 4.77 0.54
With large disturbance 0.291 31.86 33.89 2247 939 239
Semi-natural forests 0.199 49.82 3026 1328 3.69 295

disturbance may be more natural than a beautiful planted forest
with high biodiversity value. We can only use surrogates to define
a degree of naturalness. We hypothesized that multiple causes of
tree mortality indicated naturalness of a stand. Our analysis results
showed that the number of reasons for mortality was not directly
connected to the number of processes leading to tree death. Our
experience was that determining with certainty the reason or
reasons a tree dies is often difficult. Visible or detectable evidence
for a cause of mortality was present for some trees but also several
trees died without any indication of the cause. Tree death is
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generally the result of complex interactions among multiple
factors (Franklin et al, 1987; Manion, 1981). In future studies,
better results may be obtained by not constraining mortality to be
caused by a single reason but rather to use a process-based
multiple-reason method (Fig. 11).

Modelling the CM showed that with increasing relative
diameter there was a higher probability for tree mortality to be
caused by wind, insect or fungi damage and a lower probability for
tree mortality to be due to growth-dependent causes. The survival
probability of a tree was dependent on its relative diameter in the
stand (Laarmann, 2007). Usually forest growth and yield models
use data representing past forest dynamics. The applications of
these models in simulating the future growth and development of
a stand assume that future conditions will be similar to the past
(Garcia-Gonzalo, 2007). Because changing growth conditions that
influence the resilience of trees may lead to increased mortality,
therefore the actual changes in forest growth conditions can bias
judgments made about the nature value of a forest.

Several studies (e.g. Neumann and Starlinger, 2001) have found
that forest naturalness is not correlated with tree species
composition or stand diversity. It can be true also in relation to
the amount and distribution of deadwood. Debeljak (2006) found
that there is a considerable difference in deadwood quantity
between managed and virgin forests in European temperate
forests. Several studies (Liira et al, 2007; Kohv and Liira, 2005;
Jonsson and Jonsell, 1999; Ohlson et al., 1997) found that the
amount of deadwood is an important indicator of forest ecosystem
quality in boreal and hemiboreal zone. Individual tree mortality in
natural forests of a Pinus-dominated landscape in a wilderness area
in Fennoscandia was characterized by a continuous flow of local-
scale autogenic mortality of individual trees or small groups of
trees (Rouvinen et al., 2002). Rouvinen et al. (2002) found
deadwood accumulation levels of 1.8 m>ha~'yr~! in the old-
growth forest in Eastern Fennoscandia. In our study, deadwood
accumulated twice as quickly in forests that were left for natural
development (semi-natural forests; 2.5m>ha~'yr ') than in
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Fig. 11. Principal scheme of a process-based method for determining multiple causes for individual tree mortality; revised from Franklin et al. (1987); terminology after
Manion (1981). Predisposing factors are generally static or non-changing factors. Inciting factors are short in duration and may be physical or biological in nature; these
generally produce a drastic damage. The contributing factors produce noticeable symptoms and sign on the weakened tree.
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managed forests (1.1 m? ha~' yr™"). This difference may indicate
that deadwood accumulation is more intensive in semi-natural
forests than in old-growth climax forests.

Our results indicate that forest naturalness cannot be explained
only by the amount of dead trees or by tree survival rates in a stand.
Laarmann (2007) estimated that approximately 40% of forest stand
naturalness in Estonia can be described with structural and
qualitative properties of dead trees (how and where trees died).
Therefore deadwood quantity itself is not a good indicator of
forest naturalness. Better indicators are deadwood spatial and size
distributions and the variety of CM.

Kint et al. (2003) compared nearest neighbour indices with
other method and concluded that these indices are suitable for
quantifying forest structure characteristics. Kint (2005) showed
that the clustered spatial pattern that followed large disturbances
will develop to a regular spatial point pattern in young Scots pine
stands because of self-thinning and competition with other
species. The deadwood mingling variable we used was acceptable
for distinguishing the clumping of dead trees that indicated recent
disturbances and for characterizing deadwood spatial pattern.
Patches of clumped dead trees in a stand often indicate recent
forest disturbance and, in this case, the quantity of deadwood may
not indicate forest naturalness. Our study showed that variation of
deadwood mingling is characteristic of both managed and semi-
natural forests in the Baltic countries. However, higher values of
deadwood mingling indicate recent disturbances in forest stands.

The current study showed that assessment of forest naturalness
can be improved with analysis of tree mortality patterns. Dead-
wood quantity and spatial distribution, recent mortality rate
and causes of mortality together are good indicators of forest
naturalness and should be useful in assessing and conserving
biodiversity. Assessment and analysis of causes for individual tree
mortality remains a challenge for applications in forest inventory
and conservation planning.
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The legacy of structural homogenization due to forest management for commercial products is a loss of
biodiversity. A common policy in many European countries is to increase forest diversity by converting
managed forests to more natural conditions. The aim of this study was to provide an early evaluation
of the effectiveness of different restoration treatments to rehabilitate managed stands in order to increase
their naturalness. Restoration treatments were imposed on 30-60 years old conifer plantations including
gap creation with and without added deadwood, added deadwood without gaps, gaps plus overburning,

Keywords: . and controls. We sampled stand structure, understory vegetation and beetles before and after treatments
Forest restoration . . . N . .
Gaps on 50 circular permanent plots. Diversity of different groups responded differently to treatments with

understory vegetation diversity increasing the most in gaps with burning, lichens in gaps without burn-
ing and bryophytes with the addition of dead wood. Increased beetle abundance and greater species
diversity was a direct effect of changed light conditions inside the canopy. Gaps with overburning had
the greatest recruitment of tree seedlings. Stands that were homogeneous pre-treatment increased in
heterogeneity in structural conditions and microclimatic conditions after treatments and therefore rich-
ness and abundance of different species groups increased.

Hemiboreal forest
Protected forests
Rehabilitation

1. Introduction

Ecological restoration aims to return degraded ecosystems to an
idealized natural state as before anthropogenic intervention, with
similar species diversity, composition and structure (SERI, 2004;
Stanturf and Madsen, 2002). Rehabilitation of a degraded forest
stand aims to restore naturalness in terms of stand structure,
species composition or disturbance regimes (Bradshaw, 2002;
Stanturf, 2005). Rehabilitation at the landscape scale can be used
to complement conservation efforts in protected areas in order to
enhance habitat quality and quantity, to improve connectivity
between fragmented areas and to create buffer zones between
reserved and managed forest areas (Kuuluvainen et al., 2002).

The ultimate goal of restoration is to create a self-maintaining
ecosystem that is resilient to perturbation without further assis-
tance (Urbanska et al., 1997). Integrated approaches are suggested
to measure restoration success including examining vegetation
characteristics, species diversity and ecosystem processes
(Ruiz-Jaen and Mitchell Aide, 2005). The main aim of restoring for-
est naturalness is to initiate natural processes in forests that have
been heavily influenced by human manipulation, to monitor these
processes going forward, including monitoring of important inter-
related processes of stand regeneration, small-scale disturbances
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and tree mortality (Kuuluvainen, 2002; Beatty and Owen, 2005).
Intervention at the stand regeneration phase can be the basis for
diversification and dynamics of forests (Vodde et al., 2011). Small
and large disturbances generate different possibilities and scales
for successional development. Tree mortality, for example is a nat-
ural process with many causes and high spatiotemporal variability
(Laarmann et al., 2009). Gap formation in natural and semi-natural
forests is dependent on mortality processes that also add dead-
wood structure to forests. Quality of coarse woody debris is a key
structural component of unmanaged forests and plays an extre-
mely important role in ecosystem function and biodiversity con-
servation (Lilja-Rothsten et al., 2008; Koster et al., 2009).

One common effect of forest management to produce commer-
cial products is structural homogenization and compositional sim-
plification over time (Halpern and Spies, 1995). The legacy of such
landscape homogenization is a loss of biodiversity; forest policy in
many European countries has been to increase forest diversity by
converting managed forests to more natural states (Fries et al.,
1997; Lohmus et al., 2005). In Estonia, it can be seen as reversing
the trend in forest management from cultivated, even-age conifer-
ous forests of Scots pine (Pinus sylvestris) and Norway spruce (Picea
abies) toward more complex structures that include special atten-
tion to spatial and quality properties of deadwood in forest stands
(Laarmann et al., 2009; Léhmus and Kraut, 2010; Paal et al., 2011;
Liira et al., 2011).
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Ensuring the sustainable dynamics processes for sustaining or
steadily increasing forest biodiversity and structural complexity
may be expected from either allowing natural disturbance pro-
cesses to operate (Franklin et al., 1997; Kangur et al., 2005; Shoroh-
ova et al., 2009) or by attempting to emulate disturbance processes
by management intervention (North and Keeton, 2008; Long,
2009) although, management actions may never fully mimic natu-
ral disturbance regimes (Lindenmayer and Franklin, 2002). Resto-
ration involves rehabilitating stands using a set of silvicultural
treatments to speed up the development of structural complexity
including thinning, creating snags or cavities, enhancing recruit-
ment of woody debris and where necessary under-planting with
desired species. Forest stands with high spatial heterogeneity
(indicated by a large number of gaps) are typically a result of con-
tinuous moderate-intensity canopy disturbances (Lerzman and
Fall, 1998; Bradshaw et al., 2011). Many non-traditional ap-
proaches can be taken in thinning for designing multispecies and
multi-storeyed stands that mimic such a moderate-intensity dis-
turbance regime (Coates and Burton, 1997; Fulé et al., 2005; Kee-
ton, 2006; Vanha-Majamaa et al., 2007; Felton et al., 2010).

The aim of this study was to examine the early effects of treat-
ments that targeted restoring naturalness in Estonian hemiboreal
protected forests. Study questions we addressed were: (1) what
were the initial effects of restoration treatments on biological
diversity and (2) were there significant differences on assemblages
of understory and beetle diversity and abundance of deadwood be-
tween restoration treatments? To address these questions we fo-
cused on detection of small changes at an early stage after
restoration treatments.

2. Materials and methods
2.1. Study design

The study was carried out in Estonia (lat. 58-259N, long. 26—
209E), which is situated in the hemiboreal vegetation zone (Ahti
et al.,, 1968). The climate varies from maritime to continental. An-
nual average precipitation ranges from 600 to 700 mm. Mean tem-
perature ranges from 16.3 to 17.4°C in July and from -2.0 to
—7.4 °C in February. Forests cover 51% of the land area of the coun-
try and the terrain is flat. Forests under some form of protection are
26% of the total forest area; about half of them are situated in nat-
ure protection areas (Yearbook, 2010).

The study was connected to the LIFE-Nature project “Protection
of priority forest habitat types in Estonia” where one of the pur-
poses was naturalness restoration on recently designated pro-
tected areas that had a low-level of naturalness and diversity.
Stands requiring restoration that were selected included planta-
tions, middle-aged (30-60 years old), normally or densely stocked,
pure coniferous (P. sylvestris or P. abies) stands growing on mineral
soils. Restoration treatments were implemented altogether on
350 ha in seven nature protection areas in Estonia according to
existing management plans. For monitoring the restoration pro-
cess, in 2004 50 permanent sample plots (PSPs) were established
in 23 forest stands with total area of 78.1 ha (Korjus, 2005).

The 50 restoration treatment plots were divided into 27 with
interventions and 23 without interventions designated as control
plots (Table 1). Plots were established before treatments, re-mea-
sured after treatments and then re-measured after 3 years. In the
27 forest stands studied there was at least one treated plot and
one control plot. Four stands had two treated plots and one stand
had three treated plots.

The primary treatment was to create gaps (72-1463 m?) by
removing overstory trees; gaps were defined as an opening in
the forest canopy extending vertically through all layers down to
2 m above ground (Brokaw, 1982). Our treatments were a single

gap (G) with four installations; a gap with added dead wood
(GDW) with 17 installations; and four installations with low inten-
sity fire from burning branches and needles at the end of summer
within a gap (GB). Intentional burning in the forest is usually not
allowed in Estonia, even for research purposes. Other treatments
included two installations with added dead wood but no overstory
manipulation (DW) and 23 controls with no manipulation (C).

The PSP were established as a circular layout with a radius rang-
ing between 15 and 25 m. The PSP radius varied depending on for-
est density and age structure, following the rule that every plot
needed to include at least 100 main canopy trees before treatment.
On each plot before treatment the tree coordinates were deter-
mined by measuring azimuth and distance from plot cente. Diam-
eter at breast height (DBH) of each tree larger than 4 cm was
measured. For every fifth tree the total height and height to crown
base were measured.

Mortality was calculated for the 3 year period after treatments.
The cause of mortality of each dead tree was categorized into (a)
density dependent mortality; (b) wind damage; (c) game damage;
(d) insect attacks; (e) fungi and diseases; (f) others (Laarmann
et al,, 2009).

Regeneration establishment was recorded in newly established
measurement plots on each treatment plot in 2008. Five 25 m?
subplots were established on each treatment plot. Subplots in-
cluded one in the center of the treatment plot and the other four
subplots were each located 10 m from the plot center in cardinal
directions. All seedlings in each subplot were counted by tree spe-
cies and the two tallest seedlings of each species were selected for
height measurement.

We used a crown shape model (Lang and Kurvits, 2007) to
reconstruct crowns for gap size estimation. Based on the methods
of Green (1996) we used sixteen distance/direction coordinates as
a polygon to estimate the gap area, which is more accurate (Zhu
et al., 2009) than the widely used method of Brokaw (1982).

Biodiversity in a given area is usually evaluated through surveys
of species richness in different taxonomic groups (Terradas et al.,
2003; Liira and Sepp, 2009). Data on understory vegetation were
collected before, immediately after and 3 years after treatments.
Herbaceous species and mosses were surveyed using a step-line
intercept method (Jogiste et al., 2008). On each PSP a permanent
quadrate (5 x 5m) was located 4 m from the center of the PSP in
the north direction. Within the quadrate, species were recorded
on step-line, where after each step a 10 x 10 cm square was de-
scribed, resulting in total 100 squares. Lichens were inventoried
on selected host material before treatment and measured 1 and
3year after treatments (Jogiste et al., 2008). Lichens sampling
was done on: (1) 5 randomly selected main canopy trees (dominat-
ing tree species), (2) all trees from co-dominating tree species on
the plot, (3) five standing dead trees or/and snags (diame-
ter > 10 cm), (4) from three different fallen logs and (5) from three
different decaying stumps and root mound.

