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1. Introduction

One third of Europe’s land surface is covered by forests, with important economic and social
value. They constitute the most natural ecosystems of the continent. Natural biotic and
abiotic disturbances affect their structure and composition. Sustainable forest management
and environmental policies rely on the sound scientific resource provided by long-term,
large scale and intensive monitoring of forests. Long-living trees and ecosystems are
suitable for studying the impact of human factors as opposed to the effects of natural system
variability. Forest monitoring helps to improve our knowledge of the state of forests and to
quantify changes that are taking place within forests and related ecosystems. Information
about forest ecosystem functions and processes is, however, also necessary to gain an
understanding of the causes underlying such changes and, subsequently, to model the
future effects of natural and anthropogenic stress factors on our forests and understand the
adaptation potential of forests to the effects of environmental change and air pollution (UN-
ECE, 2008).

The vitality of trees is one of the most important indicators of forest condition and can be
characterized by different parameters, such as assessment of the crown condition, tree
growth etc. (UN-ECE, 2008). However, the latest studies show that cambium activity and
increments of its products - secondary phloem and secondary xylem (wood) - reflect the
vitality of trees (Gricar et al., 2009). In the different vitality of silver firs (Abies alba Mill.), it
has been demonstrated that data on phloem increment structure, the relationship between
the phloem and wood increment and the number of cambial cells in the dormant state are
very useful in the assessment of the health condition of trees.

This review focuses in particular on presenting the potential of structure and width of
xylem, phloem and cambium in the case silver fir and pedunculate oak, as indicators of the
vitality status of trees. Forest monitoring and indicators of tree vitality status will be briefly
summarized. Growth ring patterns have proved to be an appropriate tool for quantifying
the response of a forest stand to changing environmental factors, so wood formation
processes that determine the structure of wood and its quality will be described in more
detail. Finally, tree vitality has a major influence on wood quality. Two examples, silver fir
and pedunculate oak, will therefore be demonstrated.
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2. Forest monitoring

Only healthy and vital forests can serve multiple ecological, social and productive roles, as
understood by the modern world. To be able to acquire a reliable assessment of the state and
changes in forest ecosystems and at least partly to explain and understand the most
important processes occurring in them, forest monitoring programmes have been
implemented worldwide (e.g., International Co-operative Programme on Assessment and
Monitoring of Air Pollution Effects on Forests - ICP Forests, Acid Deposition Monitoring
Network in East Asia - EANET, Forest Health Monitoring - FHM). Monitoring is essential
in order to obtain information about the condition of natural resources, their development
over time and space, and to study their relationships with biotic/abiotic factors (Ferretti,
2009). Environmental and nature management, namely, cannot operate effectively without
reliable information on changes in the environment and on the causes of those changes.
There is therefore considerable concern in the scientific community about the ability of
monitoring programmes to provide the desired information (Legg & Nagy, 2006; Vos et al.,
2000). Some researchers believe that many operational monitoring programs are not very
effective or useful for decision-making (Vos et al., 2000). The main reason for this is poor
confidence in the quality of the data, with the most typical questions raised about the
statistical basis of sampling design, the reliability and comparability of data and data
management (e.g., Ferretti, 2009; Legg & Nagy, 2006; Vos et al.,, 2000). The results of
inadequate monitoring are misleading in terms of their information quality and are
dangerous because they create the illusion that something useful has been done (Legg &
Nagy, 2006).

Indicators of tree health and vitality need to be accurate and reliable, but also cheap and
easy to use (Martin-Garcia et al., 2009). The quality of monitoring is thus defined by its
ability to provide data that allow estimates of the status of the target resource with the
defined precision level, permit the detection of change with the defined power, and are
comparable through space and time. Despite considerable work on data quality control,
parts of the monitoring process are still poorly covered by quality assurance and have
revealed weaknesses in design and implementation. Steps towards a more comprehensive
quality assurance approach have currently been undertaken (Ferretti, 2009).

3. ICP Forests

In Europe, the International Co-operative Programme on the Assessment and Monitoring of
Air Pollution Effects on Forests (ICP Forests) was established in 1985. The system combines
an inventory approach with intensive monitoring. It provides quality assured and
representative data on forest ecosystem health and vitality and helps to detect responses of
forest ecosystems to the changing environment. Air pollution effects are the particular focus
of the programme. ICP Forests uses two complementary monitoring approaches on the
European level. Representative monitoring (Level I) is based on around 6,000 permanent
observation plots and provides an annual overview of forest condition on the European
level. Intensive monitoring (Level II) on around 500 sites provides insight into factors
affecting the condition of forest ecosystems and into the effects and interactions of different
stress factors. These plots are located in forests that represent the most important forest
ecosystems of the continent. The programme provides an early warning system for the
impact of environmental stress factors on forest ecosystem health and vitality. Although
forest species have responded to environmental changes throughout their evolutionary
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history, a primary concern in relation to wild species and their ecosystems is the rapid rate
of human induced changes (UN-ECE, 2008).

