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Preface to the  

12TH HARDWOOD CONFERENCE  
R·bert N®meth 

 

For the 12th time, we are pleased to organize the Hardwood Conference in Sopron. Over more than two 

decades, this conference series has become an important international forum for hardwood research, 

bringing together scientists, forestry experts, and industrial professionals from many countries. 

The challenges facing hardwood resources continue to grow. Climate change, emerging pests and 

diseases, changing forest ecosystems, and increasing demand for renewable materials require innovative 

scientific solutions and closer cooperation between forestry, wood science, and industry. The 

contributions presented at this conference clearly demonstrate the strength and diversity of the 

international hardwood research community. 

The program highlights several key research directions. Sustainable forest management, climate 

adaptation, biodiversity, and plantation forestry are represented alongside studies on wood structure and 

properties, wood modification, bonding technologies, coatings, engineered wood products, and 

composite materials. Particular attention is devoted to the utilization of under-utilized hardwood species, 

value-added products, and the role of hardwoods in sustainable construction and the circular 

bioeconomy. 

The conference also reflects the growing importance of interdisciplinary research. Experts from forestry, 

biology, chemistry, materials science, engineering, and design contribute to a common goal: increasing 

the value and utilization potential of hardwood resources while ensuring their long-term sustainability. 

One of the greatest strengths of the Hardwood Conference remains the active participation of young 

researchers and students. Their enthusiasm and scientific achievements give us confidence in the future 

of hardwood research. 

I would like to express my sincere gratitude to all authors, reviewers, keynote speakers, session chairs, 

and participants whose contributions have made the 12th Hardwood Conference possible. Special thanks 

are due to the University of Sopron (HU), the Ligneum Visitor Centre (HU), the Scientific Association 

for Wood Industry (HU), the Wood K plus (AT), and the Georg-August University Gºttingen (DE) for 

their commitment, cooperation, and contribution to the successful organization of the 12th Hardwood 

Conference. 

 

I hope that the conference will provide valuable scientific discussions, new collaborations, and 

inspiration for future research. 

 

Sopron, June 2026 

R·bert N®meth 
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Plenary Session of the  

12TH HARDWOOD CONFERENCE  
 

 

Hardwood Products from Fast-Growing Trees 
 

Joris Van Acker1, Jan Van den Bulcke1  

 
1 Ghent University, UGent-Woodlab - Laboratory of Wood Technology, Coupure Links 653, 9000 

Ghent, Belgium. 

 

E-mail: Joris.VanAcker@UGent.be; Jan.VandenBulcke@UGent.be 

 

Keywords: fast-growing trees (FGTs), hardwood, wood products. 

 

ABSTRACT  

Over the past decades planted forests and more specifically plantations have become a major tool to 

increase the production of woody biomass and bio-materials. Fast-Growing Trees (FGTs) are considered 

key in this perspective and, besides softwood resources, the hardwood potential linked to temperate and 

tropical broadleaved trees is eminent. A considerable set of tree species can be considered as FGTs. 

Some are well known in temperate regions like poplar (Populus) and willow (Salix). Others like kiri 

(Pauwlonia), the tulip tree (Liriodendron) and alder species (Alnus) share similar potential. In tropical 

regions, many broadleaved tree species also show strong promise for plantation development. Industrial 

plantations exist for eucalypts (Eucalyptus), teak (Tectona), and wattles (Acacia), but also species 

important for local livelihoods are relevant, such as yemane (Gmelina), batai (Falcataria, formerly 

Paraserianthes), she-oak (Casuarina), mesquite (Prosopis), and neem (Azadirachta).  

 

All these species could be used for Engineered Wood Products (EWPs) ranging from structural 

applications up to the full range of multiple end-uses linked to bio-based materials. This resource will 

inevitably have an impact on the bioeconomy the coming decades. Although hybrid poplar trees can be 

considered paving the way, domestication together with selection and breeding tools may be useful also 

for other hardwoods, as is already the case for eucalypts, acacia and paulownia hybrids. Similarly, as 

with hybrid poplar, other fast growing tropical hardwoods are likely to be very useful. Some are 

important related to their indigenous origin with commercial relevance like okoum® (Aucoumea 

klaineana), ayous ï obech® (Triplochiton scleroxylon), limba (Terminalia superba) and balsa (Ochroma 

pyramidale), while others could provide extra domestication option related to their vegetative or clonal 

regeneration (paulownia, yemane), or focus on other ecosystem services like supporting livelihoods 

(batai, neem) and underpinning phytoremediation (mesquite).   

 

The IPC, the International Commission on Poplars and Other Fast-Growing Trees Sustaining People 

and the Environment, is one of the oldest statutory bodies within the framework of the Food and 

Agriculture Organization of the United Nations (FAO) as it was founded in 1947. The reform of the IPC 

Convention, adopted in 2019, expanded the Commissionôs scope beyond poplars and willows to include 

other fast-growing tree species. This broader mandate reflects the global importance of fast-growing 

trees for: sustainable wood supply, climate change mitigation, ecosystem services and rural 

development. 
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Although wood from fast-growing broadleaved species like hybrid poplars have been used as timber 

alongside oak for historical construction in many European countries, the use of local and imported 

softwood timber is considered key for timber-frame structures. The development of newer Engineered 

Wood Products like CLT, LVL, I-joists and LSL alongside more traditional ones like glulam and 

plywood enhances the option of using more hardwoods. Since such mechanical transformation (sawing, 

peeling) of trees hardly can provide a yield considerably higher than 50%, the residuals also need to be 

valued. Alongside paper and bioenergy, the potential for such resource to be used a bio-material in the 

building sector are good alternatives for polymer-based insulation materials.  

 

The topic of including lesser used resources for green building is the main objective of the EU funded 

project WoodStock in developing climate-smart solutions to increase the use of underutilised wood in 

the European construction sector. This EU Horizon project (ID: 101181021) is focussing on hardwoods 

but also on lower quality wood, recovered wood to empower climate-smart, circular, and zero-waste use 

of underutilized wood from the forest and building stock in the construction sector to support the New 

European Bauhaus. 

 

Complementing the current softwood-based resource for green building with a range of hardwood 

products based on fast-growing trees both in the temperate and tropical regions, will enable the extra 

renewable material for the future needs of the forestry wood chain.
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ABSTRACT 

Sustainable wood production is increasingly threatened by climate change, particularly through 

heightened water stress and biotic damage that reduce growth and might increase mortality in poplar 

plantations. The "Smart Poplar" project addresses these challenges by integrating biotechnology, digital 

twins, and artificial intelligence in a multi-pronged approach to plantation resilience. This study pursues 

two complementary objectives: (i) it evaluates the effectiveness of mycorrhizal and bacterial bio-

inoculation treatmentsðconsisting of Pisolithus spp. and Pseudomonas sp.ðin enhancing the resilience 

of two commercially important clonal poplar varieties ('Raspalje' and 'I-214'); and (ii) it employs time-

series analyses of sap flow and solar radiation data from IoT-connected Tree Talker sensors to identify 

early physiological signals associated with water stress. The study was conducted in a 10-year-old poplar 

plantation in Fresno de la Vega, Le·n, Spain, where 40 trees experienced varying degrees of water stress. 

Weekly monitoring of diameter at breast height (DBH) growth, visual health assessments, and hourly 

ecophysiological sensor data were collected from June to August 2024, with bio-inoculation follow-up 

in 2024 and 2025. Sap flow trend analysis revealed statistically significant negative trends in stressed 

trees (p < 0.001), providing early, near-real-time indicators of water deficit prior to visible crown 

symptoms. Solar radiation under the canopy increased significantly in stressed trees as leaf cover 

declined, offering a complementary but less sensitive signal. Optical root analysis confirmed 

mycorrhization rates exceeding 60% for Pisolithus tinctorius in inoculated trees. ANCOVA results for 

2025 demonstrated a statistically significant positive effect of bio-inoculation on DBH growth during 

the critical summer stress period exclusively in previously non-stressed trees (p = 0.013), suggesting 

that preventive application of bio-treatments to not too stressed trees maximises their protective effect. 

These findings offer a promising pathway for sustainable, zero-residue forest management integrating 

ecophysiological monitoring (digital twins) and biotechnology. 

 

INTRODUCTION  

Poplar (Populus spp.) plantations represent a cornerstone of European wood production, providing raw 

material for the pulp and paper industry, plywood manufacturing, and biomass energy, while 

simultaneously contributing to landscape connectivity and carbon sequestration. In Spain, hybrid poplar 

clones such as 'Raspalje' (Populus Ĭ generosa) and 'I-214' (Populus Ĭ canadensis) are among the most 

widely cultivated for high-quality timber production. However, increasing climate variabilityð

characterised by prolonged drought episodes, higher temperatures, and irregular precipitationðand 

lower water table depth are exerting growing pressure on plantation productivity and long-term viability 

(Hicke and Zeppel 2013; Lintao et al. 2024). 
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Water stress is one of the primary abiotic factors limiting growth and survival in poplar plantations. 

Under water deficit conditions, trees reduce stomatal conductance to limit transpiration, which 

simultaneously limits carbon assimilation and, consequently, wood formation. Early detection of these 

physiological responses is critical for enabling timely adaptive management decisions, such as 

supplemental irrigation, adjusted cutting cycles, or targeted interventions to improve soil water 

retention. Traditional methods of stress assessmentðbased on periodic field surveys or destructive 

samplingðare insufficient for capturing the rapid, dynamic nature of plant water relations during 

drought episodes (Mee et al. 2017). 

 

In recent years, ecophysiological sensors coupled with Internet of Things (IoT) networks have emerged 

as powerful tools for continuous, near-real-time monitoring of tree water status. Sap flow density, in 

particular, has been demonstrated to be a reliable proxy for stomatal conductance and transpiration, 

providing integrated, tree-level information that is directly linked to water availability (Hernandez-

Santana et al. 2016; Ortu¶o et al. 2005). Similarly, under-canopy solar radiation provides a non-invasive 

indicator of canopy structural changes associated with leaf yellowing and defoliation under stress 

(Matasov et al. 2020). The integration of these sensors with IoT data transmission platforms enables 

near-real-time data streaming and remote monitoring, opening new possibilities for precision 

silviculture (Grisales-Sanchez et al. 2023) and a crucial part of digital twins for trees. 

 

In parallel, biotechnological approaches are emerging as promising tools to increase tree resilience. 

Beneficial fungi and bacteria can improve nutrient acquisition, water-use efficiency and stress tolerance 

while reducing dependence on chemical inputs. Such approaches align with current European strategies 

promoting sustainable and environmentally friendly forestry. However, the efficacy of these treatments 

under field conditions, and particularly their interaction with pre-existing water stress levels, remains 

insufficiently characterised. 