Beetle diversity was inventoried with flight-intercept traps on
the treatment areas. Beetle diversity was not monitored on control
plots as forest stands are quite small (1-2 ha) in Estonia and con-
trol plots are close to treatment plots. Therefore any treatment in
a stand influences beetle fauna also on control plot and control plot
does not represent an area without treatment. In total 22 traps
were set out and beetles were collected six times (every 2 weeks)
during the summer of the pre-treatment year and in years one and
three after treatment. 82% of the all beetles collected were identi-
fied to the species level.

2.2. Data analysis

Biodiversity was calculated using the coverage data per species
and the total coverage by species group using Shannon-Wiener
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Table 1
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Distribution of plots by treatment. DW - dead wood input, G - gap cutting, GB - gap cutting and over burning; GDW - gap cutting with dead wood inclusion.

Treatment No of plots Deadwood input (m> ha™') Gap size (m?) Stand age (year) Basal area (m*ha™')
Min Max Min Max Min Max Min Max
DW 2 7 12 - - 50 100 31 41
G 4 - - 119 225 30 45 19 28
GDW 17 1 67 72 404 30 60 22 38
GB 4 - - 933 1463 50 50 1 5
c 23 - - - - 30 100 20 47

index. Species richness was set to the average number of different
species per plot sampled for the herbs, mosses, lichens and beetles,
this variable is expected to have the Poisson distribution.

Thus, we used two different procedures for analysis of variance
(ANOVA). With unbalanced data, as our data were, it is more
appropriate to use the SAS procedure GLM for analysis instead of
the procedure ANOVA (Littell et al., 2002). The procedure GLM
was used for species diversity. A repeated measures ANOVA was
conducted to determine the effects of treatment and time (2004-
2008) on Shannon indexes of the herbs, mosses, lichens and bee-
tles. Every species group was analyzed separately.

For species richness analysis we used the SAS procedure GLIM-
MIX, because it allows having data with the Poisson distribution.
For analyzing significance of year effect for every treatment a state-
ment CONTRAST in the procedure GLIMMIX was used.

We used Multiple Response Permutation Procedure (MRPP) to
test for differences in species composition among treatments in
2008 (3 years post-treatment) with PC-ORD ver. 6 (McCune and
Mefford, 2010). MRPP is a nonparametric procedure that tests
the hypothesis of no difference in compositional similarity among
two or more groups. MRPP gives a p-value based on the probability
that the observed within group distance is smaller than could have
occurred by chance. Measure of effect size is provided by the value
A which describes the within group homogeneity.

We used Indicator Species Analysis (ISA) for the 2008 measure-
ment to test for differences of species by treatments. Indicator spe-
cies are species that are used as ecological indicators of
environmental conditions or environmental changes (De Caceres
et al., 2010). ISA produces indicator values for each species in each
treatment, based on the standards of a perfect indicator, which
based on relative frequency and abundance of a given species. Indi-
cator values were tested for statistical significance using Monte
Carlo simulation tests (1000 runs). Indicator species were identi-
fied from additional species that appeared between 2004 and 2008.

For tracking changes in forest composition over time in the
treatment plots we used principal components analysis (PCA in
PC-ORD v.6.0, McCune and Mefford, 2010). Stand parameters used
were basal area (m? ha™'), mean height of trees (m), species rich-
ness and diversity indices for each species group; gap size (m?),
diameter of gap (m), ratio between diameter of gap and stand
mean height, coarse woody debris (m> ha~!), number of dead trees
and cause of mortality, which were logarithmically transformed.

3. Results

Among the 50 plots, we identified a total of 138 vascular plant
and bryophytes species in 2004-2008; of these, there were 94
herbs, 7 shrubs and 37 mosses. Moss species Hylocomium splendens
and Pleurozium schreberi were present in 91-100% of plots and vas-
cular plants Deschampsia flexuosa and Melampyrum pratense were
present in all treatments in 2008. Over all treatment plots there
were 79 lichen species, including rare and threatened species in
Estonia Biatora botryosa, Calicium pinastri, Cladonia incrassata, Cla-
donia norvegica, Micarea hedlundii, Placynthiella dasaea, and Trapelia
coarctata (Lilleleht, 1998; Randlane and Saag, 1999; Randlane et al.,
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2008). A total of 512 beetle species were found during 2004-2008:
145 species in 2004, 340 species in 2005, and 365 species in 2008.

Herb species richness (Fig. 1) was affected significantly by
changes in light conditions with gap formation increasing richness
(G+GB+GDW treatments together, F=6.94, p<0.001; GDW
treatment alone, F=4.76, p = 0.01). However, we did not find sig-
nificant changes between the years in single treatments except
GDW (G, p=0.37; DW, p=0.73; GB, p=0.11) or on control plots
(p=0.63), but the biggest change was in the G treatment where
an average of 4.25 species was added. Richness of mosses and li-
chens was not significantly affected in any treatment. The average
richness of mosses was 4.74 in 2004 and 5.46 three years later and
the average richness of lichens was 5.6 and 6.2 respectively. Rich-
ness of beetles increased over time, since a response in any treat-
ment affects other treatments due to the small stand size
(p <0.001).

Shannon indexes of herbs, mosses and lichens were signifi-
cantly dependent upon treatments (p < 0.003) (Table 2). Shannon
index of herbs increased the most in the gap with burning treat-
ment (GB), and decreased in the added deadwood treatment
(DW). The smallest change was on the control plots. The deadwood
and gap with burning treatments positively affected Shannon in-
dex of mosses, while the gap alone (G) treatment affected moss
that negatively. Changes in Shannon index of lichens were higher
in the gap alone and gap with added deadwood treatments but de-
creased in the gap with burning treatment. Shannon index of bee-
tles was different among years (p = 0.01, f= 8.16), but did not show
any differences among the treatments. Interaction between time
and treatment was not significant for any variable.

Differences in effects of composition 3 years after treatments
are shown by MRPP analysis (Table 3). We found significant differ-
ences among treatments for herbs (p <0.001, A=0.07), mosses
(p=0.04, A=0.03), lichens (p<0.001, A=0.03) and beetles
(p<0.001, A=0.14). In pairwise comparisons, herb species in the
gap with burning treatment (GB) was significantly different from
control (T=-7.87, p<0.001) and the rest of the treatments. Moss
composition in the GB treatment was different from the other
treatments (p < 0.05) except from the DW treatment (p = 0.12). Li-
chens were similar in control and GDW treatment (p = 0.44); in all
the other treatments lichens were different. Beetles differed be-
tween deadwood and gap, deadwood and gap with added dead-
wood; and between gap with burning and gap with added
deadwood.

Indicator species analysis (ISA) for the year 2008 presented se-
ven herbaceous species, 1 moss, 8 lichen species and 28 insect spe-
cies as indicators (Table 4). Indicator species in 2008 were not the
same as in the pre-treatment measurement in 2004.

The ISA revealed some beetle species specific to some treat-
ments; species such as Cardiophorus ruficollis, Mycetochara flavipes,
Ochthebius minimus, Tomoxia bucephala, Cis comptus, Sericoderus
lateralis, which were present on burned sites (Siida and Voolma,
2007). Hylobius abietis, Hylastes brunneus, Scolytus ratzeburgi were
present close to fresh cutting (DW) sites (Voolma et al., 2003). A
new indicator species in Estonia was recorded for treatment DW,
Malthinus facialis (Stida, 2009).
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Fig. 1. The average species richness of vascular plants, mosses, lichens and beetles per plot in the treatment categories before the treatments, 1 year after the treatments and
3 years after the treatments. Treatment categories: G, gap cutting; DW, deadwood input; GDW, gap cutting with deadwood input; GB, gap cutting and overburning; C, control
plots. Values of ANOVA test are presented. The upper and lower boundaries of the boxes are the 75th and 25th percentiles, the horizontal line within the box is the median
and the error bars show the 10th to 90th percentiles. Width of box depends on number of plots.
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Dynamics of mean Shannon diversity index in species groups by treatments (G - gap cutting, DW - deadwood input, GDW - gap cutting with deadwood input, GB - gap cutting
and overburning, C - control plots). Bold values indicate p-values lower the threshold value 0.05 (significant).

Attribute and year Treatment ANOVA results
G DW GDW GB C Treatment Time
F P F P
Herbs 5.31 <0.001 2.829 0.06
2004 1.852 1.616 1.179 0.987 1.365
2005 2.060 1.610 1.210 1.025 1.476
2008 2.199 1.368 1.521 1.535 1.521
Mosses 4.29 <0.003 3.05 0.05
2004 1.189 1.398 0.952 0.789 0.984
2005 1.059 1.574 1.126 0.731 1.140
2008 1.105 1.615 1.149 0.998 1.144
Lichens 5.59 <0.001 1.22 0.30
2004 1.167 1.527 1.356 1.947 1.475
2005 1.233 1.502 1.419 2.048 1.522
2008 1.486 1.648 1.571 1.859 1.564
Beetles 2.64 0.14 8.16 0.01
2004 0.966 0.499 0.487 0.867 -
2005 2.486 2933 2.688 3.399 -
2008 3.010 3.438 3.066 3.247 -
Table 3 (r=-0.65; p=0.001), and basal area (r = 0.58; p < 0.04). The second

Multi-response permutation procedure analysis between treatments (G - gap cutting,
DW - deadwood input, GDW - gap cutting with deadwood input, GB - gap cutting
and overburning, C - control plots) in species groups 3 years after treatment (H-
herbs; M-mosses; L-lichens; B-beetles).

G DW GDW GB c
G
DW LB
GDW  L°

GB HY ML
c s

“ Significance code 0.05.
" Significance code 0.01.
“** Significance code 0.001.

The treatments reduced the number of living trees on all plots
and increased the amount of dead wood on plots receiving added
deadwood (DW and GWD). We found differences in the distribu-
tion of seedling species and their abundances between treatments
(X?; p<0.05). The abundance of Pinus seedlings increased on the
gap and burned plots (GB) (Fig. 2). Treatments GB and GDW in-
creased the number of Betula seedlings and G increased number
of Picea seedlings. The number of other trees, mainly Populus trem-
ula and Quercus robur did not differ among treatments.

Comparing stand structure from before and 3 years after treat-
ment (2004 vs. 2008) shows different patterns on treatment plots
(Fig. 3). Control plots were excluded in this analysis because we did
not find any significant changes between years. The PCA results
indicated that five statistically significant (p=0.001) axes were
available for interpretation, which explained 79% of the variation
in the data. The first principal component (PC1) was strongly re-
lated to density of stand while PC2 was related to attributes of
dead wood; the others components described together 30% of
structural variation.

We found significant changes between pre-treatment and sub-
sequent years (F=6.18; p<0.001). Pre-treatment stands were
structurally quite even and similar to each other; after treatment
stand structure changed and this initiated changes in herb, moss,
lichens and beetle composition as well as in tree regeneration.

The variables with the strongest correlation with the first axis
were gap size (r=-0.92; p<0.001), diameter of gap (r=-0.92;
p<0.001), removed basal area (r=-0.91; p<0.001), ratio of gap
and stand mean height (r=—0.91; p < 0.001), number of seedlings
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axis correlated best with number of dead trees per hectare
(r=-0.64; p<0.001), number of reasons for tree mortality
(r=-0.62; p<0.001), amount of coarse woody debris (r=—-0.55;
p <0.001), richness of mosses (r=—0.61; p=0.03) and richness of
herbs (r=-0.52; p=0.02).

Three years after treatment there was no clear effect on mortal-
ity. Tree mortality during the 3 years after treatment was highest
on control plots, 6.7% (over the 3 year period). Mortality on the
gap alone (3.9%) and gap with added deadwood treatments
(4.7%) was higher than the treatment of added deadwood (1.6).
Plots receiving the gap plus burning treatment had significantly
larger gaps than were produced for the gap or gap with added
deadwood treatments (G or GDW) but had no dead trees during
this 3-year period.

4. Discussion

Managing disturbances by manipulative treatments is part of
the process of restoring natural disturbance regimes that have
been disrupted by human intervention (Stanturf, 2004). A chal-
lenge for forest managers is to develop and implement manage-
ment practices that restore stand structural complexity and
compositional diversity (Lindenmayer and Franklin, 2002). It is
possible to imitate gap dynamics, which is one of the typical dis-
turbance regimes in hemi-boreal forests (Shorohova et al., 2009).
Canopy gaps are created by death of one or more trees naturally
or by management (thinning, selective cutting); gaps are critical
in community dynamics, species coexistence and regeneration of
many types of forests (Liu and Hytteborn, 1991; Gray and Spies,
1996). Deadwood contributes to stand structural complexity and
creating different sizes of slowly dying and dead wood is another
important tool for restoring the natural characteristics of managed
forests (Siitonen, 2001). To maintain biodiversity and ecosystem
processes in managed forests different individual structures are
needed such as standing dead trees, logs and coarse woody debris
on forest floor, and large dimension deadwood in different decay
stages (Lindenmayer and Franklin, 2002). Spatial variability of
deadwood distribution in a stand is caused by different mecha-
nisms of individual tree death (e.g., insect attack, fungi, competi-
tion); spatial variability of deadwood is one of the characteristics
of natural/semi-natural stands (Laarmann et al., 2009).
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Table 4

Indicator species analysis of vascular plant (V) and mosses (M), lichens (L) and beetles (B) for 3 years after treatment (G - gap cutting, DW - deadwood input, GDW - gap cutting
with deadwood input, GB - gap cutting and overburning) based on relative frequency and abundance of a given species.