4. Vitality of forest and trees

Though the vitality of trees is one of the most important indicators of forest condition, forest
health cannot be assessed solely on the basis of tree condition, since forest consists of more
than trees (Innes, 1993). Tree vigour is best restricted as a term to the growth of trees in
relation to a hypothetical optimum, whereas tree health is defined in the pathological sense
as the incidence of biotic and abiotic factors affecting the tree within a forest. Tree condition
is less specific, referring to the overall appearance of trees within the forest. The health of a
tree can be evaluated by such indicators as crown condition, growth rate and external signs
of disease-causing agents (Kolb et al., 1994).

Tree vitality cannot be measured directly, only through several indicators, such as
assessment of the crown condition, growth of bud, stem (radial or height) and root systems,
measurements of cambial electrical resistance or the size and shape of needles etc.
(Dobbertin, 2005). Shigo (1986) defines vigour as the capacity of a tree to resist strain. It
determines the potential strength against any threats to survival. It is genetically derived
and cannot therefore be changed. Tree vitality, on the other hand, is the dynamic ability of a
tree to grow under the conditions present. It is important to assess the influence of external
stress, since resistance to stress is an important criterion in the vitality concept (Dobbertin,
2005). Larcher (2003) defines stress as a significant deviation from the condition optimal for
life. Vitality becomes weaker as stress persists. At a certain point, the capacity of a tree to
overcome further stress or to survive diminishes, i.e., vitality decreases. Irreversible damage
or tree death can occur. The hypothetical optimal tree vitality is not known; only the
minimum vitality (i.e., tree death) can be identified (Dobbertin, 2005).

The consequences of tree death, in terms of effects on other ecosystem components and
processes, depend on many variables, including the species, mortality agent, position,
spatial pattern (dispersed or aggregated) and numbers that have died. Tree death is an
important indicator of ecosystem health and can assist recognition of stresses caused by
pollutants, such as acid rain and ozone. However, the value of tree death as an indicator of
anthropogenic disturbance depends on a thorough understanding of the patterns of tree
death under natural conditions. At the present time, adequate understanding of this is
woefully lacking. Tree death also demonstrates some principles of ecological processes: the
importance of defining the spatial and temporal context of a study, the importance of
stochastic processes, and the fact that most ecological processes are driven by multiple
mechanisms and that the relative importance of these mechanisms changes over time and
space, and the importance of the natural histories of species and ecosystems. Tree death
illustrates that many valid and useful perspectives on a single, presumably simple process
exist. Furthermore, it makes clear that we need to give more consideration to the biology of
organisms and ecosystems in developing, evaluating and applying theoretical constructs
(Franklin et al., 1987).

It is not possible to estimate forest health condition from concepts developed at the
individual organism level and simply to apply them on a landscape level (Kolb et al., 1994).
In other words, extension of this concept to a complex system, such as a forest, is based on
making an analogy between the functioning of an organism and an ecosystem. A dead or
dying tree is not healthy. The health of a stand must take into account many more
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dimensions than the health of a tree. The health of a stand relates to the management
objectives for that stand (utilitarian perspective) and to the long-term functioning of the
organisms and trophic networks that constitute the stand (ecosystem perspective). Tree
mortality in a stand would not indicate an unhealthy condition as long as the rate of
mortality was not greater than the capacity for replacement. Stand objectives such as
wildlife habitat, soil and water protection and preservation of biodiversity do not require
that all trees be healthy. A dead tree is not healthy but it may be part of a healthy stand. The
health of a forest ecosystem or landscape is similarly more complex than the health of a
stand (Kolb et al., 1994).

5. Indicators of tree vitality status

Biochemical indicators on the plant cell level, such as phytohormones or enzymes, may best
reflect the reaction of trees to various environmental stresses (Larcher, 2003). Unfortunately,
many such indicators cannot readily be extracted in the field or are very expensive. Several
indicators, such as assessment of the crown condition, growth of bud, stem (radial or height)
and root system, measurements of cambial electrical resistance or size and shape of needles
etc. may instead be used (Dobbertin, 2005).

Crown condition is a major indicator of forest health in Europe. The condition of forest trees
in Europe is monitored over large areas by a survey of tree crown transparency and
discoloration, which is a fast reacting indicator of numerous natural and anthropogenic
factors affecting tree vitality. Crown transparency and discoloration is a valuable indicator
of the condition of forest trees. It reflects, among other factors, weather conditions and the
occurrence of insects and fungal diseases. Such information is extremely relevant for
monitoring the reactions of forest ecosystems to climate change and for ensuring sustainable
forest management in the future (UN-ECE, 2008).