 

The "Smart Poplar" project, carried out within the DRACONES Research Group at the Universidad de 

Le·n, in collaboration with private forestry and industrial partner, addresses this knowledge gap through 

an integrated approach combining ecophysiological monitoring, biotechnology, and geoinformatics. 

This paper presents the results from two key components of the project: (i) the near-real-time detection 

and monitoring of water stress using sap flow sensors, IoT technology, and time-series analysis; and (ii) 

the evaluation of bio-inoculation treatments as a preventive resilience strategy in clonal poplar 

plantations. 

 

MATERIALS AND METHODS  

 

Study Site and Plant Material 

The study was conducted in a 10-year-old clonal poplar plantation located in Fresno de la Vega (42Á8'N, 

5Á25'W; 795 m a.s.l.), Le·n, Spain (Figure 1). This site is characterised by a semi-arid continental 

climate with hot, dry summers and cold winters. Since its establishment, the plantation has experienced 

varying degrees of water stress due to progressive fluctuations in the water table. Forty trees were 

selected for the study: 20 individuals of the 'Raspalje' cultivar (Populus Ĭ generosa A. Henry ex Rehder) 

and 20 of the 'I-214' cultivar (Populus Ĭ canadensis Moench), representing two of the most 

commercially important hybrid clones cultivated in Spain. Tree selection was stratified to ensure a 

representative distribution of initial water stress levels across both clones. 
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Figure 1: Location of the field plot and distribution of the monitored trees 

 

Water Stress Monitoring 

Water stress was assessed through a combination of dendrometric and visual health measurements. 

Diameter at breast height (DBH) was measured weekly from 26 June to 31 August 2024 using permanent 

tapes fitted with vernier scales offering a measurement resolution of 0.1 mm. Health status was assessed 

on a weekly basis using visual scoring of the percentage of yellow leaves and the percentage of 

defoliation for each tree. At the initial assessment (26 June 2024), none of the monitored trees exhibited 

crown symptoms of water stress. 

Nine eco-physiological Tree Talker (TT) sensors were deployed on nine of the selected trees: six 

TreeTalker+ version 3.3 (TT+) and three TTcyber units (Nature 4.0 Company) (Table 1). These devices 

measured (i) sap flow density and (ii) under-canopy solar radiation in multiple spectral bands, recording 

data at hourly intervals. Data transmission was achieved via GSM/GPRS technology (TT+ units) and 

NB-IoT (TTcyber units), enabling near-real-time access through the Nature 4.0 online server (Matasov 

et al. 2020). Sap flow density (SF, l dm Į h ĭ) was computed hourly, but only values recorded between 

12:00 and 16:00 local time were retained for analysis, as this window corresponds to peak stomatal 

activity and the period of maximum vulnerability to stomatal closure under water deficit conditions 

(Hernandez-Santana et al. 2016). 
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Table 1: Characteristics of the ecophysiological sensor network. Clone: R: Raspalje, I: I-214; SN: 

serial number; YL: yellow leaves; LL: leaf loss 

Clone SN Model TT 

Installation 

Health status assessment 

(31/07/2024) 

Health status assessment 

(28/08/2024) 

R 621B0397 TT+ 25/06/2024 No symptoms No symptoms 

R 71229005 TT+ 25/06/2024 No symptoms No symptoms 

R 71229003 TT+ 25/06/2024 No symptoms No symptoms 

R 71229002 TT+ 25/06/2024 50% YL; 15% LL 70% LL 

R 71229006 TT+ 25/06/2024 60% YL; 20% LL 70% LL 

R 71229008 TT+ 25/06/2024 YL (basal) YL (basal) 

I 8123A077 TTCyber 27/06/2024 50% YL; 50% LL 75% LL 

I 8123A081 TTCyber 15/07/2024 Some YL; 5% LL 20% YL; 35% LL 

R 8123A075 TTCyber 15/07/2024 No symptoms No symptoms 

 

Bio-inoculation Treatments 

Bio-inoculation treatments were applied to 20 of the 40 trees (10 per clone), while the remaining 20 

trees served as untreated controls. The inoculum consisted of a combination of the ectomycorrhizal 

fungus Pisolithus tinctorius and the plant growth-promoting rhizobacterium Pseudomonas sp. Initial 

inoculation was performed in July 2024, and a re-inoculation was carried out in March 2025 on the same 

trees to reinforce mycorrhizal establishment. Mycorrhizal colonisation was confirmed through optical 

root tip analysis. Roots from inoculated and control trees were excavated, washed, and examined under 

a stereomicroscope to determine the proportion of root tips exhibiting characteristic mycorrhizal 

morphology. 

 

Prior to the treatment analysis, the 40 trees were classified into three levels of initial water stress 

(StressINI) based on two complementary criteria: (a) retrospective annual diameter increment derived 

from increment core ring-width measurements, and (b) visual health assessment (percentage of yellow 

leaves) conducted in July: Class 0 (no initial stress), Class 0.5 (intermediate stress), and Class 1 (severe 

stress). DBH measurements confirmed that this classification captured significant differences in tree 

vigour (Class 0 > Class 0.5 > Class 1, Kruskal-Wallis test, p < 0.05), while no significant differences 

between clones were detected, permitting the analysis to focus on the interaction between initial stress 

class and bio-inoculation. 

 

Statistical Analysis 

To demonstrate that sap flows and solar radiation under the canopy of trees under water stress follow a 

different trend than those of non-stressed trees, time series trend analyses were performed (Zuur et al. 

2009). We analysed the July and August time series for (i) sap flow, calculated as averages between 

noon and 4 pm, and (ii) daily total solar radiation (wavelength of 550 nm (Ñ20 nm)). Two types of 

analyses were performed, as follows. For the ecophysiological monitoring component, time-series trend 

analyses were conducted on July and August sap flow records and on daily total under-canopy solar 

radiation (550 nm Ñ 20 nm). Individual trend models were fitted using ordinary least squares linear 

regression showed in Equation 1. 

 

Sap flow or Radiation = a + (ɓ Ĭ time) (1) 

 

where ɓ represents the slope of the linear trend. For sap flow, the null hypothesis stipulated that ɓ would 

be significantly negative for stressed trees, reflecting progressive stomatal closure and reduced 

transpiration, whereas no significant trend was expected for non-stressed individuals. Significance of ɓ 

was assessed using the t-statistic (p < 0.05).  
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Comparison of trends between stressed and non-stressed groups was performed by combining a linear 

regression analysis and a t-test, creating a categorical variable indicating whether a tree was under water 

stress or not ('stressed' and 'non-stressed') and fitting a linear regression model for the dependent 

variables (sap flow or solar radiation) and, as independent variables, the time variable, the grouping 

variable and the interaction term (time Ĭ group). If the interaction term was significant (p < 0.05), the 

trends (slopes) differed significantly between the groups (Zuur et al. 2009). The t and p statistics were 

calculated for ɓ to test its significance. 

 

The 9 monitored trees were classified as 'stressed' or 'non-stressed' based on two criteria: (a) water stress 

symptoms on the crown/leaves (yellow leaves/leaf loss) and (b) weekly DBH growth significantly 

smaller than the average for the other 39 trees in the plot and. Until July 11th 2024 (inclusive) none of 

the trees showed water stress symptoms in the crown/leaves. By the end of July (Table 1) the three of 

them showed severe symptoms, which increased during August. Those three trees had a weekly DBH 

growth close to 0.00 cm. We used a one-sample t-test to compare each one of these individual growth 

values with the average of the other 39 values (Ruxton 2006). The null hypothesis was that the individual 

value was not significantly different from the mean of the other values. 

 

For the bio-inoculation component, the effect of bio-treatment on DBH growth during the critical water 

stress period (July to September) was evaluated using analysis of covariance (ANCOVA) models fitted 

separately for each initial stress class. The model included the binary bio-inoculation factor (TratBIO: 

inoculated vs. control) as the fixed effect, with initial DBH as a covariate to control for pre-existing 

differences in tree vigour. Mean comparisons were conducted using Tukey's range test at the 95% 

confidence level. Analyses were performed in R and SPSS. 

 

RESULTS AND DISCUSSION 

 

Near-Real-Time Detection of Water Stress Using Sap Flow 

Individual sap flow trend analysis for July revealed statistically significant negative trends (standardised 

ɓ < 0; p < 0.001) for the three trees classified as stressed (SN: 71229002, 71229006, 8123A077), 

indicating a progressive reduction in transpiration flux during the monitoring period (Table 2). For non-

stressed trees, no significant trend was detected (p > 0.05) during July, confirming their maintenance of 

hydraulic function throughout the early summer period. Tree 8123A081, which only developed visible 

crown symptoms at the end of August, showed no significant sap flow trend in July (p = 0.34), consistent 

with its classification as a late-stressed individual. These results agree with the daily sap flow average 

values between noon and 4 pm (Figure 2) and align with findings by Grisales-Sanchez et al. (2023), who 

demonstrated using the same sensor platform that sap flow reductions precede visible foliar symptoms 

in poplar plantations under drought, and with the broader literature demonstrating that sap flow density 

tracks stomatal conductance dynamics under water stress (Hernandez-Santana et al. 2016; Ortu¶o et al. 

2005). The negative trend in stressed trees is consistent with progressive stomatal closure in response to 

declining soil water potential, a well-documented physiological response in Populus species (Lintao et 

al. 2024). 

 

The trend comparison analysis confirmed that the interaction term 'time Ĭ stress group' was highly 

significant for sap flow (ɓ = 0.36, t = 8.5, p < 0.001), demonstrating that the sap flow trajectories of 

stressed and non-stressed trees diverged significantly during the monitoring period. This divergence was 

robust when using both the three July-stressed trees and when the late-stressed tree (8123A081) was 

included in the analysis, suggesting the approach can successfully capture early-onset and progressive 

stress responses within the same monitoring framework. 

The practical implications are significant: sap flow sensors connected to IoT networks can provide 

plantation managers with actionable alerts when individual trees begin exhibiting hydraulic stress, 

enabling precision interventions such as targeted irrigation before irreversible damage occurs. 
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Table 2: Results of the trend analysis for sap flow in July (SFJ) and August (SFA), and daily 550 

nm solar radiation (SR) for the combined JulyïAugust period. ɓ: standardised slope; p: 

significance; n: number of observations 

Variable 71229002 

Stressed 

71229006 

Stressed 

8123A077 

Stressed 

8123A081 

Late 

71229005 

Non-str. 

71229003 

Non-str. 

621B0397 

Non-str. 

71229008 

Non-str. 

8123A075 

Non-str. 

