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ABSTRACT

The density of wood is closely related to its mechanical properties such as hardness, strength and
elasticity of wood. To estimate some of these properties, one only needs to analyse the growth rings and
related density data of wood. The density and growth rings have a close connection with climatic data.
Based on climate change scenarios, it could be possible to prepare estimates for wood properties during
the climate change period. For forestry climate simulation, the Forestry Aridity Index (FAI) was
developed which can be specially applied to Hungary for estimating changes in wood species habitats
under climate change scenarios. Several methods use statistical procedures to model past climatic data
using the genetic properties of the tree species and annual ring data. It is also possible to simulate annual
growth development based on climate data, but we do not know which wood properties will be affected
by climate change in Hungary. Furthermore, research is being conducted to find the answer to this
question.

INTRODUCTION

Wood anatomy overview

The xylem primarily consists of prosenchymatous, elongated and parenchymatous, brick-shaped cells.
Important prosenchymatous cell types in hardwoods include tracheas (also called vessels), libriform fibers,
separate fibers, fiber-tracheids, vasicentric tracheids, and vascular tracheids; in conifers, these include fiber-
tracheids, vertical tracheids, strand tracheids, and ray tracheid cells. Important parenchymatous cell types in
hardwoods are strand parenchyma, fusiform parenchyma, crystalliferous cells, epithelial cells, and ray cells; in
conifers, they are vertical parenchyma, epithelial cells, and ray parenchyma cells (Schweingruber 1996, p. 67).
The annual ring structure results from the intermittent activity of the vascular cambium in trees within the
temperate zone (Molnér et al. 2007, pp. 68-69). In the spring, when the cambium activates, it produces
parenchymatic cells and vessels (only in hardwoods) as well as tracheids with large lumens and thin-walled
fiber cells — this forms the earlywood. Later, as summer and autumn progress, the cambium continues to
produce parenchymatic cells, and the vascular area decreases with narrower-lumen vessels (only in
hardwoods), along with thick-walled fiber and tracheid cells — this is the latewood. During the winter, the
cambium enters dormancy. (Schweingruber 1996, p. 67; Molnér et al. 2007, pp. 68-69). The annual ring
boundary is formed between the latewood and earlywood. Outside the temperate zone, in subtropical and
tropical areas, the growth ring often does not correspond to the annual ring because the cambium’s activity
is cyclical, influenced by wet and dry periods (Molnar et al. 2007, pp. 68—69). Schultz (2005) identifies
nine climatic ecozones on Earth that exhibit seasonal cambial rhythms (Schmitt et al. 2023, pp. 58-59).
Prosenchymatous cells are primarily responsible for water conduction and structural strength. In
earlywood, these cells live for a few weeks, while in latewood, they can survive for a few months. This
type of cell has the ability to adapt to the climate over its lifespan, reflecting the impact of environmental
events. Parenchymatous cells, on the other hand, can live for several years and typically have thickened
cell walls regardless of age; thus, they do not retain climatic information (Schweingruber 1996, p. 67). In
the temperate zone, the earlywood and latewood can be visually distinguished in ring-porous species and
some conifers. They can be separated under a microscope in semi-ring-porous or semi-diffuse-porous
species and are hard to differentiate with any equipment in diffuse-porous species. Table 1 summarizes
the main identification markers for earlywood and latewood in trees from the temperate zone. Earlywood

230


mailto:farkaspeter@phd.uni-sopron.hu

11" HARDWOOD CONFERENCE PROCEEDINGS

has a lower density than latewood, making the percentage of latewood within an annual ring important
both technically and from the perspective of timber utilization (Molnar et al. 2007, p. 69).

Table 1: Earlywood and latewood identification marks in temperate zone trees

Tree Earlywood identification marks Latewood identification marks
Softwoods - thin-walled tracheids with shorter lengths - thick-walled tracheids with greater lengths
(conifers) - visibly lighter colour (in multiple species) - Mork’s criterion: in the latewood, the double

tracheid cell wall thickness > lumen?!

- visibly darker colour (in multiple species)

Ring-porous - the diameters of the vessels are clearly larger - the diameters of the vessels are clearly small
hardwoods and arranged in a circle along the annual ring? and not follow the line of the annual ring?
- fiber cells are thin-walled - fiber cells are thick-walled
Semi-ring and - the transition between earlywood and latewood is continuous
semi-diffuse - the diameter of vessels decreases continuously from earlywood to latewood
porous - the frequency of vessels decreases continuously from earlywood to latewood
hardwoods - there is a visible colour transition from lighter to darker between earlywood and latewood

- fiber cell diameter decreases and cell wall thickness increases in a continuous transition from
earlywood to latewood

Diffuse-porous | - the transition between earlywood and latewood is continuous

hardwoods - in some species, the diameter of vessels decreases slightly from earlywood to latewood (e.g., beech)

- in some species, the frequency of vessels decreases from earlywood to latewood (e.g., common alder)
- a visible colour transition from lighter to darker between earlywood and latewood is rare

- in a continuous transition from earlywood to latewood, the diameter of fiber cells slightly decreases
and cell wall thickness increases

Own adapted table, based on sources: }(Denne 1989), 2(Molnar et al. 2007, p. 54-55), (Schmitt et al. 2023, pp. 58-59).