Crown condition assessments are commonly used in monitoring programs, since they are
quick, easy and cheap to do. However, interpretation of these data may be complicated by
the occurrence of strong fructification years in some tree species, when the foliage is reduced
(Beck, 2009). In addition, tree crown transparency and discoloration used to be visually
estimated by observers from the ground, raising the questions about the subjectivity of
human assessment, data quality and comparability across the countries (Mizoue &
Dobbertin, 2003). These issues were tried to be solved by combining field and control team
assessments, using data from cross-calibration courses to estimate correction factors, using
reference photographs or standard sets of two-dimensional silhouettes representing various
degrees of foliar density (Frampton et al., 2001; Ghosh & Innes, 1995; Innes et al., 1993;
Solberg & Strand, 1999). Nevertheless, since these improvements were sometimes not
enough, the researchers started to replace visual ground assessment by digital photo
(Martin-Garcia et al., 2009; Mizoue, 2002) or by remote sensing techniques (Coops et al.,
2004; Stone et al., 2003)

Moreover, it is not possible simply to conclude tree vitality by crown condition. Growth
rates can be considerably reduced while foliage is still inconspicuous (Beck, 2009). In
particular, the relation between crown condition and xylem increment in trees has not been
satisfactorily explained. In principle, physiological investigations of these relationships
through case studies may be useful for improving our understanding.

As summarised by Kozlowsky & Pallardy (1997), the requirements for tree growth are
carbon dioxide, water, and minerals for raw materials, light as an energy resource, oxygen
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and favourable temperature for growth processes. The capacity of photosynthetic processes
(i.e., foliar biomass) and competition for resources are constraining factors for tree growth.
Tree growth processes can be ranked by order of importance as foliage growth, root growth,
bud growth, storage tissue growth, stem growth, growth of defence compounds and
reproductive growth (Waring, 1987; Waring et al., 1980). Under stress, photosynthesis is
reduced and carbon allocation is altered. Stem growth may be reduced early on, since it is
not directly vital to the tree. Comparison with a suitable reference is important for any
potential vitality indicator. Depending on the aim of the study, the references used can be
the growth of trees presumed to be without stress. The general disadvantage is that no
absolute growth reference is available. Some stresses, such as competition, root rot or
mistletoe occurrence, affect the tree over extended time periods, whereas other stresses, such
as drought or insect defoliation, cause immediate reactions. Annual or inter-annual stem
growth assessment is therefore needed in long-term monitoring plots. Tree growth can serve
as a vitality indicator if a reference growth or growth trends are available (Dobbertin, 2005).
It is noteworthy that not every stress is necessarily negative for trees but can instead induce
increased resistance to stress (Kozlowsky & Pallardy, 1997; Larcher, 2003). A short-term
stress reaction may therefore not coincide with a long-term change in tree vitality. Growth
changes must thus be interpreted on a long-term perspective (Dobbertin, 2005).

6. Growth ring patterns as indicators of tree health

Beck (2009) emphasized dendroecological analysis of tree and stand growth patterns as an
appropriate tool for quantifying the response of a forest stand to changing environmental
factors. Tree growth parameters, which reflect changing growth conditions year by year, are
very important. Such parameters of tree vigour presented as a time series retrospectively
enable an insight into the growth history of the stand. Namely, tree-ring analysis can
provide information on trees and stand development in the past. The growth of trees and
site history of a stand can be reconstructed using tree-ring time series, which contain lots of
information on environmental conditions and their impact on the growth of trees. Wood
formation is the final result of the complete metabolic balance. It is the share of the balance
of matter produced by the foliage, respiration and the higher priorities of allocation to other
tree organs (roots, fruits etc.), which has not been consumed elsewhere. This remaining
share refers directly to the state of the reserve pool. The amount of new wood formation can
therefore be understood as a suitable tree health indicator. In contrast to visually assessed
crown condition, tree-ring widths are measured (qualitative) data. Subjective estimation is
thus eliminated (Beck, 2009).

Tree growth rates are affected by both pollutants and climatic stress. In view of this
complexity, a comprehensive dendroecological analysis of tree and stand growth patterns is
considered to be an appropriate tool for quantifying the response of a forest stand to
changing environmental factors. The inclusion of dendroecological methods in monitoring
programs provides many advantages and new findings. The elaboration and analysis of tree
ring networks (chronologies well scattered with respect to space and altitude) are currently
seen as successful fields of ecological research. Ongoing depositions and increasing climatic
stress urgently require the quantification of the growth response of forests as an indicator of
tree and stand vigour (Beck, 2009).

Decreasing growth curves are among the most obvious growth-related characteristics of
dying trees, which is not only a species-specific but also a site-specific feature. A
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combination of growth levels or relative growth and growth trends has been shown to
increase the reliability of mortality predictions. Abrupt declines in growth or strongly
negative growth trends may indicate a rapid physiological adaptation to changed
environmental conditions (Bigler et al., 2004). Reduced xylem increments, as one of the first
indicators of decreased tree vitality, are very useful for reconstruction of past tree vitality
and evaluation of mortality risk (Bigler & Bugmann, 2004; Bigler et al., 2004). These
assessments of individual tree vitality and accurate mortality predictions may be used in
forest management to identify and selectively cut low-vitality trees, so as to release the
remaining healthy trees (Bigler et al., 2004).

7. The role of cambium in a tree

The growth of trees, leading to an increase in the size and mass of an organism, occurs only
in specific areas, so called meristems, and involves cell division, expansion and
differentiation. Cell division is an essential part of growth, resulting in an increase in the
number of cells. In the expansion phase, cells increase in size. The cytoplasm grows and the
vacuole fills with water, which exerts pressure on the cell wall and causes it to expand. In
the next step, cells differentiate, or specialize, into various cell types. A tree is composed of
various cell types that perform different functions required in a multicellular organism
(Berg, 2008).