SFJ ɓ -0.63 -0.94 -0.89 -0.23 -0.13 -0.01 0.27 0.07 -0.16 

SFJ p <0.001 <0.001 <0.001 0.34 0.49 0.97 0.01 0.68 0.53 

SFJ n 31 31 16 17 30 31 31 31 17 

SFA ɓ 0.64 -0.5 ï -0.53 -0.82 -0.71 0.14 -0.61 -0.5 

SFA p 0.12 0.25 ï 0.22 0.02 0.07 0.98 0.14 0.24 

SR ɓ 0.80 0.77 0.70 -0.26 -0.81 0.40 -0.57 0.39 -0.81 

SR p <.001 <.001 <.001 0.079 <.001 0.002 <.001 0.002 <.001 

SR n 60 60 47 47 61 61 53 61 61 

 

 
 

Figure 2: Daily sap flow averages between noon and 4 pm for each tree. Dashed lines correspond to 

trees classified as ñstressedò due to their significantly lower DBH growth or visual assessment 

 

Under-Canopy Solar Radiation as a Complementary Stress Indicator 

Time-series analysis of daily 550 nm solar radiation beneath the canopy revealed significant positive 

trends for all trees that developed visual symptoms of water stress (ɓ > 0.70; p < 0.001 for the three 
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July-stressed trees), reflecting increasing light penetration through a canopy progressively thinned by 

leaf yellowing and defoliation (Table 2). For most non-stressed trees, either no significant trend or a 

significant negative trend was detected, consistent with continued canopy development and increasing 

shading through the growing season. 

 

The interaction term 'time Ĭ stress' for the solar radiation model was highly significant (ɓ = 0.67, t = 

21.15, p < 0.001; n = 506 observations), confirming statistically that the under-canopy radiation 

dynamics of stressed and non-stressed trees were distinctly different. However, comparing the temporal 

patterns of sap flow and solar radiation responses, it is apparent that the solar radiation signal becomes 

prominent only after substantial canopy change has occurredði.e., at a more advanced stage of water 

stressðwhereas sap flow declines were detectable before visible foliar symptoms appeared. This is 

consistent with findings by Hºlscher et al. (2005), who noted that canopy structural responses to drought 

lag behind hydraulic responses in broadleaved trees Recent studies have similarly demonstrated that sap 

flow responds rapidly to declining soil water availability and may provide a more sensitive indicator of 

drought stress than other tree water-status metrics, supporting its application as an early-warning tool in 

precision forestry and irrigation management (Fern§ndez et al., 2001; Donfack et al., 2024; B§rek et al., 

2025; Uni et al., 2025). 

 

These findings confirm that combining sap flow and solar radiation sensors provides complementary 

information across different stages of water stress development: sap flow is more sensitive to early 

hydraulic stress, while solar radiation captures later-stage canopy structural change. Previous studies 

have shown that radiation-related variables strongly influence transpiration dynamics during drought 

periods and interact with tree hydraulic status, although optical signals generally reflect canopy-level 

responses that emerge after physiological regulation has already begun (Donfack et al., 2024; Zhao & 

Fan, 2024) 

 

Bio-inoculation: Mycorrhizal Establishment and Initial Response 

Optical root tip analysis confirmed successful mycorrhizal colonisation in all inoculated trees, with 

Pisolithus tinctorius mycorrhization rates exceeding 60% of examined root tips. This rate is considered 

indicative of highly productive mycorrhizal symbiosis. No mycorrhizal structures were detected in 

control trees, validating the experimental design and confirming the specificity of the inoculation. This 

high colonisation rate is particularly notable given that the trees were already 10 years old at the time of 

treatment, suggesting that Pisolithus tinctorius can establish functional symbiosis even in mature 

plantation poplars where a native soil microbiome is already present. 

 

Results from the 2024 growing season revealed an irregular treatment response. The irregularity was 

attributed primarily to the inoculation establishment phase and the presence of high variance (outliers) 

within the intermediate-stress group (Class 0.5), which limited statistical power. These factors are 

consistent with the expected lag phase following the introduction of a new fungal symbiont into an 

existing root system, and with the documented variability of bio-inoculation responses in field settings 

during the first post-treatment season. 

 

Bio-inoculation Effect on DBH Growth Under Water Stress 

The 2025 growing season provided decisive evidence of the bio-inoculation effect during the period of 

maximum water stress (JulyïSeptember). ANCOVA analysis of DBH growth during this critical 

window revealed a statistically significant positive effect of bio-inoculation (TratBIO) exclusively in 

the Class 0 (no initial stress) trees (F = 12.116, p = 0.013), after controlling for initial DBH as a covariate 

(Table 3). The initial DBH covariate was also highly significant in this group (F = 19.245, p = 0.005), 

confirming the importance of baseline tree vigour in mediating the treatment response. 

 

In contrast, no significant effect of bio-inoculation was detected in trees with prior intermediate (Class 

0.5) or severe (Class 1) water stress. Similarly, no significant treatment effects were observed on 

accumulated pre-summer growth (JanuaryïJune) or total annual growth in 2025, suggesting that the bio-

inoculation benefit was specifically expressed during the physiologically critical drought period rather 

than throughout the growing season. 



12th HARDWOOD CONFERENCE PROCEEDINGS 

 

20 

 

 

Table 3: ANCOVA results for diametric growth (JulyïSeptember 2025) according to the level of 

initial water stress (StressINI). df: degrees of freedom 

StressINI (Level) Source of Variation df F Significance (p) 

0 (No initial stress) TratBIO 1 12.116 0.013* 

 Initial DBH (covariate) 1 19.245 0.005 

1 (Severe stress) TratBIO 1 0.414 0.53  

 Initial DBH (covariate) 1 0.105 0.75  

0.5 (Intermediate stress) TratBIO 1 1.891 0.19  

 Initial DBH (covariate) 1 2.674 0.13  

* Statistically significant at the 95% confidence level (p < 0.05). 

 

These results are ecologically coherent and carry important management implications. The fact that bio-

inoculation is effective only in vigorous, unstressed trees suggests a facilitative rather than a remedial 

mechanism. : the mycorrhizal network enhances the hydraulic and nutritional buffering capacity of trees 

that still possess functional root systems and adequate carbon reserves to support symbiosis, enabling 

them to sustain growth rates that decline in untreated controls under summer drought. Similar facilitative 

responses have been reported for ectomycorrhizal inoculation under water deficit conditions, where 

inoculated plants exhibited improved growth, water relations, photosynthetic performance and drought 

tolerance relative to uninoculated controls (Sebastiana et al., 2018; Lorente et al., 2021; Li et al., 2023; 

Xu et al., 2024). In contrast, trees already experiencing severe stress may lack the photosynthetic 

resources necessary to support active mycorrhizal symbiosis, rendering the treatment ineffective as a 

remedial measure. Comparable patterns have also been observed in hybrid poplar, where microbial 

inoculation enhanced drought tolerance primarily through improved physiological functioning and 

protection against oxidative stress rather than through recovery of already damaged trees (Khan et al., 

2016). 

 

This interpretation is consistent with the broader mycorrhizal ecology literature, which identifies 

ectomycorrhizal fungi as significant carbon sinks dependent on host-derived photosynthates. Recent 

evidence indicates that carbon allocation to ectomycorrhizal partners varies according to host species, 

physiological status and fungal community composition, suggesting that drought-stressed trees with 

reduced photosynthetic capacity may be unable to maintain effective symbiotic functioning (Zak et al., 

2019; Xie et al., 2024). 

 

Integration of Monitoring and Biotechnology: Towards Smart Plantation Management 

The combination of near-real-time ecophysiological monitoring with preventive biotechnological 

treatments represents a novel and complementary approach to building resilience in poplar plantations 

under climate change. The IoT sensor network provides continuous, spatially resolved information on 

individual tree water status, enabling early triage of trees approaching critical stress thresholds. Bio-

inoculation, applied preventively to vigorous trees, reinforces their hydraulic and nutritional resilience, 

extending the period during which they can maintain positive carbon balance under drought. Together, 

these tools constitute the core of a digital-twin approach in which continuous monitoring data inform 

predictive growth models and adaptive management decisions in near-real time. The integration of sap-

flow sensing into automated decision-support systems has already been proposed for precision irrigation 

and water-management applications, demonstrating the potential of continuous physiological 

monitoring to support data-driven management under increasing climatic variability (Fern§ndez et al., 

2001; B§rek et al., 2025; Zhao & Fan, 2024). 

 

The use of Pisolithus tinctorius and Pseudomonas sp. as bio-inoculants also offers advantages from a 

sustainability and certification perspective. As biologically-based soil amendments with no synthetic 

chemical residues, they are compatible with "zero-residue" management frameworks and increasingly 

stringent sustainability certification schemes for commercial timber. The incorporation of this approach 
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into precision forestry workflowsðwhere sensor-derived stress maps guide targeted application of bio-

treatmentsðcould significantly reduce the cost and environmental footprint of maintaining plantation 

productivity under climate uncertainty. 

 

CONCLUSIONS 

This study demonstrates that near-real-time monitoring of sap flow using IoT-connected Tree Talker 

sensors provides an effective and early method for detecting water stress in hybrid poplar plantations, 

with statistically significant signal detection preceding the appearance of visible foliar symptoms. 

Under-canopy solar radiation offers a complementary but less sensitive indicator, becoming informative 

only at more advanced stages of stress when canopy structural changes are already underway. 

 

Regarding bio-inoculation with Pisolithus tinctorius and Pseudomonas sp., field results from the 2025 

season confirm a statistically significant positive effect on DBH growth during the critical drought 

period (JulyïSeptember), but exclusively in trees without pre-existing water stress (Class 0). This 

finding underscores the preventive nature of this biotechnological strategy: its efficacy depends on 

application to vigorous trees capable of sustaining the carbon allocation required for active mycorrhizal 

symbiosis. Trees already experiencing intermediate or severe stress do not benefit from treatment under 

the current experimental conditions. 

 

The integration of near-real-time ecophysiological monitoring with preventive biotechnological 

treatmentsðembedded within a digital twin frameworkðoffers a promising and scalable approach to 

sustainable, high-quality wood production under increasing climate uncertainty. Future work should 

extend this approach to additional clones, sites, and stress regimes, and explore the potential of machine-

learning algorithms applied to continuous sensor streams to further advance early warning capabilities 

in precision forestry. 
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ABSTRACT 

Black walnut (Juglans nigra L.) represents an example of very successful introduction in Central 

European conditions. It is appreciated for fast growth, stability and production of highly valuable timber. 