Species Group Treatment P Indicator value % Of plots in given group where given species is present

G bw GDW GB C
Miarus sp. B G 0.001 100 100 - - - nf/a
Alosterna tabacicolor B G 0.029 80 100 - 82 - nfa
Anthribus nebulosus B G 0.010 79 100 - 27 - n/a
Liodopria serricornis B G 0.022 73 100 - 45 - nf/a
Leptura melanura B G 0.035 73 100 100 91 100 nfa
Meligethes sp. B G 0.009 70 100 - 91 50 n/a
Amara brunnea B G 0.029 67 67 - - - nfa
Phyllobius argentatus B G 0.029 67 67 - - - nfa
Caenocara affinis B G 0.033 67 67 - - - nfa
Anemone nemorosa v G 0.022 55 75 - 6 - 17
Fragaria vesca v G 0.014 48 75 - - 25 9
Deschampsia cespitosa \% G 0.044 45 50 - 6 - -
Cladonia coniocraea L G 0.015 17 50 19 25 32 15
Hypogymnia tubulosa L G 0.030 9 18 - 6 8 3
Hylobius abietis B DW 0.012 100 - 100 - - nfa
Malthinus facialis B DW 0.012 100 - 100 - - n/a
Myzia oblongoguttata B DW 0.012 100 - 100 - - nf/a
Hylastes brunneus B DW 0.020 89 - 100 18 - nf/a
Scolytus ratzeburgi B DW 0.043 67 - 100 - 50 nf/a
Athous subfuscus B DW 0.009 50 100 100 100 100 n/a
Melampyrum sp. v DW 0.042 50 - 50 - - -
Lycopodium annotinum \% DW 0.042 50 - 50 - - -
Trapeliopsis flexuosa L DW 0.035 7 4 14 2 4 2
Agathidium sp. B GDW 0.031 52 100 50 100 100 n/a
Dimerella pineti L GDW 0.026 15 7 5 28 - 21
Carex ericetorum \ GB 0.001 100 B - - 100 =
Cardiophorus ruficollis B GB 0.014 100 - - - 100 n/a
Cryptolestes corticinus B GB 0.014 100 - - - 100 nf/a
Mycetochara flavipes B GB 0.014 100 - - - 100 n/a
Ochthebius minimus B GB 0.014 100 - - - 100 n/a
Orthotomicus suturalis B GB 0.014 100 - - - 100 n/a
Prosternon tessellatum B GB 0.014 100 - - - 100 nfa
Rhagonycha elongata B GB 0.014 100 - - - 100 n/a
Tomoxia bucephala B GB 0.014 97 33 - - 100 n/a
Hydroporinae B GB 0.007 93 - - 27 100 nfa
Anidorus nigrinus B GB 0.040 92 - 50 18 100 n/a
Cis comptus B GB 0.039 75 33 - - 100 n/a
Sericoderus lateralis B GB 0.049 73 33 50 9 100 nf/a
Epilobium angustifolium v GB 0.011 70 75 - 29 100 9
Funaria hygrometrica M GB 0.011 49 - - 6 50 -
Dicranum polysetum M GB 0.034 45 50 100 76 100 74
Lecanora phaeostigma L GB 0.001 27 - - 2 32 6
Evernia prunastri L GB 0.003 11 - - - 12 1
Hypocenomyce scalaris L GB 0.027 9 4 5 4 20 5
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Fig. 2. Number of tree seedlings in 2008, 3 years after the treatments on gap cutting
(G), deadwood input (DW), gap cutting with deadwood input (GDW), gap cutting
and overburning (GB), control plots (C).

This study was initiated to provide an early evaluation of the
effectiveness of different restoration treatments to rehabilitate
managed stands in order to increase their naturalness. The study
was conducted in previously managed forest that had recently
been brought under nature protection status. Since this protection
status was only developed during the last decade, managers are
interested to know the possible suitable actions for conservation
management purposes. The studied areas were located in the buf-
fer zones around core natural areas and thus were not under strict
protection. Although these are managed areas, the management
actions allowed are to enhance biodiversity development and as
such are different from management of commercial forests. Several
earlier studies (Fries et al., 1997; Carey and Curtis, 1996; Kuuluvai-
nen et al., 2002) guided the choice of restoration treatments used
in this study and therefore the results should be of value not only
for buffer zone management but also for increasing naturalness in
commercial forests.

The treatments in this study intended to mimic natural wind
disturbance that is typical of boreonemoral forests (Shorohova
et al,, 2009). The effects on understory diversity should follow a
similar pattern as after windthrow. An increase in variation of light
intensity after cutting treatments and intensive dead wood inclu-
sion generates suitable habitats for shade-dependent species under
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Fig. 3. Ordination of structural characteristics according to the Principal Compo-
nent Analysis. Plots described by symbols: plots before treatments are indicated
with triangles, 1 year after treatments with diamonds, 3 year after treatment with
reverse triangles. Centroids of each year are indicated by crosses.

the shade of fallen tree trunks (Lilja-Rothsten et al., 2008). The
relationship between the gap diameter and the height of the sur-
rounding stand determines the light availability inside the gap. If
the relationship is close to one or larger (i.e., the gap is as wide
as the height of surrounding trees or wider) there is greater
recruitment and successful establishment of light demanding spe-
cies. On the other hand, understory vegetation establishment is fa-
voured by the variability of diffuse light (Moora et al., 2007).

Several authors reported higher understory species diversity in
recently cut areas as compared with that in old-growth stands (Zo-
bel, 1993; Pykala, 2004; Aavik et al., 2009; Moora et al., 2007) but
some studies indicated that felling methods may result in a de-
crease in species richness in the short-term (Jalonen and Vanha-
Majamaa, 2001). Our results indicate that gap and deadwood treat-
ments (G, GDW, and DW) did not influence herbaceous species
richness in comparison to control plots. But at the same time the
change in species composition after treatments is illustrated by
the results of indicator species analysis. Stands with gap cuttings
were characterized by common pioneer species such as Epilobium
angustifolium and light-demanding species such as Deschampsia
cespitosa, Fragaria vesca, and Carex ericetorum. Similar results were
found among bryophytes.

The gap plus burn treatment (GB), however, differed signifi-
cantly from control plots for all species groups. Other studies with
burning treatments showed similar results, for example Vanha-
Majamaa et al. (2007) and Glasgow and Matlack (2007) where
there were clear differences in understory vegetation between
the biotype classes after burning treatments.

Compared to species groups on control areas, only the lichen
group differed among G and DW treatments. Surprisingly the spe-
cies groups were fairly similar on control plots and on treatment
GDW, although this may be due to the higher variation on sample
plots in the GDW treatment. Previous studies (Schimmel and Gran-
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strom, 1996; Wikars, 2002; Junninen et al., 2008; Parro et al., 2009;
Ruokolainen and Salo, 2009) have also shown that wildfire pro-
vides an opportunity for fire-dependent and fire-adapted species
to develop in previously closed-canopy stands.

The current study results present a preliminary response to the
restorative treatments, but give some confidence that creating
gaps and increasing dead wood along with over burning can direct
and restore rapid development of structural diversity in formerly
managed forests. A conceptual scheme of the temporal trajectory
of treatment effects is presented in Fig. 4. The more intensive treat-
ments (gap cutting and burning) show an initial decline in com-
plexity but more move rapidly towards greater complexity than
the less manipulative treatments (control and added deadwood
alone). This conceptual response should be interpreted in light of
the differential response of the several taxonomic groups to differ-
ent treatments (i.e., lichens respond to one treatment, bryophytes
to another, vascular plant to another, etc.). This suggests multiple
treatments and an emphasis on creating stand heterogeneity can
increase biodiversity more than one homogenous application of a
single treatment. Nevertheless, the conceptual diagram can be
used as hypotheses to be tested in subsequent monitoring of the
PSPs.

Our results indicate that deadwood input and heterogeneity in-
creases after treatments in a stand. Similar results are reported
from an on-going experimental research project (EVO) in Finland
(Lilja et al., 2005; Vanha-Majamaa et al., 2007) and from simula-
tion modelling for restoration of old-growth structural features
in hardwood forests in Northern America (Choi et al., 2007).
Although, we did not analyze spatial patterns and arrangement ef-
fects of deadwood inclusion in this study, the Laarmann et al.
(2009) results indicated that in stand structural complexity the
dead wood attributes are able to describe 40% of the variation. It
is crucial to follow the enlargement of the gap size, since there is
clear evidence of gap enlargement due to trees dying or being dis-
turbed by wind on the gap edges. For example, Koster et al. (2009)
reported that in Norway spruce stands the highest deadwood cre-
ation along forest edges appeared 3 years after the disturbance.

Natural regeneration of stands dominated by Scots pine is often
difficult. On dry sandy soils the problem is the thick litter and raw
humus layers that develop; on moderately wet or wet sandy soils
the difficulty is due to abundant understory vegetation cover or

Target

Level of complexity

Initial

Temporary
decline

Time

Fig. 4. Conceptual scheme of temporal trajectory of treatment effects in conifer
even-aged stands: different pathways from initial level to targeted level of forest
stand complexity. Some destructive treatments have temporary decline effect after
that stand complexity increases more rapidly than with constructive treatments.
Treatments: (A) no treatment (natural development of stand); (B) continuation of
previous management regime for timber production; (C) deadwood input; (D) gap
cutting; and (E) gap cutting with overburning.
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thick raw humus (or peat) layers. Gap cutting and overburning
treatments create conditions for successful Scots pine natural
regeneration by partial soil scarification, reduced competition
and increased light availability. Occurrence of successful natural
regeneration allows rapid development of treated stands towards
a multispecies uneven- aged stand (Hanewinkel and Pretzsch,
2000). Our results support the positive effect for Scots pine regen-
eration from gap cutting treatment with over burning. In compar-
ison, the birch species abundance was higher on treatments with
over burning and gaps with deadwood input. Norway spruce natu-
ral regeneration was most abundant on the treatment of gap alone.
We were not able to distinguish between the individual impacts of
over burning or gap creation and this needs further study. There
was no notable browsing by herbivores on newly established tree
regeneration on sample plots. Still, this must be monitored further
because browsing may increase in the future and affect the course
of stand development and understory development.

Several studies have reported increased richness of beetle spe-
cies in moderately managed stands, where storm damage has been
partly salvaged (Duelli et al., 2002; Ehnstréom, 2001). The increased
abundance was due to freshly cut stumps and added deadwood
that released terpenes which acted as a strong attractant for some
of the beetle species. On the other hand, the insect abundance and
greater species diversity was a direct effect of changed light and
temperature conditions inside the canopy. Beetle monitoring is
especially valuable and proper to evaluate changes on restoration
areas because of beetle species and habitat richness, fast life cycle,
distribution patterns and variety of monitoring methods available.
Even as the species dependent on freshly cut materials moved
away, there was an increase in the species dependent on fungi
and dead wood. On the treatment with the added dead wood (stem
parts, stumps, snags) the debris had decomposed enough to create
a habitat for some new species (e.g. Hylastes cunicularius, Monoch-
amus urussovii, and Pityogenes chalcographus) although their abun-
dance was not as high as the abundance of species moving in right
after treatment.

Gap cuttings in the current study presented a clear positive ef-
fect on the abundance and diversity of insects. Although older
stands are expected to provide more habitat variability and there-
fore host more rare species, rare or threatened species were found
in the current study after only 3 years post-treatment. Studied for-
est stands were rather small (1-2 ha) and, most likely, treatments
influenced insect fauna on larger areas than these stands. Treat-
ment areas and control areas are not physically isolated from each
other and therefore it was not possible to distinguish beetle diver-
sity between them. In future, some new control plots in similar
stands should be established outside the treatment influence area.
Continued study will be necessary to determine if there will be
changes of insect fauna in the future.

Presence and abundance of insect species depends not only on
forest management activities but rises and falls according to
favourability of weather and habitat conditions. The year-to-year
effect is sometimes a stronger signal than treatment effects. Our
study results nevertheless indicate significantly high species diver-
sity and species abundance shortly after the treatments. It is
important to continuously monitor insect species abundance and
diversity in the future to determine the long-term effect of restora-
tion treatments on insect diversity..

5. Management implications

Forest management does not mean a direct threat to species
diversity; the effect of management interventions can be positive
or negative, depending upon the nature and intensity of treatments
(Voolma and Ounap, 2006). Knowledge from ecological studies of
natural and managed forests has helped to assess and redesign for-

est management policies, both to increase diversity in commer-
cially managed forests and also in restoring naturalness to such
stands now managed for nature protection.

Our study covered only the first 3 years of development after
restoration treatments, which obviously limits our interpretations
for management of protected areas. Nevertheless the early indica-
tions from our study are that the rehabilitation techniques we used
(single gap cutting, gap cutting with dead wood input, gap cutting
with over burning, and dead wood input alone) positively affected
general structural heterogeneity but also species diversity. These
changes were evident also in the dynamics of different species
groups (vascular plant, bryophytes and beetles) in comparison to
pre-treatment conditions.

Recruitment processes for coarse woody debris and tree seed-
ling regeneration have been successfully reinitiated at a higher le-
vel and hopefully will increase the general level of biodiversity to
an even higher level than it was before treatments. In selecting
restorative measures it is important to base actions on the natural
disturbance regime for a particular forest site. The gap creation
treatment with over burning resulted in high site-specific species
diversity and also produced good results for seedling establish-
ment. Prescribed burning, however, is not allowed in Estonia; our
results suggest this ban should be re-considered for restoration
measures. These preliminary results underscore the importance
of continuous systematic monitoring for evaluating the restoration
actions as an investment but even more as an assessment of forest
naturalness dynamics. This study underscores the importance of
systematic monitoring for conservation management.
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Abstract

Post-mining restoration sites often develop novel ecosystems as soil conditions are completely
new and ecosystem assemblage can be spontaneous even on afforested sites. This study
presents results from long-term monitoring and evaluation of an afforested oil-shale quarry in
Estonia. The study is based on chronosequence data of soil and vegetation and comparisons
are made to similar forest site-types used in forest management in Estonia. After site
reclamation, soil development lowered pH and increased N, K and organic C content in soil to
levels similar to the common Hepatica forest site-type but P, total C and pH were more
similar to the Calamagrostis forest site-type. Vegetation of the restoration area differed from
that on common forest sites; forest stand development was similar to the Hepatica forest-type.
A variety of species were present that are representive of dry and wet sites, as well as infertile
and fertile sites. It appears that novel ecosystems may be developing on post-mining
reclaimed land in Northeast Estonia and may require adaptations to typical forest management
regimes that have been based on site-types. Monitoring and evaluation gives an opportunity to

plan further management activities on these areas.