Figure 1 schematically represents the relationship between tracheid cell wall thickness, radial diameters,
and wood density in the annual rings of conifers (Cuny et al. 2014, p. 1232). In Figure 1, the schematic
cells could also be interpreted representing the lumen area in the case of hardwood cells. For conifers,
changes in annual ring width are primarily determined by the earlywood, with less variability in the
latewood. In contrast, for ring-porous hardwood trees, the variability in annual ring width is determined
by the latewood, because the width of the earlywood is almost constant (approximately 0.4 to 0.6 mm
in Hungary). For example, the outstanding strength characteristics of black locust (Robinia
pseudoacacia) are primarily related to the high percentage of latewood, which can reach up to 85%. The
typical densitymciau) is 770 kg/m?, porosity is 52%, fiber cell wall volume is 68%. For similar densities,
the high fiber cell wall volume is responsible: 86% in the case of sessile oak (Quercus petraea) and
Turkey oak (Q. cerris) which have a 60-80% latewood percentage, and also in European beech (Fagus
sylvatica) which has an 89% fiber cell wall volume, 55% porosity, and typical densitymcize) value is
720 kg/m3. In the case of native and hybrid poplars (Populus spp.) the fiber cell wall is thin, with a
volume of 50-60%, and the porosity can reach a high rate of 75%, resulting in a low density mci2u%) that
ranges from 360 to 490 kg/m3, with an typical value of 400 kg/m?3 (Molnér et al. 2007).

first formed cell mgle annual nng last formed cell

-« -+ - >

(‘_u'_'_ wood tramnsition latewood
- > |+ >+ >

cell radial diameter

wall thickness

Figure 1: Relationship between tracheid cell wall thickness, radial diameters, and wood density in the annual
rings of conifers. Adapted from Cuny et al. (2014).
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“The density of wood is directly related to the ratio of cell wall thickness to cell diameter, meaning that
the overall density depends on the proportion of thin-walled earlywood to thick-walled latewood.”
(Sandberg et al. 2023, p. 1839) The density of wood is closely related to mechanical properties such as
hardness, strength, and elasticity. Based on this, estimating some properties may only require analysing
the growth rings and related density data of the wood (Molnér et al. 2007, p. 68). The density and growth
rings have a close connection with climatic data, according to Schweingruber (1996). This means that,
based on climate change scenarios, it could be possible to prepare estimations of wood properties for
the period affected by climate change.

Climate change and important wood species of Hungary

The current forested area in Hungary comprises 21% of the country's total land area. As of 2022, the
economically most important tree species and their respective percentages of forest area are as follows:
oak (mainly: Q. robur, Q. petraea) at 21.0 %, Turkey oak (Q. cerris) at 11.6%, beech (F. sylvatica) at
6.1%, hornbeam (C. betulus) at 5.2%, black locust (R. pseudoacacia) at 24.4%, hybrid and native
poplars (Populus spp.) at 10.5%, softwood (mainly: P. sylvestris, P. nigra) at 9.4%. In 2022, the total
living tree resource was 408,091,878 m3. The total annual growth and total annual timber logging
amounted to 12,937,847 m3 and 7,343,656 m3, respectively (National Land Centre 2024). The forested
area in Hungary is increasing. The National Forest Strategy aims to achieve a 27% forested area by 2050
(Ministry of Agriculture 2016). This goal is important both economically and ecologically. Climate
change affects the forest, and monitoring this process requires the application of improved forestry
climate models.

From a forest hydrology and life cycle perspective in Hungary, the period from November to April is
marked by water accumulation, dormancy, and early growth. The most critical period for water
consumption, vitality, and organic matter production is between May and August, when the
evapotranspiration rate is high, and the forest is very sensitive to extreme weather conditions. July and
August are particularly crucial, as these are arid and hot months when growth diminishes. In the
concluding period, from September to October, growth gradually ceases, and the focus shifts
physiologically to seed production and nutrient storage (Fiihrer 2010; Fuhrer et al. 2011). Based on the
relationship between the girth growth of trees and meteorological parameters, and recognizing the
critical period from May to August, Fihrer (2010) introduced the newly developed Forestry Aridity
Index (FAI) for Hungarian conditions (Eg. 1):

FAI = 100 - -—uy=Aug @)
PMay—]uly+P]uly—Aug

where T1—au g is the average temperature from July to August ('C) and Pyqy—juiy + Pruty—aug 1 the
precipitation sum (mm) in May, June, July, and again in July and August (Flhrer 2010), so the equation
is weighted with the most critical July month.