Due to its environmental demands the cultivation is restricted to lower altitudes and fertile soils. In the 

past, it was used in floodplain forests, but its silvicultural range is much broader: 1st ï 4th Forest 

Altitudinal Zones and rich to medium sites. The study presented evaluates the effects of black walnut 

on forest soils, compared to native oak species. The compared sites are located in South Moravia at the 

locality characterized by Forest Type Group 2H and 2D ï medium rich site, the age was 55 and 85 (black 

walnut) and 115 and 110 (pedunculate and English oak) years. Because of lack of surface humus, soil 

samples were taken from the depth 0-10 and 10-20 cm respectively in 4 replications in each stand and 

horizon. Soil chemistry analyses were provided in accredited laboratory. Results confirmed more 

favorable soil chemical characteristics for black walnut in the whole profile studied: pH, bases content, 

base saturation, higher plant available K, Ca, Mg contents. The total nitrogen and carbon (humus) 

content was comparable. Plant available P content was higher under oak due to higher soil acidity. 

Conclusion: Besides high production potential and timber quality, black walnut does not represent threat 

to soil fertility and its cultivation in mixtures with native broad-leaves does not represent environmental 

risk. 

 
INTRODUCTION  

Although introduced tree species represent only a minor proportion of European forests 

(Wohlgemuth et al. 2022), among them, black walnut occupies a prominent position (Nicolescu et al. 

2020). The black walnut tree (ORC ï Juglans nigra L.) is a very important introduced tree species from 

the warmer regions of the temperate deciduous forest biome of the eastern part of North America. It 

grows from the East Coast through the Appalachian Mountains to the Great Plains, primarily in river 

valleys. Like most introduced tree species in Europe, it was first planted in parks and gardens, later, in 

the Czech lands, sporadically from the end of the 18th century and to a greater extent from the middle 

of the 19th century, also in forest stands, where its significant production potential soon became evident. 

In the areas of origin, it is one of the highly valued and often cultivated tree species. Although the history 

of this tree species in the forests of the Czech lands, especially in the stands of south-eastern Moravia, 

is older than 200 years and its production potential is quite high, especially in terms of valuable and 

high-quality assortments, the scientific attention to black walnut has remained limited. It was introduced 

to Europe in 1629 (Herman 1987) and appeared in Bohemia in 1823 (Mr§ļek 1925), although there are 

records from Moravia and from an earlier period. In forest stands, it is used significantly in the Czech 

Republic, practically only within one natural forest area (PLO), namely in PLO 35 ï South Moravian 

Valleys. The first stands of black walnut in Moravia was then established in the ĢdanskĨ Forest on the 

Buļovice estate (PokornĨ 1952; Mr§ļek 1925), i.e. in another natural forest area, but today the 

maximum distribution of this tree in the whole Czech Republic is practically only in the South Moravian 

valleys, where 94% of the area of this tree species in the whole Czech Republic occurs (Hrib 2005). The 

first mention of ORC in South Moravia dates back to 1799, when suitable nurseries for the cultivation 

of North American exotics were established on Liechtenstein estates (Noģiļka 1956). 
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At present, the use of black walnut is limited by nature protection bodies as an exotic, non-native species. 

Despite this situation, the research on the production, vitality, and stability of particular species is vital 

in spite of climate change, climatic extremes and the necessity to assure sustainable care for forest 

ecosystems. Besides growth, health state and stability, the evaluation of environmental effects is of high 

importance. The aim of this pilot study is therefore to assess the influence of black walnut on 

forest soil properties under specific site conditions in South Moravia. 

 
MATERIAL AND METHODS  

The investigation was carried out at two sites in south Moravia, Forest Enterprise Ģidlochovice, 

belonging to Forest Site Groups 2H and 2D (Viewegh 2003), middle rich and fresh sites. Symbol H 

means loamy, nutrient rich, symbol D deluvial loamy, figure 2 indicates 2nd vegetation altitudinal zone 

ï oak-beech stands. In the first case, the stands 48B6 ï a stand dominated by black walnut and 45A12 ï 

a neighboring stand dominated by pedunculate oak (according to the valid Forest Management Plan 

1.1.2017-31.12.2026, habitat conditions ï a set of forest types 2H, altitude 222 m a.s.l., age of walnut - 

55, age of oak 115) were selected, in the second case, stands 46B9 ï a stand dominated by black walnut 

and 47B11 ï a neighboring stand dominated by pedunculated and English oak, (habitat conditions ï a 

set of forest types 2D, altitude 185 m a.s.l., age walnut ï 85, age oaks 110 years) were surveyed. A stand 

with a clear dominance of oaks and with the dominance of black walnut was always compared, where 

it was possible to assume a clear and dominant influence of one tree species/genus. In each stand group 

under each tree species, samples were taken from a depth of 0-10 and 10-20 cm, overlying humus was 

found only in oak stands, so it was omitted in this case. Four replicates were obtained for each stand and 

horizon. 

The determination of soil chemistry characteristics was carried out by the VĐMOP laboratory using 

standard methods. The following analyses were performed for individual types of substrates:  

¶ active (H2O) and potential (1 N KCl) soil reactions, potentiometrically, 

¶ exchangeable acidity, exchangeable hydrogen and aluminum content,  

¶ basic characteristics of the soil sorption complex according to Kappen (1929) (BC ï base 

content, BS ï saturation of the sorption complex with bases / base saturation, H ï hydrolytic 

acidity, CEC ï cation exchange capacity),  

¶ carbon and organic matter content (Springer-Klee method, e.g. Ciavatta et al. 1989), 

¶ total nitrogen content (Kjeldahl method, e.g. Kirk 1950),  

¶ the content of plant available/exchangeable nutrients in the leachate (Mehlich 1984). 

 

For pedobiological characteristics ï decomposition of cellulose ï a mixed sample was created in the 

spring of 2024 from the same samples: ORC-2H, DB-2H, ORC-2D, DB-2D (ORC ï black walnut, DB 

ï oaks, H,D ï sites), from horizons 0-10 and 10-20 cm as a mixed sample from the given 4 sampling 

sites. 2 sections of substrate were taken from each mixed sample, spread on the bottom of plastic boxes 

in a layer of 2 cm and their surface was leveled. 

Ten strips of filter paper (80 g/m2), divided into 1 cm sections, were placed on the surface in each box. 

In several continuous terms, the color changes and total decomposition were evaluated in the filter paper, 

indicating:  

- the infestation of the paper by cellulolytic organisms,  

- and gradual complete decomposition of the filter paper, i.e. its absence. 

The samples were incubated in laboratory-room comparable conditions: temperatures of about 20 ï 23 

ÁC, the closure of the boxes allows the assumption of 100% air humidity. The arrangement of the 

experiment is demonstrated in Figure 1. The method used documents the relative potential of 

decomposition activities in a relatively simple way, but the method is still used as a standard. The 

experiment was established on 2.3.2024, the samples were evaluated on the dates/terms - T: T1 - 23.3., 

T2 - 12.4., T3 - 4.5., T4 - 26.5., T5 - 14.6., T6 - 5.7., T7 - 26.7. 
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Figure 1: Establishing of the experiment with celulose decomposition 

 
RESULTS 

The results are documented in Table 1 and Table 2. In the uppermost layer of soil (0-10 and 10-20 cm 

deep), a significantly higher soil reaction is evident under the black walnut stand in both monitored 

horizons. The differences exceeded the values of 2 pH levels. Higher acidity is documented at the 2D 

site, the results are statistically significant, especially in deeper horizons. On the other hand, the 

differences between the two horizons are not significant. This corresponds to significantly lower values 

of base content (BC value) and saturation of the sorption complex with bases (BS value) under oak 

stands. The cation exchange capacity (CEC value) did not differ significantly between horizons and tree 

species on SLT 2H, it was lower at the site characterized as 2D. On the other hand, hydrolytic acidity 

(H value) was higher under oak and at site 2D, the differences between the horizons were again not 

significant. 

The total carbon content was slightly lower in the deeper horizon, at the 2H site it did not differ between 

tree species, at the 2D site it was lower both compared to the second site condition and in the case of 

oak. The total nitrogen content appeared to be lower in the case of 2D and in the case of oak. Significant 

tendencies in the case of the C/N ratio were not evident; the values were generally very favorable and 

indicate good humification under the stands of both tree species. 

The content of plant available/exchangeable calcium also did not differ significantly between the two 

horizons, on the contrary, the content was significantly higher under walnut and in the 2H stand. On the 

contrary, the content of exchangeable potassium was higher under oak (2H) and decreased with the 

depth of the horizon. The content of exchangeable magnesium did not change with depth; it was also 

very significantly lower under the oak and in the lower horizon on 2D site. The content of exchangeable 

phosphorus was very significantly higher under oak, which is related to the higher acidity of the soil 

environment under this tree (Binkley 1989). The differences were especially noticeable in the lower 

horizon of the 2D site. 

 

The process of color changes and decomposition of cellulose strips is documented in Tables 3 and 4 and 

Figures 2 and 3. Color changes generally occurred faster in the case of substrates under oak growth. 

Since the 4th term of the evaluation, the full coloring of all the samples is documented, with some 

exceptions. 
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Table 1: Basic soil chemical characteristics of soil horizons under stand groups of black walnuts 

and oak in depth 0-10 cm 

Horizon 0-10     

Characteristics ORC ï 2H DB ï 2H ORC ï 2D DB ï 2D 

pH H2O 6.86 a 5.85 b 6.52 a 4.53 c 

pH KCl 6.33 a 5.04 b 5.96 a 3.66 c 

BC mmol/100 g 28.0 a 18.6 b 25.3 a 7.8 c 

CEC mmol/100 g 32.08 a 27.94 a 28.12 a 20.92 b 

H mmol/100 g 4.08 a 9.34 b 2.82 a 13.12 b 

BS % 87.5 a 66.3 b 89.8 a 37.3 c 

N tot % 0.29 a 0.34 a 0.28 a 0.20 b 

C tot % 3.42 a 3.32 a 2.85 ab 2.29 b 

C/N 11.7 9.8 10.2 11.5 

Ca ex. mg/kg 40001.3 a 2664.3 b 2789.8 b 1091.8 c 

Kex. mg/kg 163.2 a 134.0 b 183.0 c 188.5 c 

Mg ex. mg/kg 692.8 a 521.0 b 622.2 ab 199.0 c 

P ex. mg/kg 13.3 a 17.8 a 13.8 a 54.3 b 

Note: ORC ï black walnut, DB ï oak, ex. ï exchangeable form of nutrients. 