Keywords: afforestation, long-term monitoring plot, oil-shale, reclamation, Scots pine, Silver

birch.
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Introduction

Ecological restoration of exhausted surface mining sites aims to direct their development
towards a long-term sustainable ecosystem (Lamb & Gilmour 2003) and to return the
degraded system to pre-mining conditions where ecosystem structure, function and processes
are regained (Bradshaw 1997). Afforestation can play a key role in harmonizing long-term
reclamation (sensu Stanturf 2005) of the ecosystem by restoring productivity, biological

diversity, and ecological integrity on such degraded areas (Kaar 2002).

Classical ecological restoration actions follow the principle of moving an undesired
ecosystem state towards the desired, pre-disturbance state that existed historically (Perring et
al. 2013). Although, this can be valid up to certain extent in degraded agricultural, forest or
pastoral lands, it is hardly applicable to post-mining sites (Doley & Audet 2013). In post-
mining sites the inability to achieve complete ecological restoration goals is due to the radical
difference in physiochemical and biological characteristics of these sites as compared to
historical environments. The degree of change caused by anthropogenic disturbance is often
so severe, that novel ecosystems develop (Hobbs et al. 2006; Mascaro et al. 2013), where
combinations but also relative abundance of species arise that have not occurred previously in
a given site. Novel ecosystems result from introduction of invasive species, changes in soil
fertility and physical condition, land degradation, environmental change or combinations of
these; thresholds are surpassed such that restoration of previous or historical conditions are
precluded (Hobbs et al. 2009). Novelty is not necessarily undesirable, however, as species
adaptation to anthropogenic disturbances may set novel ecosystems on a trajectory toward a

more favorable end-state, compared to historical conditions (Hallett et al. 2013).

Oil-shale mining has been carried out in Northeast Estonia since 1916 (Kaar et al. 1971). In

opencast mining areas, the quaternary sediments and bedrock layers are removed to the depth
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of the oil-shale sediment layer, generally 5-35 meters. After commercial extraction is no
longer feasible, the area is abandoned from mining and a new artificial structure of rocks
(waste heaps) and terrain is formed (Toomik & Liblik 1998). Most of the surface mining sites
were located in former woodlands and the goal was to restore them as such. Although the
forest ecosystem was destroyed and surface and underground water regimes extensively
altered, reclamation of abandoned mining areas dominated by calcareous detritus has been

carried out since 1960 (Kaar 2010) and comprises an area of 13,000 ha.

Many ecological studies cover the early stages of stand development on oil-shale quarry
reclamation in Estonia (Ostonen et al. 2006; Kuznetsova et al. 2011), but there is lack of
studies covering longer time-periods. Lack of monitoring and evaluation is a common failing
in restoration practice (Burton 2014; Mascia et al. 2014) and long-term research is needed to
better understand the processes directing successional development of post-mining sites (Hiittl
& Bradshaw 2001). Despite a lack of pre-mining data on such sites, it is possible to evaluate
the success of restoration treatments by relying on a chronosequence of treated stands to
examine developmental trends over time (Foster & Tilman 2000; Stem et al. 2005; Hutto &

Belote 2013).

We set out to examine reclamation on former oil-shale mined sites in Northeast Estonia, to
see how attempts at restoration that began in the 1960s fared and to compare the forest stands
that resulted to native forests on similar sites. Because site and stand factors recover at
different rates, we examined stand composition and structure, ground flora diversity, and
development of soil physical and chemical properties over time. An early failure of the
reclamation treatment (planted conifers) and subsequent recolonization by Befula in one area
provided an opportunity to examine whether we had a “counterfactual” treatment (Ferraro
2009), that is, a “no-treatment” or natural succession treatment (Mascia et al. 2014; Prach &

Pysek 2001). A caveat is the failure with pine afforestation may have had some impact on the

4
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soil and site conditions and there may be also the issue of time. Pines could have died due to a
poor chemical condition in the soil. It is also possible that the planting did something positive

(e.g. mycorrhizal inoculation) that allowed Betula colonization.

Material and methods
Study area

The study was carried out on Aidu quarry (total area is 30 km?) in northeast of Estonia in the
hemiboreal vegetation zone (59°30°N; 27°07’E). The Estonian climate varies from maritime
to continental. Average annual precipitation is 707 mm, recorded at the J8hvi weather station
close to the study area. Average annual temperature is 23.2°C (ranging from -6.5°C in
February to 16.7°C in July) (Tarand et al. 2013). The pre-mining land use on this area was
mainly commercial woodland but also wetland and small-scale agriculture (Kaar 2010). The
average thickness of soil in the woodland was 25 cm before the mining (Leedu 2010). The
primary soils were Eutro-Histic Cleysol with peat thickness 25 cm and pH 5.6 and a Calcaric
Luvisol with soil thickness of 22-27 cm, pH 5.6-6.7, and plant available phosphorus of 1.4
mg/100 g and potassium 4.2 mg/100 g (Leedu 2010). The excavation of oil-shale in Aidu
opencast quarry started in 1974 and was finished in 2012. The extent of the oil-shale sediment
layer was 0.5 m-1.5 m, occurring at a depth of 5 m on the north of the mined area and dipping
to 30 m in the south. After reclamation, including leveling of the waste materials, the
elevation of the area is between 41 — 59 m above mean sea level. Since 1981, the area has
been afforested mostly (86%) with Scots pine (Pinus sylvestris L.). Bareroot seedlings were

planted at an initial density of 5,000-6,700 plants per hectare (Korjus et al. 2007; Kaar 2010).
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Experimental design

The study design used a chronosequence approach; plots were randomly located within stands
12-33 years-old. A total of 60 monitoring plots were established in 2011 to examine
differences in characteristics at three levels: 1) forest stand at tree level (stand structure and
species composition); 2) ground layer vegetation (moss, grass and shrub layer species and
their abundance); 3) soil (structure, texture, organic layer development, pH, and
concentrations of K, P, N, organic C and total C). All monitoring plots were established in
stands initially planted to Scots pine. On eight sample plots the pine seedlings had died within
a few years of planting and were replaced spontaneously by silver birch (Betula pendula
Roth.) that seeded in naturally. The other 52 monitoring plots are dominated by Scots pine.
Three monitoring plots were established in every stand in order to estimate variation in the

stand.

Sampling methods

We used the methodology of the Estonian Forest Research Plots Network (Sims et al. 2009)
for design of the monitoring plots. Plots were circular with a radius of 15 m. On each plot the
azimuth and distance from plot center to each tree (both live and dead) were recorded and
damage on each tree was noted; diameter at breast height (1.3 m; DBH) was measured on
stems on 54 plots that had attained sufficient height. In young stands (6 plots) there were
many trees below 1.3 m in height and we measured height for every tree and DBH wherever
possible. For every fifth tree in all plots, total height and height to crown base were also
measured. We took tree cores from at least 5 trees in every stand to determine age of average

trees.
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Ground layer vegetation was sampled in subplots located within the monitoring plots.
Subplots were placed 5 m north, east, south and west from the plot center. On these 1 x 1 m
plots all woody plant, vascular plants and bryophytes were recorded following the Braun-
Blanquet scale. Nomenclature and designation as forest, meadow or forest/meadow vegetation
groups follows Ingerpuu and Vellak (1998) for bryophytes and Leht (2010) for vascular
plants. Understory plants were divided into four groups by degree of anthropogenic impact or
hemeroby. We used Kukk & Kull (2005) classification defining the ability of a species to
survive and develop on habitats with a specified level of tolerance to anthropogenic impact:
anthropophytes tolerate strong, apophytes moderate, hemeradiaphores little and

hemerophobics no anthropogenic impact. Altogether 240 vegetation subplots were described.

In each plot, soil conditions were characterized. The depth to rock was measured by the re-bar
method, where a metal rod was inserted at 13 points per plot, through the surface soil until
impeded by the unconsolidated rock. The depth of the organic layer and surface mineral soil

was recorded at each point.

A composite mineral soil sample (to a depth of 10 cm) was taken from each plot, air dried and
analyzed. Total nitrogen and carbon content were determined by dry combustion method on a
varioMaX CNS elemental analyzer. Soil organic carbon was determined with Tjurin’s method
(Vorobjova 1998), the pH values were determined by extraction using potassium chloride, the
concentrations of available phosphorus was extracted in ammonium lactate and measured by
flow injection analysis and available potassium was measured with a flame photometer

(Ruzicka & Hansen 1981).

Data analysis
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Species richness and Shannon-Wiener diversity index were estimated for all plots using PC-
ORD ver.6 software. Species richness was defined as number of different species per plot.
Soil, stand and understory data were ordinated using Detrended Correspondence Analysis
(DCA). If the length of a variable’s variation gradient was relatively short (<2SD), then
Principal Component Analysis (PCA) was used. Differences among the stands of the two
main tree species (pine and birch) were tested using the Multi-Response Permutation

Procedure (MRPP).

For ordination of understory data we used Non-Metric Multidimensional Scaling (NMS) for
pine stands; there was insufficient age variation in the birch stands to examine understory
development over time. NMS is an ordination technique based on ranked similarities of
species compostion suitable for community data that may not be normally distributed or fit
assumptions of linear relationships among variables. We used the Sorensen distance measure
with a log transformation on species abundances. We used the “autopilot” option on “slow
and thorough” and a Monte Carlo randomisation test was applied on the stress scores. Pearson
correlations with ordination axes for all quantitative variables were calculated separately for

each.

For comparing soil variables and understory species composition we used data from forest
site-types that have similar bedrock conditions to the study area; the site-types were Hepatica,
Arctostaphylos, and Calamagrostis. Indicator species of these three site-types were taken
from the literature (Lohmus 2006; Paal et al. 2009). For comparing tree height and diameter
with regular forest types, we used forest inventory data from the database of the Estonian
Forest Registry. From the database we selected 2140 managed Scots pine stands from
Hepatica (1111 stands), Arctostaphylos (973 stands) and Calamagrostis (64 stands) forest

site-types (Lohmus 2006), with stand mean age ranging from 1 to 39 years.
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A generalized additive model (GAM) estimation method was used for comparing monitoring
plot data with forest inventory data (Hastie & Tibshirani 1990). Based on forest inventory

data a diameter model was created:

D = s(A)+s(H) 1

where D is stand quadratic mean diameter, A is stand mean age, H is stand mean height and

s() is a spline function in GAM.

The quadratic mean diameter for sample plots was estimated with the model and a paired t-
test used to test for differences between measured and estimated diameters at a significance

level p<0.05.

Results

Stands and site characteristics

Site development of spontaneously regenerated birch stands differs from afforested pine
stands. The thickness of the surface mineral soil layer was significantly different (p<0.001)
and thicker under the birch stands; the average soil depth in pine stands was 6.7 = 0.6 cm and
in birch stands was 37.61 + 3.0 cm (Table 1). According to the PCA, birch stands are clearly
and significantly (MRPP; t=-11.75; p<0.001) different from pine stands in the ordination plot
(Fig. 1). The first ordination axis most closely represented a gradient of fine soil thickness
(r=0.92, p<0.001), from a very thin soil layer on the left side of the diagram to a thicker layer
on the right. The gradient went in the opposite direction for stoniness and pH level. The
second ordination axis represented a gradient of stand age, with younger stands at the top of

the diagram and older stands at the bottom (r=-0.86, p<0.001).
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The increase in soil nitrogen (N) in pine stands over 33 years was statistically significant
(p<0.001) (Fig. 2), but still remains lower than the nitrogen level of birch stands (Table 1).
The soil phosphorus (P) level increased significantly (p<0.001) with stand age, reaching up to
40 mg/kg and the mean P level differed significantly between pine and birch stands
(p<0.001). Soil pH was higher in young pine stands and soil acidity increased with age
(p<0.001). We did not find significant differences between total carbon (p=0.317) or

potassium (p=0.176) content among stands of different ages (Fig. 2).

Vegetation

All together we found 98 herbaceous plants, 32 bryophyte and 11 woody species. Most of
these herbaceous species tolerate moderate anthropogenic impact (Kukk & Kull 2005), and
two species tolerate strong anthropogenic impact (Tragopogon pratensis (on 2 plots) and
Melilotus albus (81% of plots)). There were two hemerophobic species Orthilia secunda
(54% of plots) and Monotropa hypopitys (on 2 plots). There were three protected herbaceous
species: Epipactis helleborine (on 3 plots), Goodyera repens (on 3 plots) and Dactylorhiza
fuchsii (on 2 plots). Our results showed that occurrence and cover of species increased with
stand age. The average species richness of herbs on pine plots was 13 and 10 on the birch
plots (p=0.05).The highest species richness (32 species) occurred on a 32 year-old pine plot.
Moss richness was almost three times higher on pine plots than on birch plots (p=0.001). The
average cover of herbs was significantly greater (p<0.001) on birch plots (59%) than pine
plots (27%). The moss cover showed an opposite result, with cover on pine plots four times
higher than birch plots (p=0.001). Pine and birch stands differentiated by herbaceous species
composition (MRPP, t=-17.71, p<0.001), but they did not differ by Shannon index (p=0.29).