Meristems consist of actively dividing undifferentiated cells, which retain the capacity for
growth through their entire lifespan. Two kinds of meristematic growth occur in trees;
primary or extensional and secondary or lateral (Berg, 2008). Primary growth occurs as a
result of the activity of apical meristems, which are located at the tips of stems and roots and
lead to an increase in a tree’s length and development of various tissues: epidermis, cortex,
conducting veins, pith and leaves (Fig. 1) (Mauseth, 1988). In woody plants, even in the first
year of growth the primary tissues of stems and roots are replaced by secondary tissues
formed by the secondary lateral meristems: vascular cambium (in short cambium) and cork
cambium (phellogen). The activity of secondary meristem is expressed as radial growth,
which allows the increase of the volume of the conducting system and the formation of
mechanical and protective tissues (Plomion et al.,, 2001; Taiz & Zeiger, 2002). Cambium
produces secondary vascular tissues, which conduct water and nutrients and provide
support. Cork cambium produces protective tissue (periderm), which protects the stem and
root from water loss, pathogens, and herbivorous insects (Larson, 1994; Panshin & de
Zeeuw, 1980).

The cambium, as an uninterrupted, thin layer ring, lies between the secondary xylem on the
inner side and secondary phloem on the outer side, the two tissues it produces (Larson,
1994; Mauseth, 1988). It has been called the “least understood plant meristem”, because of
the associated technical difficulties when working with trees (Groover, 2005).

The cambium consists of a layer of cells that divide actively, have small radial dimensions
and have no intercellular space (Savidge, 2001). It differs from other meristems by two types
of highly vacuolised cells: short, rather isodiametric ray cells, from which radial rays are
formed, and elongated fusiform or spindle-shaped cells, which form axial elements (Fig. 2).
New cambial cells are formed by anticlinal divisions, which ensures an increase in girth of
the cambium. The cambium has a decisive role in radial growth and the development of
trees, since new vascular tissues of xylem and phloem are formed through periclinal or
additive divisions that occur in the tangential plane, by which the diameter of the tree
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increases. The production of secondary conductive tissues represents approximately 90% of
all mitoses (Lachaud et al., 1999; Larson, 1994).

Apical meristem

n Lateral meristem

Apical meristem

Fig. 1. Location of apical and lateral meristems in a plant.

A characteristic of tree species in the temperate climatic zone is a seasonal alternation of
cambial activity and dormant (resting) periods, which is generally related to alternations of
cold and hot or rainy and dry seasons (Larcher, 2003). Cambial activity usually starts in
spring with cell division and ends in late summer with the completed development of the
latest newly formed cells (Fig. 2). At the beginning of cambial activity, the number of
cambial cells increases and they start to divide, which is followed by differentiation of
derivatives into the adult elements of xylem or phloem. In the process of differentiation,
which includes post-cambial cell growth, deposition of the secondary cell wall and - in
wood tracheids, fibers and vessels - also lignification and programmed cell death, the cells
specialize in order to perform their functions (Fig. 3) (Plomion et al., 2001). The vascular
system in trees is very complex, composed of various types of cells, which are differently
orientated (Chaffey, 2002).
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Fig. 3. Schematic illustration of formation of tracheid from cambial cell in conifers.
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8. Wood and phloem formation

Xylo- and phloemogenesis are periodic processes driven by a variety of internal and
external factors, the influence of which changes during the growing season. Xylem and
phloem increments are not predetermined, but are plastic end-products of interactions
between the genotype and the environment (Savidge, 2001). The environment determines
the physical conditions and the energy for xylo- and phloemogenesis. The external factors
affect the onset, end and rate of individual growth processes, which determine the
morphology of cells (Wodzicki, 2001). Xylo- and phloemogenesis lead to specialization of
cells in terms of their chemical composition, morphological characteristics and function. Cell
divisions in the cambium and post-cambial growth determine the width of the annual xylem
and phloem increment, and the deposition of the secondary cell wall (and lignification)
determines the accumulation of biomass in the walls of the xylem and phloem cells (annual
biomass increment) (Fig. 3) (Plomion et al., 2001).

The number of dormant cambial cells depends on several factors; such as tree species, tree
age, part of the tree, and tree vigour and vitality. The cambium's cell production, under
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normal growth conditions, is more intensive on the xylem than on the phloem side.
However, under physiologically very demanding conditions, the phloem increment can
exceed the xylem one, which may not appear at all in exceptional cases (Larson, 1994;
Panshin & de Zeeuw, 1980).

Of all the secondary tissues, xylem and its formation is by far the most investigated,
particularly due to its great economic and ecological importance. The width and structure of
xylem growth rings is a source of information about past and present factors affecting the
development processes in an individual tree (Fritts, 1976; Wimmer, 2002). The width of the
xylem increment is closely related to its anatomical structure, which defines the physical
and mechanical properties of wood and, consequently, its end-use (Fig. 4).