 
Table 2: Basic soil chemical characteristics of soil horizons under stand groups of black walnuts 

and oak in depth 10-20 cm 
Horizon 10-20     

Characteristics ORC ï 2H DB ï 2H ORC ï 2D DB ï 2D 

pH H2O 6.88 a 5.86 b 6.58 a 4.55 c 

pH KCl 6.25 a 4.97 b 5.98 a 3.61 c 

BC mmol/100 g 26.7 a 17.3 b 23.3 a 7.8 c 

CEC mmol/100 g 30.22 a 27.47 a 25.96 b 20.32 c 

H mmol/100 g 3.52a 10.17b 2.66a 12.52b 

BS % 88.5 a 63.9 b 89.8 a 38.5 c 

N tot % 0.37 a 0.28 b 0.24 b 0.17 c 

C tot % 3.03 a 2.71 a 2.46 b 1.88 c 

C/N 8.2 9.7 10.2 11.1 

Ca ex. mg/kg 3800.5 a 2679.5 b 2731.0 b 903.7 c 

K ex. mg/kg 120.0 a 111.5 a 149.3 a 149.3 a 

Mg ex. mg/kg 646.5 a 540.8 a 621.5 a 191.8 b 

P ex. mg/kg 10.5 a 14.0 a 13.0 a 43.0 b 

Note: ORC ï black walnut, DB ï oak, ex. ï exchangeable form of nutrients. 

 
Table 3: Color change in cellulose samples on substrates from oak and walnut stands in two 

monitored horizons at both sites (% of strips area) 

Site Species Horizon T1 T2 T3 T4 T5 T6 T7 

H ORC 1 0.0 a 17.4 a 39.2 a 100.0 a 100.0 a 100.0 a 100.0 a 

H ORC 2 0.0 a 7.3 a 41.0 a 54.5 b 59.5 b 70.5 b 100.0 a 

H DB 1 0.0 a 4.5 a 40.0 a 63.0 b 78.0 b 91.0 a 100.0 a 

H DB 2 7.5 a 18.5 a 74.0 b 100.0 a 100.0 a 100.0 a 100.0 a 

D ORC 1 0.0 a 23.0 a 38.5 a 100.0 a 100.0 a 100.0 a 100.0 a 

D ORC 2 11.5 a 25.8  a 42.5 a 100.0 a 100.0 a 100.0 a 100.0 a 

D DB 1 1.0 a 55.5 b 85.0 c 100.0 a 100.0 a 100.0 a 100.0 a 

D DB 2 9.5 a 81.5 c 100.0 d 100.0 a 100.0 a 100.0 a 100.0 a 

Notes: Species: ORC ï black walnut, DB ï oak, T ï term of measurement. The same letters and bold letters indicate 

statistically homogeneous groups. 
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Figure 2: Color changes in samples of cellulose in substrates from soils of stands of oak and black 

walnut at two sites in two horizons 
 

The colonization of the monitored samples by microbial organisms thus progressed significantly faster 

in the case of substrates from oak stands. However, within a short period of time, there was a dynamic 

increase in the activity of decomposition elements and, with some exceptions, the intensity of the 

coloration of the monitored samples was equalized. The coloring process was faster in the case of the 

SLT 2D site, with soil chemical characteristics indicating higher acidification of the environment (Table 

3, Figure 2). 

The total decomposition progressed significantly fastest in the case of a horizon of 0-10 cm in the walnut 

stand at site H, in the deeper horizon of 10-20 cm, on the other hand, it was significantly slowest here. 

Other substrates did not differ significantly in their cellulolytic potential with individual exceptions 

(Table 4, Figure 3). By the end of the investigation period, within a few months, almost complete 

decomposition occurred in all cases, which indicates a good decomposition potential of both tree litters. 

 
Table 4: Decomposition dynamics of samples of cellulose at substrates from horizons od soil under 

walnut and oak (% of strips area) 

Site Species Horizon T1 T2 T3 T4 T5 T6 T7 

D DB 1 0.0 a 2.0 a 28.0 a 40.7 a 62.0 a 82.0 ab 98.0 ab 

D DB 2 0.25 a 28.0 b 42.5 a 63.5 a 87.5 a 92.5 a 100 a 

D ORC 1 0.25 a 0.33 a 11.0 b 37.5 a 84.0 a 100 a 100 a 

D ORC 2 4.0 a 2.5 a 24.8 a 53.0 a 91.0 b 100 a 100 a 

H DB 1 0.0 a 3.5 a 20.0 a 32.5 a 50.0 a 58.0 b 100 a 

H DB 2 0.0 a 2.0 a 30.5 a 48.0 a 62.7 a 73.0 a 90.0 b 

H ORC 1 0.5 a 13.2 c 81.0 c 96.5 c 100 c 100 a 100 a 

H ORC 2 0.0 a 0.0 a 1.0 d 7.9 d 42.5 d 58.5 d 81.5 d 

Notes: Species: ORC ï black walnut, DB ï oak, T ï term of measurement. The same letters and bold letters indicate 

statistically homogeneous groups. 
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Figure 3: Decomposition of cellulose in samples of substrates from soils of stands of oak and black 

walnut at two sites in two horizons 

 
DISCUSSION 

The results of the research, although preliminary, demonstrate a favorable state of soil chemistry in black 

walnut stands and provide no indication of soil degradation. In terms of forest soil, walnut fits well into 

the set of forest tree species suitable for the given habitats (2nd and 3rd Vegetation Altitudinal Zone, 

ecological series S, H, D, etc. ï Viewegh et al. 2003), which is also supported by the research carried 

out (Holuġa et al. 2023, Nicolescu et al. 2020). Higher acidity under oak stands promotes increased 

phosphorus availability (Binkley 1989). This is also evident in the state of overlying humus, which is 

almost absent in walnut stands, it was not determinable, while in oak stands the horizons L+F+H formed 

a layer about 2 cm thick. Negative effects on the biodiversity of ground vegetation have not yet been 

proven (Hrib et al. 2017, MadŊra, Hrib 2002). This tree does not pose a threat to forest ecosystems in 

terms of forest soils and biodiversity. This is further enhanced by the requirement to grow black walnut 

as an admixture in forest stands, which combines the requirement of minimal ecological threat and an 

increase in the volume and, above all, value production of forest stands. The importance of these 

determinations is growing with the simultaneous extinction of ash as another important tree species of 

floodplain habitats. 

A somewhat different procedure of biologically conditioned decomposition processes is also 

documented in Fig. 4. In the case of oak, it is more about the application of the activities of soil bacteria 

and fungi, which first color and then decompose strips of cellulose. In the case of the walnut tree litter, 

the color changes are not so progressive, so probably a larger fauna comes in, which directly decomposes 

parts of the cellulose. Differences in the application of individual groups of soil organisms are 

conditioned by different soil chemistry, where the more acidic soil environment under the oak favors 

mainly soil fungi, which participate in the decomposition of cellulose (Binkley 1986). Thanks to its 

relatively weak natural regeneration, the walnut tree is not a species with pronounced invasive potential, 

on the contrary, it is a tree that significantly increases the quality and quantity of production (Holuġa et 

al. 2023). Thus, black walnut does not pose a threat to existing forest stands and ecological links in 

ecosystems and can be used to benefit in the cultivation of productive, stable and sustainable forests 

(Nicolescu et al. 2020, Podr§zskĨ et al. 2023, Ġ§lek 2012). 

 

 

-40
-20

0
20
40
60
80

100
120
140

T1 T2 T3 T4 T5 T6 T7

%

measuring terms

Total decomposition dynamics

D-DB-hor 1 D-DB-hor 2 D-ORC-hor 1 D-ORC-hor 2

H-DB-hor 1 H-DB-hor 2 H-ORC-hor 1 H-ORC-hor 2



12th HARDWOOD CONFERENCE PROCEEDINGS 

 

29 

 

A                                                           B 

 
 
Figure 4: Different progress of decomposition process in the samples of substrates from stand parts 

dominated by oak (A) and black walnut (B) ï horizon 0-10 cm 

 

CONCLUSIONS 

Based on the research results so far, it can be assumed that the cultivation of black walnut does not pose 

a threat to the diversity, stability and production value of forest stands with appropriate cultivation 

practices. On the contrary, it is possible to count on the preservation of soil fertility, diversity of at least 

ground vegetation, and above all on the increase in volume and value production of forest stands. 

Ecosystem services are thus minimally affected, but rather significantly increased. The use of this tree 

species in mixed and diversified stands can thus contribute very significantly to their production and 

stability in the context of climate change and sustainable forest management. 
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ABSTRACT 

Norway spruce (Picea abies) forests have high productivity, and their harvested wood products (HWPs) 

have an established market in Sweden, but this production system has been constantly threatened by a 

changing climate. In the last years, frequent heatwaves across Europe have led to severe drought periods, 

including Southern Sweden. Those affected regions, mainly dominated by spruce vegetation, had been 

prone to bark beetle outbreaks, and consequently, increased tree mortality and carbon release to the 

atmosphere. To face those issues, risk mitigation strategies, either by species adaptation (shortening 

rotations) or species replacement, e.g. increasing the share of broadleaves, could be used considering 

those challenging scenarios.  

 

However, the climate effects of those strategies are still poorly understood, specially taking in 

consideration the whole forest system, since seedling planting until the end-use of the HWPs, especially 

by considering potential uses of broadleaved HWPs and its substitution effects. Thereby, the aim of this 

work was to investigate whether spruce replacement by birch (Betula sp.) genotypes (non-improved and 

improved) in equivalent site indexes (SIs) could bring climate benefits in Swedish forestry. Also, 

assessing whether shortening spruce rotations could be climate beneficial when the results from spruce 

replaced by birch were similar. 

 

Three equivalent SIs were used to compare the scenarios: low, medium, and high SI. For each scenario 

comparison, spruce was set as the reference scenario (business as usual HWPs portfolio), considering 

the end-uses of HWPs of birch (Betula sp.) for both, current use of non-improved HWPs (pulpwood and 

fuelwood) and potential HWPs uses (considering the increasing share of sawnwood products for 

furniture, flooring and packaging) of improved birch genotypes in Sweden. In each scenario, a different 

rotation age per specie/genotype was set due to economical harvesting rotation (optimal rotation age). 

A holistic system perspective was applied considering the biogenic (living biomass, soil organic carbon 

and HWPs) and anthropogenic carbon (value chain emissions), and potential substitution effects from 

avoided emissions. We used CO2FIX for biogenic carbon modelling, proceeded by a life cycle 

assessment considering the greenhouse gas emission from each process based on the EcoInvent database 

inventory (3.11 version). Results were expressed in absolute global temperature change potential 

(AGTP) considering a period of 140 years.  

 

Results suggest that at low SIs equivalences, the replacement of spruce by improved birch, aiming long-

lived wood products or the current use of non-improved birch (pulpwood/fuelwood) for one rotation, 

could outcome in a climate cooling effect in the atmosphere, being the first alternative (improved birch) 

the most climate beneficial choice. Whereas shortening spruce rotations at low SI could imply in a slight 

climate warming effect, representing a not climate smart choice. At medium SIs, the climate cooling 
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effect is just expected when considering the period of less than one rotation of improved birch. Finally, 

at high SIs, neither of the risk mitigations strategies were indicated for those sites due to increasing 

warming effects in the atmosphere (Figure 1). 