Herbs species composition (Shannon index) is different by age on pine stands (F=14.88,
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p<0.001), but did not differ on birch stands (p=0.11). Pine and birch stands differed by moss
composition (MRPP, t=-11.86, p<0.001) and by moss diversity index (p<0.001); the average
Shannon index on pine stands is 0.55+0.1 and on birch stands 0.11+0.02. The Shannon index

differed by age on pine stands (F=10.34, p=0.002), but did not differ on birch stands (p=0.31).

In matching species to site-types by indicator species, 68% of vascular species on the plots
were not characteristic of the site-types based on similarity of bedrock condition (Fig. 3,
Table 1 in Appendix S1). More species were indicators of the Hepatica site-type than the

other types.

The best solution of NMS in the analysis of the composition of understory species in pine
stands was 3-dimensional (final stress 15.9, number of iterations 92). Three axes described
78% of the variance (Axis 1, 23% and Axis 2, 35%). The variation of the data along the first
axis is mainly determined by stand age (r=0.79,p<0.001); also significant were the relation
with stand height (0.56, p<0.001) and coverage of vascular plants (r=-0.53, p<0.001). The
gradient directed along the second ordination axis was mainly related to stand basal area
(r=0.64, p<0.001), soil organic layer (r=0.55, p<0.001), pH (r=-0.46, p=0.001), Shannon
index of moss (r=-0.43, p=0.002) and stoniness (r=-0.32, p=0.02). All species groups
scattered along the first axis, while the positive side of Axis 2 represented more forest species
and the bottom side contained more meadow species. Species richness increased significantly
with stand age (Fig. 4). The greatest increase was in the forest species group. Meadow species
richness was higher than forest/meadow species richness. Height and diameter in pine stands
showed strong relationships with stand age (Fig. 5). Data of tree height and diameter were not
significantly different from the Hepatica-type forest (t=-1.474, p=0.146) and was significantly
different from the Arctostaphylos (t=-3.10; p<0.001) and the Calamagrostis (t=-6.70;

p<0.001) site-types.
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Discussion

Monitoring and evaluation of restoration sites is generally limited by duration (5 years or less)
and often pre-mining conditions are replaced with reference ecosystems as a baseline to guide
restoration or to assess success (Anderson & Dugger 1998). One way to overcome these
limitations is the chronosequence approach where space is substituted for time (Hutto &
Belote 2013). Our study used a quasi-experimental design lacking a true control (Anderson &
Dugger 1998; Stem et al. 2005) to evaluate reclamation of spent mined lands in Northeast
Estonia. The substrate (calcareous shale) differs considerably from many reclamation studies
(Hittl 1998; Wiegleb & Felinks 2001; Mudrak et al. 2010) on more acidic material, for
example coal mines. Nevertheless, the reclamation approach that began in former Soviet
times followed a simple revegetation paradigm (Stanturf et al. 2014) and focused on
establishing a forest cover using Pinus sylvestris, a species that was easy to propagate,
establish, and for which markets existed for the wood. The extensive use of Scots pine in
afforestation of exhausted mining sites is due to its usually successful survival and
establishment under these harsh conditions (Kaar 2002). Nevertheless, young trees on this

stony substrate may die as a result of frost heaving in winter or drought in summer.

One question that should arise in a study evaluating restoration treatments is whether the cost
of intervention is worthwhile; that is, would natural revegetation processes be sufficient to
develop desirable conditions quickly enough to meet social goals? For example, reliance on
natural recolonization has been successful in some quarry reclamations (Prach & Pysek 2001).
To answer this question requires a non-intervention (counterfactual or true control) treatment
on a similarly degraded site in the study design. Our study lacked a true counterfactual, but

the silver birch that colonized some areas after failure of the planted Scots pine may have
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provided such a non-intervention treatment. This would be true only if the substrate was the
same, providing a common starting point. We could not meet this criterion in our study
because there were differences in almost all measured variables between birch and pine
stands. Species composition of the canopy is known to influence soil variables as a result of
litter type (Prescott 2002) and some differences could result from stand and soil development
over time. Indeed, pH decreased in our stands in relation to age, from a pH of 8.0 in the initial
post-mining stage (Kuznetsova et al. 2011). To be sure, we compared pine and birch stands of
similar age (Table 1); we found large differences between pine and birch stands in terms of
relatively slow-changing physical characteristics such as fine soil thickness, stoniness, and
texture. More labile chemical characteristics closely related to organic matter inputs such as
thickness of the organic layer, organic C percentage and total N percentage also differed
between the two overstory types, indicating that spontaneous succession (colonization by

birch) has a different pathway from afforestation (planted pine).

One advantage of active restoration is usually there is a faster formation of continuous
vegetation cover than a passive approach that relies on spontaneous succession (Prach &
Hobbs 2008). If a goal is to restore productivity, as it was in the Soviet era when reclamation
began, then afforestation is a preferred approach. Reclaimed mined land may present
heterogeneous substrate conditions, however, and relying on a single planted species is risky
if the planted species is not adapted to all site conditions. Risks include lower growth, higher
mortality, and greater potential for disease or invasive species (Martinez-Ruiz et al. 2007). At
the Aidu quarry, early mortality of the planted Scots pine in some areas resulted in
colonization by birch; there is no guarantee, however, that the birch will achieve commercial
size and other species better adapted to site conditions may have been planted that would
better achieve restoration goals. Nontheless, continuous cover was obtained and a diverse

understory developed, different from that under pine; which may meet current goals of
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biodiversity restoration. In some case, spontaneous succession may be preferable, especially
in smaller disturbed sites surrounded by natural vegetation that provides a seed source and if
there is no specific species composition or productivity goal. Another advantage of the
passive approach may be that spontaneous succession results in a more natural condition,
which may be more important than future productivity of the disturbed site (Prach & Hobbs
2008; Hodacova & Prach 2003). Nevertheless, we found three protected species in the pine
stands many sites offer unique environments for threatened and endangered species, and
Prach et al. (2011) point out that sites of spontaneous succession may act as habitat for
endangered species, while active restoration of reclaimed sites may favor common species

with broad amplitudes over species with narrow habitat requirements.

The goal for restoration is never just increasing the total number of species (Prach & Hobbs
2008) as alien and ruderal species are often undesirable (they can change ecosystem structure
and function) and forest and meadow species are more desirable in forest ecosystem
restoration. We found a combination of meadow and forest species, but also ruderal species
and pioneer species were represented. Dynamics of meadow, forest/meadow and forest
species are expected to shift in favour of forest species through time (Verheyen et al. 2003;
Soo et al. 2009). Although we found that the share of forest species is increasing due to
increasing number of forest species, nevertheless the number of meadow and forest/meadow
species is also increasing. This is suprising since meadow species should be declining with
increasing stand age. The diversity of site conditions was apparent; when considering the
preferences for dry and wet habitats, then species specific to both habitat types were present

as well as species characteristic of both poor and fertile site types.

The goal of reclamation is to restore a stable ecosystem and this can be achieved if soil
functionality is restored (Chodak et al. 2009). Soil formation depends on initial conditions;

commonly there is an extremely low organic matter component, which affects fertility,
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biological activity, and moisture relations and can suppress germination and growth of
seedlings. In our study, soil organic carbon content significantly increased with stand age but
total carbon had no correlation with stand age because of the mineral carbon content of the
rocks and detritus. Weathering of oil-shale and calcareous detritus gradually releases nutrients
and topsoil thickness increases with stand age (Kaar et al. 1971). Our results show strong
relationship among stand age and soil properties (pH, nitrogen content and phosphorus
concentration), whereas pH decreased and P and N increased with stand age. Soil variables
such as pH, organic carbon and phosphate levels, and water holding capacity influence
species composition but it is not always clear how this influences vegetation colonization
(Wiegleb & Felinks 2001). Bodlak et al. (2012) pointed out that soil organic carbon provides
information on the quality of the reclaimed post-mining area. Broadleaf litter contains more
nutrients and decomposes faster than conifer litter and this strongly influenced the nature of

ground vegetation.

A common outcome of post-mining restoration is a novel ecosystem that is characterized by
new species combinations resulting from human intervention, but not depending on
continuing human activity (Hobbs et al. 2006). Novel ecosystems may be more diverse than
natural communities and may offer suitable habitat for threatened and protected species
(Richardson et al. 2010). We evaluated whether the ecosystems that develop on restored
mined land in Northeast Estonia represent novel communites by comparing them to common
forest conditions based on representative Scots pine site-types. We compared the soil
conditions of three site-types found on similar bedrock to our study sites and then compared
indicator understory vegetation common to the three sites-types. The N, K and organic carbon
levels in soil are significantly similar to those found in soil of the Hepatica site-type, whereas
P, total C and pH levels in soil are more similar to the Calamagrostis site-type. Soil

development and nutrient levels in reclaimed mined land differ from soils of certain forest
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site-types and therefore formed unique conditions for vegetation development. The vegetation
community is also distinctively different from vegetation on common forest site-types. Pine
growth on the reclaimed sites is typical of the Hepatica site-type (Fig.5) and significantly
different from the other site-types. Similarly, more understory species are indicators of the

Hepatica site-type than the other types.

On balance, we suggest that indeed, novel ecosystems are developing on post-mining
reclaimed land in Northeast Estonia and may require adaptations to typical forest management
regimes that are based on site-types. Long-term monitoring of a novel ecosystem is important
in order to study restoration pathways and determine if additional restoration measures are to
be taken if the outcome is not desirable (e.g., low structural diversity on stand level, alien
species invasion, etc.) (Laarmann et al. 2013). Long-term monitoring also provides feedback

and information for better planning of restoration activities at new sites.

Implications for practice

Restoration of post-mining sites often leads to development of novel ecosystems. Their

functions and composition may be valuable and serve restoration goals.

Novel ecosystems on post-mining sites are dynamic, changing completely by disturbances or

management activities and their development is not easily predicted.

Long-term monitoring and evaluation of restoration of post-mining sites should be linked with

planning and implementation of further management activities on these areas.

In certain cases, spontaneous succession should be considered in restoration of oil-shale post-

mining sites as alternative to common afforestation practice, especially if these sites are small,
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surrounded by natural vegetation and there is no specific production goal or time limit for

restoration.
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Tables

Table 1. Summary of measured environmental variables in two types of forest stands, mean
values and standard errors (in parentheses) are presented (p values are for comparison

between all pine and birch stands * 0.05, ** 0.01, *** 0.001).

Variable All pine stands Pine stands Birch stands P

22-26 years 22-26 years

Soil properties

Fine soil thickness (cm) 6.3 0.6) 6.2 (1.2) 38.5 (2.4) H*x
Organic layer thickness (cm) 1.4 (0.1) 1.5 0.2) 3.1 (0.3) #*k
C total (%) 922 (0.46) 8.50  (0.82) 6.14  (0.73) **
C organic (%) 4.74  (0.15) 438 (0.22) 596 (0.71) **
N total (%) 0.11  (0.01) 0.10  (0.01) 022 (0.03) ***
K available (mg kg!) 86.47 (3.00) 86.01 (5.44) 7794 (5.17)

P available (mg kg™!) 2491 (248) 2423 (458) 6723 (11.8) ***
pH ka 7.55  (0.02) 7.58  (0.03) 7.02  (0.12) ***
Sand, 2-0.05 mm (%) 55 (1.5) 58 (2.3) 70 (2.2) ***
Silt, 0.05-0.002 mm (%) 32 (1.2) 29 (1.8) 20 (1.8) ***
Clay, <0.002 mm (%) 13 0.4) 13 0.7) 10 0.6) **
Stoniness (%) 69 0.7) 69 (1.0) 34 (2.6) ***
Vegetation

Herb richness 13 0.7) 12 0.9) 10 (0.7) *
Mosses richness 4 0.3) 3.5 0.4) 2 (0.3) **
Herb cover (%) 26 (2.0 27 (3.2) 59 (6.0) ***
Moss cover (%) 39 (3.5) 39 (6.2) 9 (3.2) **
Herb diversity by Shannon 0.84  (0.06) 0.71 (0.08) 1.00  (0.10)
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Moss diversity by Shannon
Stand characteristics

Share of deciduous species (%)
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Mean stand diameter (cm)
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Figure legends

Figure 1. Ordination of plots by soil and stand variables. PC1 (37% of variance, p=0.001) and
PC2 (16% of variance, p=0.001). The cut-off for vectors is R? of 0.5. Dec = share of
deciduous trees in stand, Fsoil = topsoil layer thickness, P = phosphorus, Height = mean stand
height, Diameter = mean stand diameter, Osoil = soil organic layer thickness, Age = stand
age, Moss = mean richness of bryophytes, Stone = stoniness, pH = pHkc1. Stands are

represented by symbols: triangles = pine stands, circles = birch stands.

Figure 2. The dynamics of soil properties. Each dot represents one pine plot, mean value of

pine plots is given by solid line and 95% confidence limits by the dashed lines.

Figure 3. Distribution of all understory species according to forest site type and habitat

preference group.

Figure 4. Relationship between stand age and species richness of understory species in pine

stands.

Figure 5. Relationship of stand height and diameter with stand age. Dots are plots in the

current study, lines show trends by forest type using the GAM model.
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Electronic Supplementary Material 1

Table S1. Species list. Common habitat type is designated as F-forest, M-meadow and FM
forest/meadow species; Forest site type (by Lohmus 2006) is shown as H-Hepatica type, A-
Arctostaphylos, C-Calamagrostis site type; dynamics are indicated as A-ascending with stand
age (cover and abundance increased), D-decreasing, S-same with age; stands are identified as

P-pine, B-birch, PB-species occur in both stands; * - single occurrence.