Genetics

Human influence

END-USE OF WOOD

Fig. 4. Xylogenesis is affected by a variety of internal and external factors, which influence
wood structure and properties and, consequently, the end-use of wood.

Studies of the seasonal dynamics of phloem growth rings are fewer, which can be partly
explained by a lower interest in the commercial use of bark in comparison to the use of
timber. In addition, the phloem increment is exposed to relatively fast secondary changes of
the tissue, e.g., collapse, sclerification and inflation of axial parenchyma, so only the
structure of one or two of the most recent phloem growth rings can be seen clearly. Older
non-conducting tissue eventually collapses in a radial direction, deforms and later often also
falls off and is thus not suitable for dendrochronological and dendroecological studies
(Gricar, 2009).

Nevertheless, the seasonal dynamics of phloem formation is very important in studies of
trees' radial growth because cambium is a bi-facial meristem, so studies of cambial activity
and wood formation reveal only part of the information on cambial cell productivity during
the growth season. Moreover, the processes of wood and phloem formation differ in terms
of time and space, and internal and external influences affect the mechanisms of their
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formation differently. Phloem increment is more stable and less subjected to fluctuations of
environmental conditions. Comprehensive studies are therefore vital for investigating the
influence of specific climatic factors on the radial growth of trees.

The impact of changing environment will modify the seasonality and rate of growth, which
can have an important effect on tree performance and survival and also on wood structure
and properties and, consequently, on the end-use of wood.

9. Wood density in relation to ring widths

Wood formation determines the morphology of cells, the structure of the xylem growth ring
and thus the wood properties. Xylem rings are composed of early wood and late wood.
Early wood cells are formed at the beginning of the growing season and are characterized
by a large radial dimension and thin cell walls. The development of late wood cells with
small radial dimensions and thick cell walls occurs in summer, resulting in its higher
density. In sapwood, the ratio between the density of early wood and late wood is 1: 2.3 in
fir and 1: 4.0 in pine (Gorisek, 2009). In ring-porous deciduous tree species this ratio is about
1: 2.5 and in diffuse-porous trees much smaller, e.g., 1: 1.5 in beech (Gorisek, 2009).

Wood is heterogeneous material composed of various types of cells that perform different
functions. Consequently, the density of wood is related to the morphological characteristics
of the cells. Growth of trees from temperate climate regions is seasonal resulting in the
formation of growth rings. At the beginning of the growing season the dominant function
appears to be conduction, while in the second part of the season is support. Early wood cells
have therefore thinner cell walls and bigger cavities than late wood ones. Hence, the greater
is the proportion of late wood the greater are the density and strength. However, wood
density and its strength are influenced by the ring width (Fig. 5) (Dinwoodie, 1981). This
relationship is relatively complex; in ring-porous tree species, such as oak and ash,
increasing ring width results in an increase in the percentage of late wood, which contains
most of the fibres and, consequently, the density will increase (Fig. 6). In diffuse-porous tree

Wood density

Coniferous tree species

Xylem ring width

Fig. 5. Impact of xylem ring width on the density of wood in ring-porous and diffuse-porous
deciduous trees and conifers.
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Fig. 6. Wood density is closely related to ring width in ring-porous oak; non-vital (a) and
vital oak (b).

species (beech and maple, for example), in which the wood anatomical structure in the
xylem ring is relatively homogenous, increasing ring width has almost no effect on wood
density. In softwoods, however, increasing ring width results in an increased percentage of
low-density early wood and, consequently, a decrease in density (Fig. 7). Exceptionally,
softwoods from very cold areas may have narrow rings with low density, because late wood
formation is restricted by the short summer period (Dinwoodie, 1981).

Fig. 7. Widths of xylem rings in European larch, with different proportions of early wood
and late wood.
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Of the wood properties that affect quality, basic density is one of the most important
because it determines its utilization in sawmills, manufacturing factories, cellulose plants
and as planks. Several factors influence the variability in basic density: site, climate,
geographic location, species, age and silviculture. However, tree vitality also has a major
effect on wood quality and properties; the relationship among all this parameters therefore
deserves deeper investigation.

10. Relationship among the number of cells in xylem, phloem and dormant
cambium in silver fir (Abies alba Mill.) trees of different vitality

Silver fir (Abies alba) decline has appeared in many European countries, including Slovenia,
since about 1500. The exact cause of silver fir decline is still not satisfactorily explained;
however, it has been interpreted as a complex disease due to the interaction of several
unfavourable factors, such as drought, frost, pollution, competition among trees, soil
acidification, inappropriate silvicultural treatments, insects, pathogens etc (e.g., Bauch, 1986;
Dobbertin, 2005; Fink, 1986; Schweingruber, 1986; Torelli et al., 1986).

Decline is characterized by reduced cambial production, especially towards the xylem,
shorter cambial activity and crown damage, including needle loss and yellowing foliage
(Fig. 8, 9) (e.g. Bauch, 1986; Fink, 1986; Innes, 1993; Schmitt et al., 2003; Schweingruber, 1986;
Torelli et al., 1999). Reduced wood formation often occurs prior to visual symptoms of
crown decline (Torelli et al., 1986, 1999), which highlights the usefulness of assessment of a
tree’s current mortality risk based on growth patterns and a derived statistical mortality
model that clearly identifies trees at high risk of dying (Bigler et al., 2004).