 

 
 

Figure 1: Absolute global temperature change potential (AGTP) difference between the reference 

(spruce) with respective risk mitigation strategy and site index equivalence. The arrows indicate the 

reference rotation age considered in the respective scenario: a and b (80 years rotation), c (73 years 

rotation), and d (55 years rotation). Dashed lines indicate the trend of their respective continuous 

lines. Positive values (ATPG) represent the climate warming effect in the atmosphere 

 

Overall, the replacement of spruce by birch was just climate beneficial at low SIs. Shortening spruce 

rotations at low SIs and the replacement of spruce by birch at medium and high SIs could not represent 

a climate smart choice due to the climate warming effect in the atmosphere. Considering a holistic 

perspective of the forest system production, the results provide guidance for forest planning specially 

by recommending better risk mitigation strategies for specific Swedish sites. However, caution should 

be used to avoid generalization due to specific assumptions used for forest management strategies and 

assortments of HPWs in each comparison. 

 

 

The final version of this abstract and the full scientific article are scheduled to be published in 

the Special Issue "12th Hardwood ConferenceðSopron" of the journal MDPI Forests, available 

at the following link:  

MDPI Forests Special Issue: 12th Hardwood ConferenceðSopron 

 

 

https://www.mdpi.com/journal/forests/special_issues/BUGT086E64
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ABSTRACT  

There is growing interest in expanding the use of birch in Norwegian forestry, partly to increase 

broadleaf share and tree-species diversity under climate change. However, timber yield and quality 

assortments from Norwegian birch stands remain largely unknown. We established temporary sample 

plots in planted and naturally regenerated birch stands on high-quality sites in Eastern Norway and 

carried out tree measurements to quantify stand-level production. In addition, the first 6 m of each 

standing tree were subjected to a detailed timber quality assessment and subsequently graded 

accordingly. Volume production in the investigated stands was frequently higher than values reported 

in birch yield tables from the 1970s and did not differ between planted and naturally regenerated stands. 

Volume production in the studied birch stands was similar to or higher than for Norway spruce on 

comparable high-quality sites up to a stand age of about 40 years. Despite the lack of quality-oriented 

management in most stands, nearly all produced sawlogs and many contained higher-quality 

assortments. Stand-level sawlog proportion increased with mean tree diameter. While planting and 

thinning showed no clear relationship with stand-level sawlog proportion, artificial pruning increased 

the share of higher-quality sawlogs. Overall, productive birch stands in Norway can deliver high yields 

and meaningful volumes of quality sawlogs. 

 

INTRODUCTION  

Birch (Betula pendula, B. pubescens) is the third most abundant tree species, and, by volume, the most 

important broadleaved tree species in Norway (Mahnert et al. 2026). It has regained interest within the 

last few years (Zimmer et al. 2023). One argument for increasing the share of birch and other 

broadleaved species in Norwegian forests is the ongoing climate change. Greater tree-species diversity 

in forests and an increased proportion of broadleaved trees in the landscape can reduce the risk of 

climate-related forest damage (Sßgaard et al. 2023). Moreover, existing yield tables for birch developed 

in the 1960s and 1970s (Braastad 1967, 1977) do not reflect current growth conditions and their potential 

production.  

 

Depending on forest type and stand development stage, actively managed stands of silver birch in 

Finland produce 30ï70% timber of sawlog quality (Herªjªrvi and Verkasalo 2002), and a veneer-log 

share of 5ï10%. Comparable figures are unknown for Norway. This lack of information on timber 

volume production potential and quality assortments from Norwegian birch stands poses uncertainty 

among forest owners and the processing industry, potentially hindering future investments in birch. 

 

Therefore, this study aimed to quantify and compare standing volume and sawlog proportions of 

different qualities in planted and naturally regenerated birch stands growing on highly productive sites. 

 

MATERIALS AND METHODS  

Between June and October 2024, field measurements were conducted on 28 temporary field plots across 

26 birch stands in the Mjßs region, near Kongsvinger and ¡s (Figure 1). In each stand, at least one 

representative sample plot with a radius of 8.92 m (250 mĮ) was established. Available information for 

each studied stand was derived from forest management plans, with the site index H40 (dominant height 

at 40 years of breast height age in meters) for all stands being 20 or 23, indicating high site productivity 

for birch (Braastad 1967). Thirteen stands had been planted and eleven had undergone artificial pruning 

(Table 1). 
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Figure 1: Overview of the location of the evaluated stands 

 

Tree height and diameter at breast height (DBH) were measured for all trees with a DBH Ó 10 cm in a 

plot. The first 6 m of the lower stem of all birch trees (n = 548) were evaluated to determine whether 

they met the minimum requirements for sawlogs (Vanhªlls bjºrks¬g 2025). Log defects such as crooks, 

sweep of more than 8% of log length, leaning with more than 20 cm deviation from the vertical (for 3 

m) and number of branches (>5 live and dead) concentrated within 1.5 m, were considered exclusion 

criteria for further sawlog evaluation. Logs exhibiting a butt sweep were assessed based solely on the 

section above the sweep. The number of branches, live and dead, as well as all other log features were 

recorded. In addition, the number of large branch scars with a height greater than one-quarter of the stem 

diameter at the scar position was counted per log (cf. Kuehne et al. 2024). 

For the final quality classification of the logs, the grading regulations of an operating birch sawmill in 

Sweden, Vanhªlls bjºrks¬g (2025), were used based on a minimum log length of 3 m. The Vanhªlls 

bjºrks¬g grading regulations define three sawlog quality classes, A (best), B, and C, which, among other 

criteria, specify different maximum numbers of permitted live (green) and dead or rotten branches, while 

sharing a common requirement of a minimum top diameter of 18 cm. Based on Kuehne et al. (2024), 

large branch scars were also considered, with the combined total number of branches and large branch 

scars accounted for in the final evaluation.  

 

Individual-tree and log volume were calculated using the taper functions from Hansen et al. (2023) and 

then accumulated at the stand level. Stand-level summary statistics including dominant height and basal 

area were compared with values from existing birch yield tables for Norway published in the 1970s 

(Braastad 1977). Volume production in the studied birch stands was further compared with productivity 

in spruce stands based on recently updated yield tables for the conifer species in Norway (K¿hne et al. 

2023). 
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Table 1: Stand information on the 17 plots that fulfilled the diameter requirements for sawlogs 

Stand ID elevation (a.s.l, m) trees/ha 
Birch trees 

/ha 
HKl*  age Regeneration 

1 282 474 342 5 66 natural 

3 253 560 400 5 66 natural 

8 312 520 520 5 56 planted 

10 146 680 680 4 33 planted 

11 203 760 760 4 30 natural 

16 301 760 760 4 40 planted 

20 140 520 520 4 40 natural 

26 196 1120 760 5 45 natural 

34 213 1120 960 5 55 natural 

38 210 520 400 5 50 natural 

39/01 258 1280 840 5 50 natural 

39/02 255 720 440 5 50 natural 

41 167 480 240 5 55 natural 

42 173 480 480 5 73 planted 

43/01 168 600 360 5 80 planted 

43/02 171 440 360 5 80 planted 

65 46 600 600 4 35 planted 

*HKl = Harvesting class describes the forest's development stage in five different classes, from HKL 1 ï 

regeneration to HKL 5 - harvest-ready forest (Tomter et al. 2025).  

 

RESULTS 

Age of the studied birch stands ranged from 28 to 80 years (mean 46 years), and the basal-area-weighted 

mean diameter of birch trees ranged from 14 to 39 cm (mean 24 cm).  

 

Production potentials 

Dominant height, basal area, and standing volume for the stands evaluated in this study were generally 

higher than the values reported for similar site indices in the existing birch yield tables for Norway. We 

found no difference in volume production between planted and naturally regenerated birch stands when 

accounting for stand age and density. 

 

Compared with the development in spruce stands, birch stands often showed similar or higher volume 

production up to a stand age of about 40 years (Figure 2). 

 

 
Figure 2: Standing volume for the birch stands in this study (site index classes B20 and B23) 

compared with the spruce stand development for the site index classes G20 and G23 with solid and 

dashed lines representing thinned and unthinned stands, respectively 
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Quality potentials 

The majority of the examined 28 sample plots contained sawlogs (n = 27) while many also had sawlogs 

of the highest quality class A (n = 13). In 11 plots the majority of the examined birch trees did not meet 

the minimum top-diameter requirement of 18 cm given their development stage. Consequently, no or 

very few sawlogs were registered.  

 

Most often, sweep (lateral and reverse) and the number of dead branches along the first 6 m of the stem 

were the reasons why logs meeting the minimum top-diameter requirement were either not further 

evaluated as sawlogs or downgraded in quality.  

 

In the 17 stands with an average top diameter above 18 cm for the first 6 m of the stem, the lower 6 m 

stem section accounted for a mean stand level volume of 160 mį ha ĭ (85ï252 mį ha ĭ). Within these 

stands, the mean volume of sawlogs was 71 mį ha ĭ (0ï146 mį ha ĭ; Figure 3). Of this, an average of 

16 mį ha ĭ (4ï74 mį ha ĭ) met the criteria for quality class A (Figure 3). 

 

 
 

Figure꜡3: Total volume of sawlogs (green, mį꜡ha ĭ) and volume of sawlogs in quality class꜡A 

(orange, mį꜡ha ĭ) for stands with an average top diameter above 18꜡cm for the first 6꜡m of the stem, 

classified according to Vanhªlls Bjºrks¬g (2025) 

 

Data analysis showed no significant relationship between the proportion of sawlogs at the stand level 

and planting or thinning, while the share of sawlogs increased with increasing mean diameter. In 

contrast, artificial pruning had a significantly positive effect on the share of sawlogs, but only for the 

higher grading classes A and B. 

 

DISCUSSION 

The vast majority of the birch stands examined in this work were not managed with the aim of producing 

quality timber within short rotations. At the same time, a conservative grading scheme was used to 

evaluate and determine stem quality. Most significantly, the original scheme (Vanhªlls Bjºrks¬g 2025) 

was extended to include large branch scars. However, the findings are based only on external stem 

characteristics, i.e. did not account for potential internal timber defects.  

 

The study results showed that most evaluated birch stands produced sawlogs, and that many stands 

contained some trees with logs that fulfilled the requirements for highest sawlog quality. We found that, 

in plots meeting the minimum top-diameter requirement, an average of 9.8% of the volume in the first 

6 m of the sampled birch trees was classified as the best sawlog quality. This is comparable to findings 
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from a Finnish study, where 5ï10% of the timber was classified into the highest quality classes 

(Herªjªrvi and Verkasalo 2002).   