Fuhrer (2010), Fuhrer et al. (2017), Galos and Fihrer (2018), and Métyas et al. (2018) identified five
forestry climate categories based on the Forestry Aridity Index (FAI): beech (FAI < 4.75), hornbeam
oak (FALI: 4.75-6.00), sessile oak turkey oak (FAI: 6.00-7.25), forest-steppe (FAI: 7.25-8.50), and grass
steppe (FAI > 8.50). Applying the FAI, Flhrer et al. (2017) and Gélos and Fhrer (2018) projected the
macroclimate classes onto the area of Hungary (Figure 2) and created simulations with climate scenario
Al1B for the period 2021-2050. These FAI-based aridity simulations suggest that climate change will
shift Hungary’s forest climate towards dry sessile oak-turkey oak and forest-steppe, and in some areas,
to grass steppe. Métyés et al. (2018) reported that the annual temperature has increased by 1.2-1.7°C
over the last 30 years. Illés and Méricz (2022) conducted a climate envelope analysis for nine native
wood species in Europe and Hungary under the RCP4.5 climate scenario. Their findings indicate that
the applied climate model predicts an increase in the annual average temperature in Hungary (2011—
2040: +1.7 °C; 2041-2070: +2.5 °C; 2071-2100: +3.1 °C). Meanwhile, the amount of annual (+5%)
and summer precipitation (-10%) shows only minor changes by the end of the century compared to the
period 1961-1990. Figure 3 represents the decrease in precipitation (3a) and increase in temperature
(3b) over the past 120 years (World Bank Group 2024). When compared with the estimations by Il1és
and Mdricz (2022), Figure 3 shows similar trends. Additionally, when compared with FAI-based aridity
maps (Figure 2), a slight decrease in precipitation and a definite increase in temperature can be observed,
which will result in a xeric shift in Hungary's forest climate. As described by Illés and Méricz (2022),
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due to climate change, over the next 40-80 years, the habitats of beech (F. sylvatica), Scots pine
(P. sylvestris), sessile oak (Q. petraea), and European oak (Q. robur) will significantly decrease in
Hungary. Conversely, the habitats of Turkey oak (Q. cerris), pubescent oak (Q. pubescent), and
Austrian pine (P. nigra) are expected to increase and expand into the hilly and mid-mountain areas.
Porcsin et al. (2023) investigated cultivars of black locust (R. pseudoacacia). This species is frost-
sensitive and tolerant of summer heat. The increasing temperatures associated with climate change in
Hungary could be advantageous for this tree. It is expected that the area covered by black locust forests
will increase in the forest-steppe regions. However, despite its economic importance, it is also an
invasive species, necessitating well-regulated planting with high-quality cultivars. (Koman and Varga
2021; Koméan and Lehoczki 2022; Koman et al. 2022). Bartha et al. (2018) estimated a significant
expansion of the invasive hackberry (Celtis occidentalis) during the simulated period from 2021 to 2070.

@ Beech
@ Hombeam-oak

©  Sessile oak - Turkey oak
@ Forest steppe

@ STEPPE

Figure 2: Simulated shift in macroclimate classes in Hungary, 2021-2050. Defined by the Forestry Aridity
Index. (a) Mean of the simulation; (b) optimistic result; (c) pessimistic result of simulation (b, c: 66% range
of the simulation results, emission scenario: A1B). Adapted from B. Galos in Matyas et al. (2018), licence CC-

BY 4.0.
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Figure 3: Precipitation (3a) and temperature (3b) change trends between 1901 and 2021 in Hungary.
Own edited figure based on dataset of World Bank Group, CCKP (2024), license: (CC BY 4.0)

DISCUSSION

The international research on dendroclimatology and dendrochronology primarily focuses on softwoods
or, in some cases, ring-porous analyses (Cook and Kairiukstis 1990; Schweingruber 1996; Cuny et al.
2014; Gartner et al. 2015). In Hungary, Majer (1972) examined the relationship between annual growth
and climate in beech trees. David and Kern (2007) and Kern (2007) analyzed oak trees using
dendroecological and dendrochronological methods. Misi (2017) conducted a comprehensive
dendroclimatology analysis of Scots pine. Grynaeus (2002), Morg6s (2007), and Arvai (2019) focused
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their main research on dendrochronology from an archaeological perspective. Various methods employ
mathematical and statistical procedures to model past climatic data using the genetic properties of tree
species and annual ring data (Biondi and Waikul 2004; JevSenak 2020). Shishov et al. (2016, 2021)
developed a band model for cambium development, which simulates the seasonal cell production of
cambium based on specific wood species and estimated temperature and precipitation trends. This model
was tested in the semi-arid Southern-Siberian area by the authors.

Summarizing, we understand the types of climatic changes possible in Hungary and which wood species
will survive in future Hungarian forests. However, we currently do not know what quality properties
these woods will possess. Further research will attempt to answer this question by applying
mathematical models and the aforementioned software calculation methods adapted to Hungarian
climate scenarios.
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