Fig. 8. Crowns of differently vital silver firs.
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Fig. 9. Narrow cambium in declining silver fir, consisting of four to five cell layers (a) and a
wide cambium in healthy silver fir consisting of about ten cell layers. KC - cambial cells,
Scale bars = 50 um (A), 100 um (B)

Although some papers have been published concerning the anatomical structure and
dynamics of secondary phloem formation (e.g., Gricar & Cufar, 2008), the relationship
among the number of cells in phloem, xylem and dormant cambium is still poorly
understood. In a paper published in 2009, we investigated the anatomical structure of
phloem and xylem growth rings, as well as dormant cambium in relation to vitality in 81
adult silver fir trees (Abies alba Mill.) (Gricar et al., 2009). Specifically, we investigated the
number of cells produced in the current phloem growth ring, xylem growth ring and their
ratio, the number of cells in the dormant cambium and the structure of the phloem growth
ring, which included characterization of early phloem, late phloem and the presence,
absence and continuity of tangential bands of axial parenchyma.

The silver fir (Abies alba Mill.) trees were located in an Abieti-fagetum dinaricum mixed forest
at Ravnik, Slovenia (approx. 45°52'N, 14°16’E, elevation 500-700 m). The studied trees were
dominant or co-dominant, with an age of 150-180 years and DBH greater than 50 cm. The
trees belonged to a population of 269 mature trees monitored from 1987 to 2007. The health
condition of the trees was assessed by determining the crown status index based on
progressive needle loss and cambial electrical resistance (CER) (Torelli et al., 1999). Trees
were assigned to 3 categories: A - trees with a full crown and productive cambium; B - trees
with intermediate characteristics and C - trees with a sparse crown and suppressed
cambium (Fig. 8, 9, 10). For the study, we used microscopic slides of 81 trees of different
vitality. Sample blocks (0.5 x 0.5 x 1 cm) contained inner phloem, cambium and outer xylem
taken from living trees at 1.3 m above ground during the dormant seasons of 1999 to 2003.
We used observations of transverse sections using light microscopy.

Microscopic examination of cross-sections revealed that the trees could be classified into
three groups on the basis of the ratios between the number of cells in the xylem and phloem
growth rings (Table 1). Group 1 (43% of the trees) contained trees with up to four times
more cells in the xylem ring than in phloem ones. The trees in group 2 (30% of the trees) had
a ratio between xylem and phloem ring from 4.0 to 10.0, and group 3 (27% of the trees)
consisted of trees with a ratio between xylem and phloem ring greater than 10.0 (Gricar et
al., 2009).
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Fig. 10. Xylem ring widths of silver firs of different vitality. Category A (thin line), B (dashed

line) and C (thick line) (Archives of the Chair of Wood Technology, Department of Wood
Science and Technology, Biotechnical Faculty, University of Ljubljana) (Gricar, 2006).

Group Ratio XR:PR No. of trees No. of cell layers Structure of PR
(%)
XR PR
1 <4.0:1 34 (43%) 3-26 3-7 AP missing or discontinuous, EP

1-5 or > 5 cells wide, LP 1-3 cells
wide or absent

2 (4.0-10.0):1 24 (30%) 25-80 5-9 AP discontinuous or continuous,
EP 2-4 cells wide, LP present
3 >10.0:1 23 (27%) 60-144 6-12  One or two bands of AP

Table 1. Characteristics of tissues in three groups of trees with different ratios between
xylem and phloem growth ring widths in terms of number of cells (XR:PR). XR - xylem
growth ring, PR - phloem growth ring, AP - axial parenchyma, EP - early phloem,

LP - late phloem (Gricar et al., 2009)

We confirmed that the structure and width of the phloem are closely related in silver fir
(Fig. 11). Early phloem is in general 2-5 layers of cells wide and is less dependent on tree
vitality whereas late phloem is subject to higher alterations in the width and type of cells.
The occurrence and amount of axial parenchyma varies in accordance with the width of the
phloem ring: a) it can be absent or scarce when rings are very narrow; b) present as one,
more or less continuous, tangential band between early phloem and late phloem, as
observed in the majority of phloem rings; or c) also forming an additional, second,
discontinuous tangential band in the late phloem of very wide rings. The cambium of vital
trees normally produces more xylem than phloem cells. The ratio between xylem and
phloem declines with decreased vitality of trees. Only in extreme cases can the phloem ring
be wider than the xylem one. The numbers of cells in phloem, xylem and dormant cambium
are correlated in silver fir. Information on the width and structure of phloem rings, as well
as on the relation between xylem, phloem and dormant cambium could provide additional
criteria for determining tree vitality (Gricar et al., 2009).