 

There was no statistically significant difference in quality-timber potential between planted and 

naturally regenerated birch stands - something also found by Niemistº (1996). Natural birch stands often 

consist of a mixture of silver and downy birch, with the latter characterised by somewhat lower growth 

and production (Johansson 1996, Hytºnen et al. 2014). Despite a relatively small number of evaluated 

stands, our results suggest that artificial pruning yields higher sawlog proportions, particularly in the 

higher grading classes. In addition, the proportion of sawlogs increased with increasing stand-level mean 

diameter, regardless of whether a stand was pruned or not. Without pruning, however, quality 

development takes longer, and the total amount of sawlogs at the end of the rotation will likely be 

reduced (Stener et al. 2017).  

 

Although the primary purpose of management in the studied stands was most often not to produce 

sawlogs within a short time, the data from the evaluated stands suggest that a 6 m log with a top diameter 

of 18 cm (DBH approx. 21 cm) can be produced within about 35 years. This is less than half of the 

rotation length for a spruce rotation on site classes G20 and G23 (K¿hne et al. 2023). At the same time, 

volume production in the studied stands was similar to or somewhat higher than in spruce stands (G20 

and G23) up to a stand age of about 40 years, something previously described for both Norwegian 

(Hanssen & Kuehne 2022) and Finnish growth conditions (Oikarinen 1983). The lack of difference in 

volume production between planted and naturally regenerated stands found in this study has previously 

been described for Finnish conditions (Oikarinen 1983). At the same time, it suggests that the planted 

stands were not established with improved material. The use of newer, genetically improved planting 

material can be expected to provide both faster growth and higher production (Skrßppa and Kohmann 

2018). In addition, studies show that improved material can simultaneously yield higher stem quality 

(Liebner 2023, Haapanen 2024).  

 

CONCLUSION  

In summary, the study shows that both planted and naturally regenerated Norwegian birch stands on 

high-quality sites have considerable potential for producing sawlogs. The share of sawlogs increases 

with tree size and is positively influenced by artificial pruning, although unpruned stands can also 

produce quality sawlogs over time. Given that birch combines high volume production at young and 

intermediate ages with a shorter rotation than spruce, quality-oriented birch management appears to be 

a relevant option for enhancing management diversity in Norwegian forestry. 
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ABSTRACT 

Broadleaved tree species from Norwegian forests are a valuable raw material if this resource can be 

utilized effectively. Broadleaved tree species make for approximately one fourth of the total standing 

volume in Norway today, but in statistics on the resource, it is usually referred to as Broadleaved tree 

species, instead of giving a detailed description on the different species present. This paper provides 

detailed data on standing volume and annual volume increment of ash (Fraxinus excelsior), oak Quercus 

robur og Q. petrea), silver birch (Betula pendula), downy birch (Betula pubescens), aspen (Populus 

tremula), grey alder (Alnus incana), and black alder (Alnus glutinosa) in Norway, and give their 

distribution across the regions of Eastern Norway, Southern Norway, Western Norway, Trßndelag, and 

Northern Norway. Information on stand age, site quality, and diameter distribution will be provided.  

 

INTRODUCTION  

Broadleaf trees from Norwegian forests are a valuable raw material if this resource can be utilized 

effectively. Broadleaf trees make for approximately 1/4th of the standing volume in Norway. In the 

Norwegian National Forest Inventory reports, data on broadleaves are reported only as a cumulative 

sum. The total volume of broadleaves, in Norway, however, is made up from a variety of wood species. 

These species are, for example, birch, oak, beech, ash, aspen, alder, elder, cherry, maple, rowan, willow, 

and many more. While some of these species only occur in smaller volumes and admixtures in the 

stands, have other species, such as ash, oak, silver birch, downy birch, aspen, grey alder and black alder 

significant standing volumes and regional importance. Detailed data on species availability, structure 

and accessibility is only available on request.   

 

Therefore, it is the aim of this paper to improve knowledge about how much of the selected broadleaf 

species ash (Fraxinus excelsior), oak (Quercus robur and Q. petraea), silver birch (Betula pendula), 

downy birch (Betula pubescens), aspen (Populus tremula), grey alder (Alnus incana) and black alder 

(Alnus glutinosa) is available in Norway and in the different regions, and to give more detailed 

information on the resource structure and accessibility. This will give us a better idea of how much wood 

from broadleaved species could possibly be transferred into industrial value chains.  
 

MATERIAL AND METHOD  

The study is based on unpublished data from Norwayôs National Forest Inventory (NFI), which has been 

gathering forest inventory information since 1919 (Breidenbach et al. 2020). Detailed data is provided 

on standing volume and annual increment of ash (Fraxinus excelsior), oak Quercus robur and Q. 

petrea), silver birch (Betula pendula), downy birch (Betula pubescens), aspen (Populus tremula), grey 

alder (Alnus incana) and black alder (Alnus glutinosa) in Norway, and gives their distribution across the 

regions of Eastern Norway (Ïstlandet), Southern Norway (Sßrlandet), Western Norway (Vestlandet), 

Trßndelag, and Northern Norway (Nord-Norge) (Figure 1). 

 

The numbers for broadleaf species given are from the NFI data for the period 2018ï2022 with reference 

year 2020 (unpublished). The standing volume stated is defined as the volume of the entire stem from 

the stump cut to the top of the tree and is expressed without bark (ub). According to data from the NFI, 

Norway has 223 304 390 m3 ub of broadleaves ð ash, oak, downy birch, grey alder, silver birch, aspen 

and black alder. The standard errors (SE) for the volume figures by species and region are, in some 

cases, very high. Despite the high uncertainty (SE) of some numbers in table 1 and 2, we chose to also 

display those with high uncertainty above 35% to provide an overview of the resource in standing 
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volume and annual volume increment. Tables 3 to 8 report sawlog volume without bark (ub) on 

productive forest excluding protected areas. Estimates with a relative standard error (SE) above 35% 

were not included in these tables. To calculate estimates of usable sawlog volume, the forest volume, 

i.e. standing volume, must be reduced by 6% for Norway spruce and Scots pine and by 10% for the 

broadleaf species. It is assumed that the tops of the trees are left on the harvest site after felling. The 

percentages are based on established empirical figures from the National Forest Inventory on how much 

coarse material remains on harvest sites (Hylen in Zimmer et al. 2023) 

 

 
 

Figure 1: Norway and the 5 regions described 

 

RESULTS 

Norway has, in total, approximately 1 billion m3 of roundwood standing on productive and unproductive 

forest land across all land uses (Svensson et al. 2021), of which conifers account for 734 million m3 and 

the collected broadleaves 264 million m3 (Snoksrud and Svensson and 2026).  

 

Forest volume and annual volume increment 

Productive forest is forest that, on average, can produce at least 1 m3 of wood including bark per ha per 

year. This is in contrast to unproductive forest, where wood production is between 0.1 and 1 m3 per ha 

per year. Increment is the volume of wood mass a stand or a tree increases by over one year (Svensson 

et al. 2021). These figures are important because they show how much volume is standing in the forest 

in different regions by species (Table 1) and how much the wood volume increases over one year (Table 

2). This gives us information on how much timber from different species can theoretically be harvested 

sustainably per region. 

 

Table 1: Standing volume under bark (ub) [1000 m3 ub] and standard error (SE), for wood species 

and region, reference year 2020 

 Standing volume under bark (ub) [1000 m3 ub] 
 Eastern N.* Southern N.* Western N.* Trßndelag Northern N.* total 

 volume SE volume SE volume SE volume SE volume SE volume 

Ash 657 47 1 053 25 1 360 27 15 100   3 085 

Oak 168 49 7 735 10 1 201 25     9 104 

Silver birch 6 581 10 3 718 12 1 223 20 48 91 5 100 11 575 

Downy birch 44 219 3 19 116 5 31 544 4 18 550 4 48 104 4 161 533 

Aspen 4 398 13 7 562 9 2 710 16 965 30 1 827 20 17 461 

Grey alder 5 547 15 791 26 5 123 11 3 906 15 2 662 13 18 029 

Black alder 603 31 717 32 1 174 30 22 100   2 517 

Total 62 172  40 692  44 336  23 507  52 597  223 304 
*N = Norway 
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According to data from the NFI (reference year 2020), Norway has 223 304 390 m3 ub of broadleaves 

ð ash, oak, downy birch, grey alder, silver birch, aspen and black alder. Across all regions, downy birch 

represents the largest volume, from 18.6 million m3 ub in Trßndelag up to 48 million m3 ub in Northern 

Norway. In Northern Norway and Trßndelag, downy birch, aspen and grey alder account for most of the 

volume. In Western Norway, Eastern Norway, and Southern Norway, the species mix is more varied 

than in the north. In Southern Norway there are large volumes of oak and aspen (7.7 million m3 ub and 

7.6 million m3 ub) in addition to silver birch (3.7 million m3 ub), downy birch (19 million m3 ub) and 

ash (1 million m3 ub). In Western Norway there are about 5 million m3 ub grey alder plus 2.7 million 

m3 ub aspen. Eastern Norway has nearly 4.4 million m3 ub aspen in addition to 6.6 million m3 ub silver 

birch and 5.5 million m3 ub grey alder (Table 1). 

 

Table 2: Annual volume increment [1000 m3] and standard error (SE), for wood species and region, 

reference year 2020 
 Volume increment [1000 m3] 
 Eastern N.* Southern N.* Western N.* Trßndelag Northern N.* total 
 volume SE volume SE volume SE volume SE volume SE volume 

Ash 14 42 26 24 45 34     85 
Oak 3,5 46 158 10 32 25     193,5 

Silver birch  214 12 99 13 26 21     339 
Downy birch 903 4 323 5 571 5 402 5 831 4 3030 

Aspen 108 16 164 9 59 16 20 29 43 21 394 

Grey alder 222 14 28 26 209 12 175 14 109 15 743 
Black alder 17 29 19 35 30 29 1 100   67 

Total 1482  817  970  601  984  4854 

*N = Norway 

 

The selected broadleaved species have a total increment of about 5 million m3, with the highest 

increment in Eastern Norway at 1.5 million m3, followed by Northern Norway and Western Norway at 

about 1 million m3, each. Downy birch accounts for 3 million m3 of the total ~5 million m3 increment. 

Next largest increments are grey alder (0.7 million m3) and aspen (0.4 million m3). Oak has a total 

increment of 0.2 million m3 ub, of which 75% is in Southern Norway (Table 2). 