In literature Our study
Taxon Common habitat Indicator Dynamics Stand
type species of

forest site type

Vascular plants

Achillea millefolium M H S P
Agrostis capillaris FM H A PB
Agrostis stolonifera FM S P
Alchemilla sp FM A P*
Anthriscus sylvestris FM C A B*
Anthyllis vulneraria M A P*
Arabis hirsuta M A P*
Artemisia campestris M A P
Artemisia vulgaris M S P
Brachypodium pinnatum FM C/A A P*
Briza sp FM C A P*
Calamagrostis arundinacea F H/C/A A PB
Calamagrostis canescens F A PB
Calamagrostis epigeios FM D PB
Carduus crispus FM D P
Carex hirta F A P
Carex ornithopoda FM A P
Carex panicea FM A P
Carex tomentosa FM A P*
Carex vaginata F A P
Carlina vulgaris M A P*
Centaurea jacea M A P*
Centaurea scabiosa M A P*
Cerastium fontanum M S P
Cirsium arvense M S PB
Cirsium heterophyllum FM A B*
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Cirsium oleraceum
Dactylorhiza fuchsii
Dactylis glomerata
Danthonia decumbens
Deschampsia cespitosa
Elymus caninus
Epilobium angustifolium
Epilobium montanum
Epipactis helleborine
Equisetum pratense
Equisetum sylvaticum
Erigeron acris

Festuca ovina

Festuca pratensis
Festuca rubra

Fragaria vesca
Galeopsis pubescens
Galium album
Geranium robertianum
Geum rivale

Goodyera repens
Helictotrichon pratense

Hieracium umbellatum
Knautia arvensis

Lathyrus pratensis
Leontodon autumnalis
Leontodon hispidus
Leucanthemum vulgare
Linum catharticum
Lotus corniculatus
Luzula pallidula
Luzula pilosa
Lysimachia vulgaris
Medicago lupulina
Melilotus albus

Melica nutans
Moebhringia trinervia
Monotropa hypopitys
Mycelis muralis
Ophioglossum vulgatum
Orthilia secunda
Pilosella officinarum
Plantago lanceolata
Poa angustifolia

Poa compressa

Poa pratensis
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Polygala amarella
Potentilla anserina
Potentilla erecta
Prunella vulgaris
Pyrola rotundifolia
Ranunculus acris
Rubus idaeus
Rubus saxatilis
Scirpus sylvaticus
Sesleria caerulea
Solanum dulcamara
Solidago virgaurea
Sonchus arvensis
Taraxacum sp.
Tragopogon pratensis
Trifolium aureum
Trifolium meedium
Trifolium pratense
Tussilago farfara
Urtica dioica
Veronica officinalis
Vicia cracca

Vicia sepium

Vicia tetrasperma
Viola canina

Viola mirabilis

Bryophytes

Amblystegium serpens
Amblystegium subtile
Barbula convoluta
Brachythecium glareosum

Brachythecium salebrosum

Bryum algovicum
Bryum bimum

Bryum caespiticium
Bryum imbricatum
Calliergonella cuspidata
Campylium sommerfeltii
Ceratodon purpureus
Cirriphyllum piliferum
Climacium dendriides
Ctenidium molluscum
Dicranum polysetum
Fissidens adianthoides
Hedwigia ciliata
Hylocomium splendens
Mnium marginatum
Orthotrichum speciosum
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Plagiomnium affine
Plagiochila asplenioides
Plagiomnium undulatum
Pylaisia polyantha
Rhizomnium punctatum
Rhodobryum roseum
Rhytidiadelphus squarrosus
Rhytidiadelphus triquetrus
Sanionia uncinata
Thuidium tamariscinum
Tortula ruralis
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Tree survival, as affected by tree and stand variables, was studied using the Estonian
database of permanent forest research plots. The tree survival was examined on the
basis of remeasurements during the period 1995-2004, covering the most common
forest types and all age groups. In this study, the influence of 35 tree and stand vari-
ables on tree survival probability was analyzed using the data of 31 097 trees from
236 research plots. For estimating individual tree survival probability, a logistic model
using the logit-transformation was applied. Tree relative height had the greatest effect
on tree survival. However, different factors were included into the logistic model
for different development stages: tree relative height, tree relative diameter, relative
basal area of larger trees and relative sparsity of a stand for young stands; tree relative
height, relative basal area of larger trees and stand density for middle-aged and matur-
ing stands; and tree relative height and stand density for mature and overmature stands.
The models can be used as preliminary sub-components for elaboration of a new indi-
vidual tree based growth simulator.

Key words: forest growth, logistic regression, generalized linear mixed model, mortal-
ity, survival probability, tree and stand variables

information is essential for developing strategies
of forest management (Hamilton & Edwards

Tree mortality is a key factor influencing forest
dynamics, and estimating tree survival therefore
requires special attention (Yang er al. 2003).
The accuracy of growth models depends largely
on the accuracy of estimating tree survival. The
main purpose of survival research is to under-
stand how and why tree mortality occurs. This

1976). Modelling tree survival is not a trivial
task. In her overview Hawkes (2000) highlighted
the main problems associated with such models:

Lack of long-term observations. Mortality may
be caused by different biotic and abiotic
factors which become relevant at different
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points in time. As a result, the probability of
tree survival is usually rather fluctuating and
irregular (Gadow 1987).

Improper use of models. Models of tree survival
that have been developed on a specific data
set and with specific assumptions, should not
be used outside the range of their validity.
Mortality patterns may differ substantially
between different tree species (Dale et al.
1985).

Influence of human activity. Human activity is
an important factor to natural which com-
plements natural processes and complicates
model prediction. It is hard to estimate the
effects future management activity, because
even in the case of well-defined cutting rules
it is difficult to forecast the impact of the real
cutting performance in terms of its weight
and quality.

According to Vanclay (1994), the causes of
tree mortality may be divided into three major
groups:

Catastrophic: Large-scale mortality of trees,
caused by storms, game damage, insect-
pests, flooding or other extraordinary events.

Anthropogenic: Tree mortality caused mostly by
harvesting operations, but also by industrial
pollution or changes in water tables.

Regular: Tree mortality caused by tree age and
competition, but also by pests and diseases
and unfavourable weather conditions (storm,
drought or flooding).

Catastrophic and anthropogenic mortality are
hard to predict and the modeling of such proc-
esses requires long-term measurement series on
permanent sample plots. Such data are lacking
and for this reason, the present study deals only
with modeling regular mortality.

A number of models were used to estimate
tree survival, including the linear (Moser 1972,
Leak & Graber 1976, West 1981), Weibull
(Somers et al. 1980, Kouba 1989), gamma-
distribution (Kobe & Coates 1997), exponential
(Moser 1972), Richards (Buford & Hafley 1985),
and Gompertz function (Kofman & Kuzmichev
1981). The logistic function has been used
mostly for estimating individual tree survival

136

(see for example, Hamilton & Edwards 1976,
Monserud 1976, Buchman 1979, Hamilton 1986,
Vanclay 1991, Vanclay 1995, Dursky 1997,
Murphy & Graney 1998, Albert 1999, Monse-
rud & Sterba 1999, Eid & Tuhus 2001, Yao et
al. 2001, Hynynen et al. 2002, Soares & Tomé
2003, Yang et al. 2003, Diéguez-Aranda et al.
2005). The majority of the more recent survival
models have been concentrating on the indi-
vidual tree level (Mabvurira & Miina 2002). One
reason is that the single tree level seems to allow
more specific estimates in uneven-aged, species
rich forests. In tree survival studies (Hynynen et
al. 2002, Alenius et al. 2003) multilevel logistic
regression models for hierarchically structured
data are becoming more common.

Until recently, the research covering tree sur-
vival in Estonia has not been very extensive.
Noteworthy is the model for estimating mortal-
ity on the stand level by Jogiste (1998) and the
research by Nilson (2006) about the relation
between number of trees and mean stand diam-
eter. Models for estimating individual tree sur-
vival are still lacking in Estonia. Only recently
it has been possible to use the data from the
network of permanent forest growth plots, which
covers entire Estonia. Thus, the objective of the
present study is to identify from that database
variables which influence tree survival. We will
present a first attempt to model individual tree
survival in Estonia.

Our specific hypotheses were that (i) differ-
ent sets of driving variables influence tree sur-
vival at different stand development stages; (ii)
at the tree level, variables of relative size (e.g.
ratio of tree and stand diameter) describe tree
survival better than variables of absolute size;
(iii) at the stand level, variables of maximum
density influence survival the most; and (iv)
shade-tolerant tree species are more vital than
light-demanding, and fast growing species have
lower rates of survival.

Factors influencing tree survival

In modeling tree survival, a variety of variables
have been considered. Hamilton (1986) clas-
sified the factors that affect tree survival into
four groups: tree size, tree competition status in
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the stand, tree viability and stand density. In the
present analysis, the main factors that influenced
tree survival in other studies, are considered. For
that purpose, more than 20 logistic models of
tree survival and mortality were analyzed. The
logistic models for estimating tree survival can
be presented in the following general form:

1 1 ef(x)

T 14 14™
where P is the probability of tree survival, (1 — P)
is the probability of tree mortality, and f(X) is the
function (mostly linear) of diverse influencing
factors (Vanclay 1994). Several authors have
used Eq. 1 for different tree species, where every
species has a specific set of coefficients (Ham-
ilton 1986, Vanclay 1991, Monserud & Sterba
1999, Eid & Tuhus 2001, Hynynen et al. 2002).
Factors, influencing mortality may be regarded at
the single tree or stand level. The most frequently
used variables are listed in Table 1.

P=(1+¢"") )

Material and methods
Data set

The network of permanent forest growth research
plots, established during the period 1995-2004
and covering entire Estonia was used in the
present study. The first forest growth research
plots of the network were established in the
nemoral forests and mesotrophic forests of cen-
tral Estonia in 1995-1996 and in the heath for-
ests of northern Estonia in 1997-1998 (Kiviste
& Hordo 2002). Since 1999, the network of
forest research plots has been extended, repre-
senting the most common forest types and age
groups in Estonia. For extension of the network
of forest research plots, sample grid of Interna-
tional Co-operative Programme on Assessment
and Monitoring of Air Pollution Effects on For-
ests (Karoles et al. 2000) was used for placement
centres of plot groups. The plot locations in the
field were selected randomly on a map.
Generally, the permanent forest growth plots
are circular with radii of 15, 20, 25 or 30 meters.
The plot size depends on the forest age and den-
sity, such that, as a rule, on every plot there are at
least 100 trees of the upper tree storey. Trees of

the second storey and shrub layer were measured
in a smaller concentric circle with a radius of
eight (at plot radius 15 m) or 10 meters (at plot
radius more than 15 m). On each plot, the polar-
coordinates (azimuth and distance from the plot
centre), the diameter at breast height, and defects
were assessed for each tree. The tree height and
height to crown base were measured in every
fifth tree and also on dominant and rare tree
species. The height to the first dry branch of old
coniferous trees was also assessed (see Kiviste &
Hordo 2002 for more details).

In 2004, the network consisted of 730 of per-
manent forest growth plots. The tree coordinates
and breast height diameters of 101 311 living
trees were measured. The total tree height and
the height to crown base was assessed on 33 045
trees. During 2000-2004, altogether 380 sample
plots were re-measured. It was then found, that
of 49 814 trees measured during the previous
survey, 4658 trees (9.4%) had been harvested
and 2883 trees (5.8%) had died (broken or fallen
down) during the period between the two meas-
urements.

During the period between the measure-
ments, trees were harvested on 134 plots; 130 of
these were excluded from the analysis because
the condition of the trees at the time of harvest
was not known. Fourteen plots, where the period
between the measurements was not exactly five
years, were also excluded from the analysis.
Thus, the data set used in the present study
contains 31 097 trees from 236 plots. Their loca-
tions are shown in Fig. 1.

Figure 2 presents distributions of permanent
sample plots analyzed in this study by forest site
types, dominant species and stand development
stages. Most plots are located in the nemoral and
mesotrophic forest types. The site type ’others’
includes alvar, transition bog, and fen forests.
Pine stands are more represented than stands
with other tree species. The alder forests include
four black alder plots and five grey alder plots.
Almost all groups by site type and by main spe-
cies include stands of all development stages.
Regarding stand age, it appears that the distribu-
tion of plots is quite balanced between the ages
of 20 and 80 years (Fig. 3). Four plots stocked
with pine forests have an age of 150 years or
more.
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Variables investigated

The list of variables which are assumed to influ-
ence tree survival and their statistical characteris-
tics are presented in Table 2. The majority of the
variables are continuous (age, height, diameter,
etc.), but there are also some nominal variables
(storey, tree species, forest site type) and binary

variables as a transformation of nominal variables
(tree species indicator, sign of moose damage,
etc.) in the data set. The investigated data set was
hierarchical, some of the variables were appointed
at tree level (storey, tree species, tree diameter,
tree height, etc.) and others at plot level (dominant
tree species, forest site type, age of the first storey,
mean diameter, mean height, etc.).

Table 1. Most frequently used tree and stand variables for estimating tree survival.

Individual tree

Forest stand

Tree status Source

Stand variable Source

Tree diameter at breast
height (D)

Monserud (1976), Hamilton
& Edwards (1976), Hamilton
(1986), Vanclay (1991),
Dursky (1997), Monserud &
Sterba (1999), Eid & Tuhus
(2001), Yao et al. (2001),
Mabvurira & Miina (2002),
Hynynen et al. (2002),
Soares & Tomé (2003),
Yang et al. (2003)

Tree relative diameter
(the ratio of tree diameter
and stand mean diameter)

Hamilton (1986), Eid &
Tuhus (2001), Mabvurira &
Miina (2002)

Monserud (1976), Hamilton
(1986), Vanclay (1991), Yao
et al. (2001), Yang et al.
(2003)

The estimated tree
diameter increment for
a specified time

Tree height Hamilton & Edwards (1976),
Dursky (1997), Palahi &
Grau (2003)

Tree age Hynynen et al. (2002)

Relative length of tree
crown

Hamilton & Edwards (1976),
Monserud & Sterba (1999)

The sum of basal area of
larger trees (BAL index)

Vanclay (1991), Monserud &
Sterba (1999), Eid & Tuhus
(2001), Hynynen et al.