Inspection of the current condition of the investigated trees revealed that more than half
of the trees (62%) with a ratio between phloem and xylem increments lower than 4:1, with
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a very narrow xylem (about 20 cell layers) and phloem only 3-5 cell layers wide, died in
the years following the sampling of tissues for our analyses. Our results suggest that the
ratio between xylem and phloem, as well as the widths of xylem, phloem and dormant
cambium, are related and indicate the health condition of a tree. They could therefore
be used for assessment of the vitality of silver firs. This information could be beneficial
in forest management practice, for planning the cutting of non-vital trees with poor survival
prognosis and for identifying and promoting healthy and productive ones (Gricar et
al., 2009).
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Fig. 11. Cross-section of a phloem growth ring in silver fir. PR - phloem ring, EP - early
phloem sieve cells, LP - late phloem sieve cells, 1AP - first band of axial parenchyma, 2AP -
second band of axial parenchyma in late phloem, CC - cambium

Since the study in silver firs gave fairly encouraging results, we tested whether similar
relations can also be found in ring-porous species, such as pedunculate oak (Quercus robur ).

11. Cambial productivity and widths of xylem and phloem increments in
pedunculate oak (Quercus robur L.) trees of different vitality

In Slovenia, oaks (Quercus robur L. and Quercus sessiliflora Salisb.) are economically and
ecologically very important wood species and represent about 7% of the entire wood stock
(Zavod za gozdove Slovenije, 2010). In the case of pedunculate oak, the lowland forest area
has been shrinking, due to human settlement in the past, intensive and unplanned
silvicultural and agricultural exploitation of the land and conflicts of interest, so only a few
lowland oak forest stands have managed to survive (Kadunc, 2010; Zibert, 2006). Similarly
as in many European countries, a trend of decreasing vitality of pedunculate oak has been
observed in most sites in recent decades. In 2007, pedunculate and sessile oak had the
highest share of damaged and dead trees; i.e., 35.2% of the analysed tree species. The highest
defoliation of pedunculate and sessile oak was observed in 2005. The condition of these
species is characterised by some recuperation in 2006 and another increase in 2007 (UN-
ECE, 2008).
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One of the main reasons for decreasing vitality of pedunculate oak in Slovenia is ascribed to
a lowering of the ground water level due to changes in climatic conditions and unsuitable
artificial melioration of land for agricultural purposes (Kadunc, 2010). Namely, numerous
drainage ditches were excavated in 19th century. The most obvious response of oaks to the
changing environmental (hydrological) conditions is seen in the reduced wood increment,
which is closely related to the structure of wood and its quality (Fig. 12).

Oak wood is considered to be very aesthetic due to its specific anatomical structure (texture)
and colour. Since it also has good mechanical and durability properties, it is used for high
value sawn wood products. A major factor in the utilization of wood is the degree of
variation of wood properties at different scales. Variations are the result of site-to site
differences in wood, population-level differences within a site and within a single tree
(Gasson, 1987; Leal et al., 2007, 2008; Lei et al., 1996; Panshin & de Zeeuw, 1980; Zhang,
1997).

In addition to major economic consequences in these areas, the ecological issues associated
with the decreasing vitality of pedunculate oak stands cannot be neglected. From a
physiological point of view, wood tissues in trees perform several functions simultaneously,
of which the two most important are to provide mechanical support and water transport.
Different cell types, their morphological characteristics and their proportion in the xylem
growth ring affect the survival and efficiency of the living tree. Vessel diameter, area and
percentage conductive area strongly influence the amount of water that can be transported
in the living tree, and so the larger the proportion of the ring occupied by conductive
elements, the less tissue is available for supporting, strengthening and storage. Any changes
in the proportion among different cell types therefore very likely modify the hydraulic and
mechanical properties of wood (Tyree & Zimmermann, 2002).

The relationship among number of cells in phloem, xylem and dormant cambium in oak is
still poorly understood. We have hypothesised that the structure and width of the phloem
increments, the ratio between the phloem and xylem increments and the width of the
dormant cambium would reflect the health condition of the tree. More vital trees are
expected to have much wider xylem than phloem increments, whereas in declining trees,
the ratio between xylem and phloem will decrease. For that purpose, we investigated the
width of the phloem growth rings, late phloem, xylem growth rings, late xylem, as well as
the number of cells in the dormant cambium, in 80 adult pedunculate oaks (Quercus robur L.)
of different vitality. The health condition of the oaks was defined according to the crown
condition and the width of the xylem increment.

Oak trees of various vitality were sampled at a Pseudostellario-Carpinetum mixed forest in
Krakovo, Slovenia (45°54'N, 15 25'E, elevation 150 m). Krakovo is the largest lowland oak
forest in Slovenia, which is flooded by the Krka River. It is dominated by Quercus robur,
Carpinus betulus and Alnus glutinosa tree species. Sampled trees were dominant or co-
dominant with diameter 50-60 cm, height 25-30 m and age above 80 years. In December
2009, we took micro-cores (2.4 x 2.4 x 20 mm) containing inner phloem, cambium and outer
xylem taken from living trees at 1.3 m above the ground. The material extracted from the
trees was immediately fixed, dehydrated in a graded series of ethanol and embedded in
paraffin (Gricar, 2006). Observations and analysis were made on transverse sections using
light microscopy.