(2002), Palahi & Grau (2003)

The sum of basal area of
larger broadleaf trees

Yang et al. (2003)

Tree defects caused by
game, insects or some
other damages

Hamilton & Edwards (1976)

Stand basal area Hamilton & Edwards (1976),
Hamilton (1986), Vanclay
(1991), Eid & Tuhus (2001),
Yao et al. (2001), Hynynen
et al. (2002), Yang et al.
(2003), Diéguez-Aranda et

al. (2005)

Stand dominant
height

Palahi & Grau (2003),
Diéguez-Aranda et al. (2005)

Stand age Hynynen et al. (2002),

Diéguez-Aranda et al. (2005)

Hamilton (1986), Eid &
Tuhus (2001), Mabvurira &
Miina (2002)

Stand mean diameter

Yao et al. (2001), Eid &
Tuhus (2001)

Relative proportion

of tree species in stand
(measured interms of
basal area, volume or
number of trees)

Stand site quality Dursky (1997), Eid & Tuhus
(2001), Yao et al. (2001),

Mabvurira & Miina (2002)

Number of trees
per ha

Eid & Tuhus (2001), Soares
& Tomé (2003), Diéguez-
Aranda et al. (2005)
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Fig. 1. Location of re-
measured permanent
sample plots in Estonia.
Points in the map indicate
locations of 3-6 perma-
nent sample plots. Black
dots = plots used in this
study, grey dots = other
plots in the network.
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The tree storey (RIN) was defined during (respectively, 0.6% and 0.2%). In some plots,
the field assessment according to the rules of the second story (II storey) and the regeneration
a forest survey. The majority of trees on plots trees and the shrub layer were measured in the
were assigned to the I storey (81.9%). Altogether  smaller concentric circle. In some sample plots,
17.3% of the trees belong to the second storey  the small regeneration and shrub layer trees were
(I storey), but substantially less trees were not measured at all.
measured from the regeneration and shrub layer Almost one half of the trees (46.8%) were
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pines, 23.3% were spruces, 18% birches, 3.9%
were aspens and 5.1% were alders.

Tree height (H) was measured on 29.7%
of trees and the height to crown base (HV) on
25.1% of all trees. To estimate the height of all
trees, Nilson’s diameter/height relations were
used (Kiviste et al. 2003). These relations were
applied separately to every combination of tree
species and storey of each plot (tree cohort).
A two-parameter diameter/height regression is
being used, when more than five trees per tree
cohort were measured

HNLS = H.

l—b[l—(DC) :| @
D
where D is the tree breast-height diameter; D, is
the mean square diameter of the respective tree
cohort; b and H,. are parameters of the diameter-
height regression, calculated from sample trees;
¢ is a parameter which depends on the tree spe-
cies (listed in Table 3). The variable H, repre-
sents the mean height of the tree cohort.

When between 1 and 5 trees of each tree
cohort were measured on a plot, the follow-

ing one-parametric diameter-height relation was
used

H
HNLS = =

1-(a —0.00561)(‘){1—(%)(}

(3)
H, = ;Z[H {1—(51—0.00560(,)[1—(1’;] ”]

where D is the tree breast height diameter; D,. is
the mean square diameter of the respective tree
cohort; a and ¢ are parameters which depend on
the tree species (listed in Table 3); H, and D, are
sample tree height and diameter respectively.

The diameter/height relation (Eq. 3) was also
used in the case of a tree cohort where the
heights were not measured. This was the case,
for example, in rare tree species which occurred
on a particular plot. The mean height H,, of a tree
cohort was calculated with the formula

H.=13+k[1-exp(-k,D.)] @

where D is the mean square diameter of the
tree cohort, and k , k, and k, are species-specific
parameters (Table 3).

Relative tree diameter (DS), relative tree
height (HS), basal area of larger trees (BAL),
relative basal area of larger trees (BALS) and
Hegyi competition indices (HEG5 and HEGH)
were the investigated variables characterizing
individual tree competitive status. Four of these
(DS, HS, BAL and BALS) do not require known
tree positions and it is relatively easy to calculate
them. The relative tree diameter (DS) is calcu-
lated as

DS = DID, 5)

where D is the tree diameter and D, is the mean
square diameter of the first storey trees. The rela-
tive tree height is calculated as follows

HS = HIH, (©6)

where H is the tree height and H| is the mean
height of the first storey, weighted by the spe-
cies-specific basal areas. The BAL index is cal-
culated as basal area of trees having a diameter
larger than the diameter of the reference tree.
The relative basal area (BALS) is equal to the
BAL index divided by the basal area of all trees
in the plot.

Tree position coordinates and tree-size data
are used to define a competition index which
requires that the tree positions are known. An
example of such a position-dependent quantity
is the Hegyi (1974) competition index (HEGS),
which is calculated as follows:

D

HEG, =¥ ©)

i

Table 3. The parameters of the diameter/height rela-
tionship for different tree species (Kiviste et al. 2003).

Species a c K, K, K,
Pine 0.369  1.31 924 0.0110 1.0437
Spruce 0.394 147 727 0.0171 1.112
Birch 0.359 1.38 450 0.0320 1.038
Aspen 0359 1.38 446 0.0387 1.290
Other 0.359 138 31.0 0.0529 1.144

141



ANN.BOT.FENNICI Vol.46 -

Estimating tree survival

343

Correction of HEGH (%)

0.2 0.4 0.6 0.8
Tree relative distance from plot edge

1.0

Fig. 4. Left-hand-side panel: adjustment of competition index by Hegyi. The section remaining outside the sample
plot (grey) is compensated by considering the section of the same size inside the plot (black). Right-hand-side
panel: correction of the edge effect of competition index by Hegyi.

where D is the diameter at breast height of the
reference tree (cm); D, is the diameter at breast
height of the competitor tree (cm); L, is the
distance between the reference tree and the com-
petitor tree (L, < Sm).

When a tree is located near the external edge
of the sample plot, Eq. 7 produces a systematic
underestimate, because the influence of neigh-
bouring trees outside the sample plot (light grey
area in the Fig. 4 left) are not considered. To
compensate for this lack of information, the light
grey area was mirrored inside the plot (dark grey
area in Fig. 4).

The relative amount of the corrections of
the Hegyi index of the trees that are near the
plot edges are shown in Fig. 4 (right-hand-side
panel). Near the sample plot edge, the value of
the competition index is increasing considerably,
due to the adjustment.

The value of the Hegyi index depends on
stand density and the radius of the influence
zone. Thus, a fixed radius (e.g. HEG, = 5 m)
does not always make sense. For this reason,
Hegyi’s competition index (HEGH) was also
calculated, using an influence zone radius which
was equal to 40% of the mean tree height in the
first storey.

At the sample plot level, the investigated
measurement variables of the first storey were
stand age (A)), density (N)), basal area (G)),
mean square diameter (D,), mean height (H),
stem volume (M), and relative density (7).
To calculate the stem volume of each tree, the
volume equation by Ozolins (2002) was used.
Stand volume (M) was calculated as the sum of
the first storey tree stem volumes per hectare.

The site index (H,,, average height of domi-
nant species at reference-age 100 years) was cal-
culated according to the current age and height
of the dominant tree species using the model
developed by Nilson (1999) which is an approxi-
mation of Orlov’s tables (Krigul 1969).

In the Estonian forestry practice, relative
density is widely used. For tree cohorts with a
mean height over 5 m, relative density (7,.) was
calculated as follows

T.= M.
¢ a,+aH,.+a,H:+a,H,

(®

where M. is the volume of the cohort trees
(m® ha™), and H_, is the mean height of the cohort
trees (m). Parameters a, a,, a,, a, are listed in
Table 4.

In the case of the mean height being less
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than 5 m, the relative density (7,.) was calcu-
lated according to the National Forest Inventory
Instruction (SMI 1999) based on tree cohort
height (H,) and density (N_). In the case of pine
cohorts with a height of less than 5 meters, the
relative density was calculated with Eq. 9 and in
the case of other tree species with Eq. 10.
N.

T.=— - 9
¢ 5610H"™ ©

N,
T.= ; T (10
0.2966H; — 8.9075H_ +105.48 H: — 603.85H, + 3633

The relative density for the first storey is
calculated as the sum of the relative densities of
the first storey tree cohorts. As indicator of high
relative density, a binary variable PIIRT was
used. PIIRT assumes a value of 1 if T, is greater
or equal to 1, otherwise it equals 0.

In addition to traditional stand variables,
the stand sparsity (L,), recommended by Nilson
(2006), was also used in the present study:

100
L=—re

N
where N is the number of trees of the first storey
per hectare. L, is an estimate of the average
distance between trees, assuming a rectangular
distribution of tree positions. A. Nilson (pers.
comm.) calculated the self-thinning standard
(LTJ), based on Tyurin’s growth and yield tables
of normal forest (Krigul 1969).

an

LT) = k, + k,D,+kD.H,, +kH, (12)
where D, is the mean square diameter of the first
storey trees (cm); H,,, is the site index; k,, ki,
kg, k, are species-specific parameters (listed in
Table 4).

Analogically to the relative density calcu-

lated by the self-thinning model (Eq. 12), the
relative sparsity of a stand (TTJ) may be calcu-
lated as follows

TTJ =LTJ/L, (13)

We assume that if the value of the relative
sparsity (Eq. 13) is greater than 1, then the stand
has exceeded the self-thinning line which will
result in greatly increased mortality of trees.
As an indicator of crossing of the self-thinning
line, a binary variable PIIRTJ was used. PIIRTJ
assumes a value of 1 if TTJ is greater or equal to
1, otherwise it equals 0.

According to a conceptual model of forest
stand development based on the study of the
Estonian long-term permanent sample plot data
(Kangur et al. 2005), stand dynamics can be
divided into four stages: stand initiation, stem
exclusion, demographic transition and old multi-
aged. These stages are characterised by different
ecological processes. In this study, we have the
data from after the stand initiation stage, thus we
determined three different stand development
stages (VG) according to dominant species and
stand age (Table 5), which is common practice in
Estonian forest management.

Methods

In the present study, the dependent variable is
EJ, which defines the probability that a tree will
survive during the next 5-year period. The value
of EJ was set equal to 1, if the tree was still alive
after five years, and O if it was not. Thus, the
probability of tree mortality is equal to

VL=1-EJ (14)

Table 4. The species-specific parameters of the relative density model T, = M /(a, + a,H, + a,H? + a,H_?) developed
on the basis of Tretyakov’s standard tables (Krigul 1969) and of the self thinning model LTJ = k, + k.D, + k,D,H,, +
k,H,,, developed on the basis of Tjurin’s growth and yield tables (Krigul 1969).

6 1" 100

Species a, a, a, a, K, ks K k,
Pine -30.595 16.631 0.0254 0 -0.00437 0.1834 -0.00216  0.008641
Spruce -7.988 9.279 0.3473 0 0.1807 0.1556 -0.00181  0.003598
Birch 15.344 0 0.7411 -0.0087 0.4083 0.1822 -0.00151  0.00671
Aspen —-18.758 8.385 0.3233 0 0.02032 0.1991 -0.00277  0.01046
Other -11.713 8.474 0.2767 0 0.3867 0.1878 -0.00277  0.0000325
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where EJ is the survival probability and VL
is the mortality probability. One advantage of
modeling the survival probability EJ is that it
can be treated as a Markovian process so that the
survival probability over a period of N years is
given by the Nth power of the annual probability
of survival (Vanclay 1994: p. 178).

Simple linear functions are not suitable for
modeling survival because they may give predic-
tions of the survival probability outside the fea-
sible range (0, 1). For modeling a variate which
follows a binomial distribution, a logistic model
may be used where the dependent variable is
logit-transformed as follows:

logit(EJ) = In[EJ/(1 — EJ)] (15)

Through logit-transformation the dependent
variable is transformed into a variate with a
normal distribution, which can be analyzed using
logistic regression:

logit(EJ) = AX) (16)
where f(X) is a linear function of the vector X of
measurement variables.

The inverse of the logit-transformation (Eq.
15) is the model that we are using to predict tree
survival probability:

EJ = e™/[1 + €] 17
where f{X) is the equation of a logistic regres-
sion.

In logistic regression analysis, the deviance
(also called as log-likelihood statistic) is used
to characterize goodness of fit, calculated by
logarithmic likelihood. The likelihood-ratio test
helps to estimate the influence of new argu-

ments, added into the model. The likelihood
ratio follows a y? distribution y*(p); where p is
the number of parameters, which allows esti-
mation of the statistical significance of added
arguments (Dobson 2002). To select the best
subset of variables the score statistic was calcu-
lated for every single tree variable for ranking
single tree influence on survival using PROC
LOGISTIC (Freund & Littell 2000) in SAS. The
score statistic is asymptotically equivalent to
the likelihood-ratio test statistic but avoids the
need to compute maximum-likelihood estimates
(Schaid et al 2002).

In the case of the traditional linear regression
analysis (with the assumption of a normal distri-
bution of residuals) to characterize the goodness
of fit of a model, the root mean square error or
coefficient of determination (R?) are being used
(Dobson 2002). By analogy with R? for ordinary
regression, the generalized R* was used which
represent the proportional improvement in the
log-likelihood function due to the terms in the
model of interest as compared with the minimal
model (Dobson 2002, Shtatland et al. 2002).

3 logL(M)-p—1
log L(0)—-1

where logL(M) is the maximized log-likelihood
for the fitted model with number of parameters
p; logL(0) is the “null” model containing only
the intercept term.

The SAS LOGISTIC procedure presents two
different definitions of generalized coefficients
of determination. One has been developed by
Cox and Snell (1989: pp. 208-209), the other is
an adjusted one by Nagelkerke (1991). In this
study the coefficient of determination defined by
Eq. 18 was used because Shtatland et a/ (2002)
has shown that it has a number of important

R =1 (18)

Table 5. Age criteria by dominant tree species for stand development stages (VG).

Species Young stands (NOOR) Middle-age and maturing Mature and over-mature
stands (KESK) stands (VANA)

Pine <50 50-99 =100

Spruce <40 40-79 =80

Birch, black alder <35 35-69 =70

Aspen <25 25-49 =50

Grey alder <15 15-29 =30
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Table 6. Characteristics of survival probability by storey.