The anatomical structure and widths of the phloem and xylem increments are closely related.
In ring-porous oak, increasing ring width results in an increase in the percentage of late wood
and late phloem, respectively (Fig. 12). In both cases, the widths of early phloem and early
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xylem were relatively stable as the widths of the phloem and xylem rings changed, whereas
late phloem and late xylem were quite variable and increased with ring width (phloem
R2 = 0.597; xylem R2 = 0.955) (Fig. 13). Other researchers have also found that the late wood
portion in oak tends to increase with increased ring width, whereas the width of early wood is
more or less constant (Phelps & Workman, 1994; Rao et al., 1997; Zhang, 1997). The reason is in
their completely different anatomical structure and, consequently, their densities, which are
much higher in late wood (ca 800 kg/m3) than in early wood (ca 560 kg/m?3) (Guilley et al.,
1999). Namely, the diameter of late wood vessels is much smaller and the proportion of fibers
is higher. The total ring density of oak is influenced by variation in the late wood structure and
by changes in the proportion of late wood to early wood.

Fig. 12. Ring width and wood structure in ring-porous oaks of different vitality are closely
related. XR - xylem increment, EW - early wood, LW - late wood, PR - phloem increment,
EP - early phloem, LP - late phloem, Scale bars = 500 um
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Fig. 13. Relationship between: (a) widths of late phloem and phloem increments and (b)
widths of late xylem and xylem increments.
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The cambium of vital trees normally produces more xylem than phloem cells. In trees with
diminished vitality, xylem production is reduced and, consequently, the ratio between the
xylem and phloem increment becomes progressively smaller. Only in extreme cases can the
phloem increment be wider than the xylem one (Larson, 1994; Panshin & de Zeeuw, 1980).
Of 86 sampled trees, the ratio between phloem and xylem in 40% of them was from 9% to
20%, in 50% of sampled oaks the ratio between phloem and xylem was from 21% to 40%,
and only in 4 trees was the ratio higher than 50%. The xylem increments in this case were
narrow; i.e., below 1000 pm. We found a high negative correlation between the ratio of
phloem to xylem and the width of xylem increment (R2 = 0.724), whereas no such relation
was found with the width of the phloem increment (Fig. 14). However, unlike in the case of
silver fir, the phloem increment in pedunculate oak was smaller than the xylem one in all
sampled trees.
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Fig. 14. Ratio between phloem and xylem increments in relation to phloem (a) and xylem (b)
ring widths.

The widths of phloem and xylem and the number of cells in the dormant cambium were

shown to be positively correlated. The variability in the widths of increments was higher in

the xylem (400-4660 um) than in the phloem (155-518 pm). In 25% of sampled oaks, the

xylem increment was 400-1000 pm wide, in 44% 1000-2000 pm wide, in 24% 2000-3000 um

wide and in 7% 3000-4660 pm wide. In the case of phloem, 37% of oaks had an increment

from 160-300 pm, 35% of them from 300-400 um and 28% from 400-518 um. We found a

positive relationship between the width of phloem increments and the number of cells in the

dormant cambium (R2 = 0.320), between the width of xylem increments and the number of

cells in the dormant cambium (R2 = 0.561) and between the width of phloem and xylem

increments (R2 = 0.351) (Fig. 15). The highest correlation was thus between the xylem

increment and the number of cells in the dormant cambium.

We can summarize that:

- The widths of phloem and xylem increments and the number of cells in the dormant
cambium are correlated in pedunculate oak.

- The widths of early phloem and early xylem are less dependent on tree vitality;
whereas late phloem and late xylem are subject to higher alterations in width.

- The cambium of oak produces more xylem than phloem cells.

- The ratio between phloem and xylem increment declines with decreased vitality of
trees.
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The study on ring-porous pedunculate oak therefore confirms the findings obtained from
coniferous silver fir trees. Information on the width and structure of xylem and phloem
increments, as well as the number of cells in the dormant cambium, could indeed provide
additional criteria for determining tree vitality.
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Fig. 15. Relationship between: (a) width of the phloem increment and number of cells in the
dormant cambium, (b) width of the xylem increment and number of cells in the dormant
cambium and (c) width of the phloem increment and width of the xylem increment in oak.

12. Conclusions

The anticipated environmental change is one of the main factors threatening the health
condition of the economically most important tree species; economically essential forest
stands are therefore potentially endangered. Knowledge of a species” growth characteristics
and the effect that climatic variables and silvicultural management decisions have on tree
growth is obviously a key issue for assessing and preserving the sustainability of forests
(UN-ECE, 2008). Radial growth patterns have been shown to be valuable indicators of tree
health condition. The width and structure of xylem growth rings are a source of information
about past and present factors affecting development processes in an individual tree. Tree
vitality also has a major effect on wood quality and properties. Information on the width
and structure of xylem and phloem increments, as well as the number of cells in the
dormant cambium could provide additional criteria for determining tree vitality. Indicators
of tree health and vitality need to be accurate and reliable, but also cheap and easy to use.
The proposed indicators comply with these desirable characteristics. Since vital forest
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resources are the basis of sustainable forest management and the production of quality
timber, early identification of trees with an increased risk of dying could help assess and
manage the health condition of forest stands in the future.
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