95% CL of survival
probability (DS

Survival probability

95% CL of survival

Survival
probability (%)

Number of
surviving trees

Number of Proportion of

sample plots

Number of

Layer

0.5)

0.5 (%)

at DS

probability

spruce (%)

trees

Upper

Lower

Upper

Lower

80.3

79.2 781

93.2

25477 236 13.5 23654 92.8 92.5

1st storey

92.5

91.9 91.1

92.3

90.8

154 68.3 4927 91.6

5380

2nd storey

96.1

89.9 84.5 93.5 92.3 85.3

160

178 14 74.7

Regeneration
Shrub layer

73.9

45.3

60.5

71.0

471

59.7

37

27.4

62

advantages over the coefficients of determina-
tion of Cox and Snell (1989) and Nagelkerke
(1991).

For the logistic ANOVA, the procedure
GENMOD of the SAS software (Littell et al
2002) was used for analysing the tree cohort
influence. For multilevel analysis of tree and
stand variable influences the generalized linear
methods (SAS procedure GLIMMIX) (Schaben-
berger 2005) and the R function Imer (Crawley
2007) were used. The SAS procedure GLIMMIX
fits statistical models to data with correlations or
non-constant variability and where the response
is not necessarily normally distributed. Function
Imer is used for fitting mixed-effects models
in R (package lme4). Both allow analysing a
a response variable with a binomial distribu-
tion and logit transformation. However, the SAS
procedure GLIMMIX implements a restricted
pseudo-likelihood (RPL) method whereas a
restricted maximum likelihood (RML) method is
used in the R function Imer.

Results and discussion

Tree survival probability dependence on
tree storey

In the present study, four storeys were separately
identified on the analyzed sample plots — the
first storey (1), the second storey (2), the regen-
eration (J) and shrub layer trees (A). The results
show that the survival probability of the trees
which belong to the first storey is higher than
that of trees in other storeys (see Table 6). The
difference in survival probabilities is statistically
significant between the first and the second sto-
reys and between the first storey and the regen-
eration.

We assume that the difference of the survival
probability in the storeys in the stand is largely
caused by the differences in the relative diam-
eter. To evaluate that assumption, a model of
logistic covariance analysis was applied using
the procedure GENMOD of SAS

logit(EJ,) = +7,+ (B + 6)DS,  (19)

where EJ_ is the survival probability of a tree in
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the ith storey and the jth relative diameter; logit()
is the logit-transformation (15); u is the model
intercept; 7, is the influence of the storey to the
intercept; 3 is the slope of the regression line
between the logit-transformation and the relative
tree diameter DS; 9, is the influence of ith storey
on the slope of the regression line; DS is the ratio
between the tree diameter and the first storey
mean squared diameter.

Table 6 presents survival probabilities, cal-
culated with Eq. 19 and their confidence limits
for different storeys. These results are interest-
ing because of the differences in the viability of
the suppressed trees in the different layers. The
value of the relative diameter DS was set to 0.5
at each layer. In the case of the suppressed trees
in the second storey and regeneration layer, the
tree survival was found to be substantially higher
than the viability of the trees in the first storey
(where DS was also equal 0.5). Much less viable
were the shrub layer trees. The relatively high
viability of the regeneration and second storey
trees is probably due to the fact that spruce, a
shade-tolerant tree species, is very prominent in
these storeys, and is found here in greater pro-
portions than in the first storey and in the shrub
layer.

In many sample plots the smaller understo-
rey trees (trees of the second storey, and of the
regeneration and shrub layer) were either not
present at all, were measured within a smaller
circle, or were not measured at all. Therefore,
only the trees from the first storey are considered
in the following analysis.

Tree survival probability depending on a
single variable

At first, the influence of each variable on tree
survival was investigated individually without
considering the influence of other variables. The
influences were assessed separately for the entire
data set as well as for the data sets of the three
stand development stages (young, middle-aged,
mature).

Table 7 presents the score statistics on differ-
ent data sets, characterizing the influence of the
measurement variable X in the logistic regres-
sion formula

logit(EJ) = u + X, (20)
where EJ is the survival probability; logit() is
the logit-transformation; X is the measurement
observation; u, 3 are parameters of the regres-
sion equation.

The results in Table 7 show that for the entire
dataset and also on separate data sets of all stand
development stages, the tree survival probability
EJ depended most on the relative height of a tree
HNLSS. As mentioned before, the tree heights
which were not measured were calculated using
a specific diameter/height relationship. For the
total database, the second most important vari-
able was the tree relative diameter DS. But in
middle-aged and older stands this variable was
not in the first triple. The third most important
variable in the total data set was BALS (the ratio
between the relative basal area of larger trees and
the stand basal area).

Table 7. Variables, influencing tree survival probability the most. The numbers in the table represent score statistics
of differences between intercept only and intercept with variable.

Variable All data Young stands Middle-aged and Mature and
maturing stands overmature stands
HNLSS 1881 640 1166 109
DS 1300 435 810 73
BALS 1099 403 620 70
HEGH 907 247 920 85
D 859 188 800 88
HEG5 776 187 932 82
BAL 725 435 249 74
HNLS 606 88 610 60
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Considering the total data set, effective vari-
ables were also both Hegyi competition indices
(HEGH and HEGS) and then the tree height H,
the tree diameter D and the basal area of larger
trees BAL. Stand variables (both versions of
relative density and quality class) and tree spe-
cies were clearly less important than the meas-
ured variables which characterize the relative
state of a tree. From the practical viewpoint, the
tree diameter D and the tree relative diameter
DS are explanatory variables which can be used
in distance-independent forest-growth models.
Therefore, these variables are often preferred to
competition indices which require known tree
positions.

The influence of the height to crown base and
of the relative height of crown base on the tree
survival probability was analyzed for sample
tree data sets where the height to crown base
was measured and the spruce trees were left out.
The results show that in young and middle-aged
stands, the influence of the height to crown base
on the tree survival probability was less than the
influence of the other variables listed in Table 7.
Old stands were an exception; there, the influ-
ence of relative and absolute height to crown
base on mortality was clearly higher than the
influence of other variables.

Tree survival probability dependence on
several variables

Tree survival probability EJ was modeled with
the two-level mixed model

logit(EI,) = B, +BX, +B.X,,

Xy B X+

where EJ, is the tree survival probability; logit()
is the logit transformation (Eq. 15), ﬂoj is the
random intercept (ﬁoj =f, + uzu, ~ NQ©, 0.2,
i is the tree number; j is the plot number; X
X,; are tree level variables; X . X . are stand
level variables; B, B,. B,. B, B,,..» - are model
parameters.

Taking a great number of arguments into the
model may be justified in the case of a random
sample, such as a forest inventory, where all ele-
ments of a population have the same probability
to be part of the sample. Unfortunately, the selec-

‘(21)

tion of stands in the Estonian forest research plot
network was not entirely random, which is also
revealed in the distribution histograms in Figs
2 and 3. That is why the principle of developing
a model which is as parsimonious as possible
(Burkhart 2003) was followed in this study.

The selected variables (Table 2) were divided
into three groups: vertical size variables (HNLS,
HNLSS, H,, etc.), horizontal size variables (D,
DS, D, etc.) and competition variables (BALS,
BAL, HEGS, HEGH, etc.). Variables of relative
size (relative diameter, relative height) could be
handled as size group variables as well as com-
petition group variables. However, in this study
relative size variables were handled as size group
variables, because we assume that they are indic-
ative of the amount of resources needed for tree
survival. For selecting variables into the multiple
model, an ordered list of score statistics was cal-
culated for all variable combinations using the
LOGISTIC procedure. However, not all variable
combinations on top of the list of score statistics
were biologically interpretable and with statisti-
cally significant parameter estimates. For multi-
level logistic modeling with a random intercept
(Eq. 21) we selected one tree level variable from
each group, a stand level competition variable,
and the tree species as regressors (HNLSS, DS,
BALS, TTJ, KUDS, PL). The results of this mul-
tilevel logistic modelling on different data sets
are presented in Table 8.

Table 8 presents two sets of results of multi-
level logistic modelling, one obtained with the
SAS procedure GLIMMIX and the other with
the R function Imer. Both procedures use dif-
ferent methods for parameter estimation. Nev-
ertheless, both methods established the same
set of significant variables and produced similar
parameter estimates which is somewhat reas-
suring. All terms in the model are biologically
sound: tree survival (EJ) is increasing with
increasing relative height (HNLSS) and decreas-
ing with increasing competition status (BALS,
TTJ). Considering the effect of different tree
species, spruce survival was significantly higher
and grey alder survival significantly lower than
other tree species for all development stages.
This can be explained by the shade tolerance of
spruce and the short life of grey alder. Signifi-
cance of variable KUDS for old stands indicates
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a relatively lower survival of bigger spruces
because of wind- and fungi damages (Laarmann

2007).

Conclusions

Tree mortality is a key factor in the under-
standing of forest dynamics. The accuracy and
relevance of a growth model depends on the
accuracy of predicting tree survival. The present
study has shown which tree and stand variables

affect tree survival probability most in Estonian

forests.

Tree survival was analyzed using a data set
which includes 31 097 trees from 236 research
plots, measured twice during 1995-2004. During
the 5-year period between measurements, alto-
gether 2319 trees (or 7.5%) had died (dead

standing, broken or fallen).

The survival probabilities, presented in Table
6 are interesting because of the differences in the
viability of the suppressed trees in the different
layers. In the case of the suppressed trees in the

Table 8. Results of generalized linear mixed modeling with PROC GLIMMIX (SAS) and function Imer (R) for Eq. 21.

Regressor

All data

Young stands

Middle-aged and
maturing stands

Mature and
overmature stands

Coefficients of model with GLIMMIX

Estimate
Intercept 2.1624
HNLSS 4.3433
DS
BALS —1.8928
TTJ -2.1976
KUDS
PL Aspen —1.3529
Birch 0.0796
Spruce 0.2272
B. alder —0.1938
G. alder -1.9203
Type lll Tests of Fixed Effects
F
HNLSS 288.06
DS
BALS 66.63
TTJ 76.66
KUDS
PL 94.40
Coefficients of model with Imer
Estimate
Intercept 1.9623
HNLSS 5.3326
DS
BALS —1.6489
TTJ —2.8763
KUDS
PL Aspen -0.8172
Birch 0.1714
Spruce 0.4109
B. alder —0.2659
G. alder —2.0647
Fit statistics
logLik —4856
Deviance 9712
R? 0.168

SE
0.4232
0.2559

0.2319
0.2510

0.1125
0.0871
0.1032
0.2058
0.1083

Den df
24906

24906
234

374

SE
0.6442
0.3016

0.2420
0.6070

0.1998
0.1479
0.1701
0.2540
0.1924

Estimate
4.8111
4.5473

-1.7344

—-4.1013

—-1.7800

-1.3610
0.0317
0.2561

-0.6747

-1.5491

F
54.85
5.87
27.14
20.05

25.95

Estimate
4.7740
4.8669

—1.0344
-3.8207
-2.8202

-0.6762
0.4230
0.7031

—-0.6531

-1.5209

-1692

3384
0.189

SE
0.9713
0.6140
0.7159
0.7873
0.3975

0.1885
0.1583
0.1470
0.2605
0.2054

Den df
8718
8718
8718

78

138

SE
1.2959
0.8782
0.9549
0.8970
1.0808

0.3882
0.2951
0.2699
0.3643
0.3300

Estimate
-1.2635
4.6567
1.7057

—-1.8281

—1.4853
0.0179
0.3762
1.0037

-2.2703

F
68.99
19.53

120

173

Estimate
—-0.7766
4.8496
1.8207

-2.4132

-0.9910
0.1042
0.3845
1.0362

—2.6542

—2752
5505

0.168

SE
0.4227
0.5607
0.3859

0.3929

0.1609
0.1261
0.1732
0.5192
0.1403

Den df

14203
14203

21.65

71.49

SE
0.7268
0.6391
0.4109

0.7999

0.2642
0.1910
0.2434
0.5261
0.2577

Estimate
10.2931
3.4531

—2.3698
-9.9323
-3.8111
-1.1760
-0.1850
1.7442
-1.6863
-2.6151

F
9.24

7.46
27.93
4.76
7.42

Estimate
8.9933
3.5957

—2.2355
—8.4635
-3.5764
-1.1893
-0.3125

1.6453
-2.0163
—2.5840

-363.1

726
0.084

SE
2.2789
1.1361

0.8679
1.8795
1.7460
0.5093
0.4064
1.7761
0.9211
0.4481

Den df
1969

1969
32
1969
53

SE
2.3692
1.0692

0.8047
2.1181
1.6793
0.5332
0.4440
1.7147
0.8827
0.5444
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second storey and regeneration layer, the tree
survival was found to be substantially higher
than the viability of the trees in the first storey
(for a given value of DS =0.5).

The logistic form was used for modeling tree
survival probability. The influence of 35 tree
and stand measurement variables (Table 2) to
tree survival probability was estimated using the
score statistics of a logistic regression.

The research of separate single variables
revealed that the mortality of trees is mostly
influenced by tree measurement variables (pre-
sented in decreasing order of score statistic,
Table 7): tree calculated relative height HNLSS,
tree relative diameter DS, relative basal area
of larger trees BALS, Hegyi competition index
HEGH in a circle with radius 0.4H, tree diam-
eter D, Hegyi competition index HEGS5 in a
circle with a 5-m radius, basal area of larger trees
BAL and tree height H. The study revealed that
it is useful to divide the total data set into three
development stages defined by dominant tree
species and age: young, middle-aged and matur-
ing, mature and very old stands. In each of these
categories, different influencing factors turned
out to be dominant.

The obtained results improve our knowledge
of Estonian forest stand dynamics. It is possible
to apply the proposed models in forest simula-
tion studies as a preliminary approximation of a
tree mortality component. The development of
flexible simulators, which complement existing
yield-tables, will significantly improve decision-
making in practical forest management.
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