 

Diameter and age 

For quality sawlog broadleaf timber, trees with a diameter over 20 cm are of particular interest, as top-

diameter sizing is one of the quality criteria (Landbruksdepartementet 1956). High-quality broadleaf 

sawlog and sawn timber is characterised by knot-free wood and is often cut with a band saw or frame 

saw, frequently from the outside in to obtain as much knot-free wood as possible. For some species 

(such as grey alder), smaller diameters are also relevant for sawing. Oak in Southern Norway has a total 

sawlog volume of 2.3 million m3 ub in the 30+ cm diameter class. In addition, just under 200000 m3 ub 

stands in the next lower diameter class (20ï29.9 cm) and will grow into the larger class in the coming 

decades (Table 3). Silver birch has a total sawlog volume of 3.1 million m3 ub in the 30+ cm diameter 

class, with the largest share in Eastern Norway, followed by Southern and Western Norway. Although 

the largest volumes of downy birch in all regions are in the 5ï19.9 cm diameter class, there are 1.3ï2.9 

million m3 ub in the 30+ cm class in Southern, Eastern, and Western Norway, while there are 0.4 million 

m3 ub in Trßndelag and 0.8 million m3 ub in Northern Norway. In the 20ï29.9 cm class the stock of 

downy birch is even larger, with 2.6ï6.3 million m3 ub in each of the regions. The largest volume of 

aspen is in the 30+ cm diameter class, with all regions except Trßndelag having standing volumes 

between 0.6 and 2.3 million m3 ub. Neither grey alder, black alder nor ash have standing volume in the 

30+ cm diameter class, but there are 0.3 million m3 ub ash in Southern Norway in the 20ï29.9 cm class. 

In the same diameter class grey alder has 1 million m3 ub in both Eastern and Western Norway.  
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Table 3: Sawlog volume without bark and SE, per diameter class [cm], wood species and region 
 Sawlog volume without bark (ub) [1000 m3] and standard error (SE) 
  Eastern N.* Southern N.* Western N.* Trßndelag Northern N.* 

 Diameter class  volume SE volume SE volume SE volume SE volume SE 

Ash 

Ó30           

20-29.9   322 28       

5-19.9   344 25 227 24     

Oak 

Ó30    2276 19       

20-29.9    1851 12       

5-19.9  54 34 1908 11 239 31     

Silver birch  

Ó30  1699 22 992 21 383 29     

20-29.9  1971 18 1168 14 352 27     

5-19.9  1931 18 925 14 187 28     

Downy birch 

Ó30  2366 18 1358 18 2940 12 440 28 789 17 

20-29.9  6169 8 3361 8 6094 7 2578 8 6285 6 

5-19.9  24559 4 9482 5 13302 5 10191 5 26755 5 

Aspen 

Ó30 1781 23 2268 15 1012 12   609 33 

20-29.9 1068 20 2169 12 920 19 254 31 427 27 

5-19.9 683 20 1820 11 321 21 89 26 424 33 

Grey alder 

Ó30           

20-29.9 1067 33   1080 17 579 28 472 23 

5-19.9 2845 17 368 33 2781 12 2553 14 1672 13 

 Ó30           

Black alder 20-29.9           

 5-19.9 206 34 200 33 318 29     

*N = Norway 

 

Table 4: Sawlog volume without bark [1000 m3] and SE, per age class, wood species and region 
 Sawlog volume without bark (ub) [1000 m3] and standard error (SE) 
  Eastern N.* Southern N.* Western N.* Trßndelag Northern N.* 

 Age class  volume SE volume SE volume SE volume SE volume SE 

Ash 

< 50           

50 - 99   716 30       

100 - 149           

Ó 150           

Oak 

< 50   749 19       

50 - 99   2312 16       

100 - 149   2779 19       

Ó 150           

Silver birch  

< 50 2447 21 1230 19       

50 - 99 2527 21 1021 21 587 26     

100 - 149 386 25 677 28       

Ó 150           

Downy birch 

< 50 7622 9 2504 9 2242 11 2979 9 3207 10 

50 - 99 15830 7 5951 8 12050 7 5138 8 17002 7 

100 - 149 7981 9 4954 9 7381 8 4106 8 12740 8 

Ó 150 1537 16 767 16 622 26 955 13 789 22 

Aspen 

< 50 441 30 926 18       

50 - 99 1053 26 2884 14 1118 24   1016 29 

100 - 149 591 28 2110 16 964 25   399 30 

Ó 150           

Grey alder 

< 50 2475 29 324 33 1409 21 1688 20 517 29 

50 - 99 2163 32   2260 16 1446 26 1418 18 

100 - 149     434 26 158 26 337 22 

Ó 150           

 < 50           

 50 - 99   284 33       

Black alder 100 - 149           

 Ó 150           
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For most of the species, the 50ï99-year age class is most relevant for harvesting, except for oak. Old 

trees may be subject to harvesting restrictions due to environmental certification requirements 

(Luostarinen and Verkasalo 2000). Looking at the age-class distribution across species, only downy 

birch has a larger volume in the 150-year-and-older age class. In this class, there are about 4.7 million 

m3 ub, of which 1.5 million m3 ub stands in Eastern Norway and just under 1 million m3 ub in 

Trßndelag (Table 4). In Southern Norway, there are 2.8 million m3 ub of oak in the 100ï149-year age 

class. 

 

Site quality (site index, elevation) 

In forestry, the term site index is used to classify growing sites with respect to the forestôs growth 

potential for trees. A higher site index is associated with better height growth and higher production. 

Forests have greater annual increment (diameter and height) and reach harvest maturity earlier on the 

highest site indices. In Norway, the site index is related to the species spruce, pine and birch. Site index 

(H40) is defined as the dominant height (average height of the 10 largest trees per hectare) in metres at 

breast-height age (the treeôs age at breast height, i.e. 1.3 m) 40 years and is given in classes, for example 

G17 (species spruce, 17 m at 40 years), F20 (species pine, 20 m at 40 years) or B23 (species birch, 23 

m at 40 years) (Svensson et al. 2021).  

 

In Eastern Norway about 4 million m3 ub of silver birch grows on high site index; additionally, there 

are 9 million m3 ub of downy birch, 1 million m3 ub of aspen, and 4 million m3 ub of grey alder. 

Southern Norway has large resources of ash (0.8 million m3 ub), silver birch (1.6 million m3 ub), downy 

birch (2.8 million m3 ub), oak (1.8 million m3 ub) and aspen (1.6 million m3 ub) growing on high site 

index (Table 5). In Western Norway, only downy birch and grey alder occur on high site indices, with 

1.5 and 1.2 million m3 ub respectively. 

 

Table 5: Sawlog volume without bark (ub) [1000 m3] and standard error (SE), per site index, wood 

species and region 

 Sawlog volume without bark (ub) [1000 m3] and standard error (SE) 
  Eastern N.* Southern N.* Western N.* Trßndelag Northern N.* 

 Site index volume SE volume SE volume SE volume SE volume SE 

Ash 
Low (6-8)           

Middle (11-14)     325 35     

High (+17)   755 29       

Oak 
Low (6-8)   1159 21       

Middle (11-14)   3078 15 616 34     

High (+17)   1798 22       

Silver birch 
Low (6-8) 229 28 324 22       

Middle (11-14) 1368 25 1139 17 631 27     

High (+17) 3936 17 1623 19       

Downy birch 
Low (6-8) 12648 7 5002 8 8482 9 5473 7 23120 6 

Middle (11-14) 11167 8 6334 7 12320 6 6288 7 10364 8 

High (+17) 9281 10 2863 12 1534 14 1448 13 345 24 

Aspen 
Low (6-8) 197 32 993 19     562 26 

Middle (11-14) 1225 22 3670 12 1545 20   898 32 

High (+17) 1059 27 1593 20       

Grey alder  
Low (6-8)     529 26 135 32 872 23 

Middle (11-14) 683 27 50 35 2449 15 1492 18 1352 17 

High (+17) 4025 24 512 25 1153 24 1714 24   

 Low (6-8)           

Black alder Middle (11-14)   228 35       

 High (+17)           

*N = Norway 
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Elevation 

The altitude (in meters above sea level (a.s.l.)) of a stand affects growth conditions for trees and other 

plants. Growth conditions decline with increasing elevation because average temperature decreases with 

height, reducing height and diameter growth (Kollmann and C¹t® 1968), up to the treeline where forests 

can no longer establish. Several factors influence treeline altitude. In the Northern Hemisphere treeline 

mainly lowers with increasing latitude, but it also varies along a coastïinland gradient and is lower near 

the coast than inland in Norway. Therefore, we consider timber volume in the lowest elevation class (0ï

300 m a.s.l.) as a prerequisite for good increment. 

 

Oak, ash and black alder grow only in the lowest elevation class: oak and ash in Southern and Western 

Norway, and black alder in Western Norway. Silver birch also largely occurs within the lowest elevation 

class, but in Eastern Norway one third of the volume lies above 300 m a.s.l. Aspen and grey alder occur 

in all regions in the lowest elevation class (0.7ï3.8 million m3 ub for aspen and 0.4ï3.7 million m3 ub 

for grey alder), with larger aspen volumes on Eastern, Western and Southern Norway (0.7, 0.8 and 2 

million m3 ub, respectively). Only in Southern Norway does aspen grow in the highest elevation class 

(0.5 million m3 ub). For downy birch, half the volume is within the lowest elevation class and half above 

300 m a.s.l. Very large volumes of downy birch also grow in the highest elevation class: 14 million 

m3 ub in Eastern, 3.1 million m3 ub in Southern, 1.8 million m3 ub in Western Norway and 2.4 million 

m3 ub in Trßndelag (Table 6). 

 

Table 6: Sawlog volume without bark (ub) [1000 m3] and standard error (SE), per elevation [m], 

wood species and region 

 Sawlog volume without bark (ub) [1000 m3] and standard error (SE) 
  Eastern N.* Southern N.* Western N.* Trßndelag Northern N.* 

 Elevation 

[m] 

volume SE volume SE volume SE volume SE volume SE 

Ash 
0-300   881 26 824 32     

301-600           

>600           

Oak 
0-300   5875 11 878 29     

301-600           

>600           

Silver birch 
0-300 3890 16 2571 13 853 23     

301-600 1651 24 511 28       

>600           

Downy birch 
0-300 9519 9 5600 8 12005 6 5834 6 26121 5 

301-600 9782 8 5469 8 8566 9 5010 7 7380 10 

>600 13793 7 3131 11 1764 21 2365 14   

Aspen 
0-300 1755 19 3784 11 1472 20 711 34 1460 22 

301-600 716 27 2008 17 780 28     

>600   465 34       

Grey alder 
0-300 3684 26 437 14 2854 15 2883 17 2109 14 

301-600 923 24   1199 18 405 24   

>600           

 0-300 473 33 583 34 924 32     

Black alder 301-600           

 >600           

*N = Norway 

 

Accessibility 

Easy accessibility is a prerequisite for cost-effective harvesting. Harvesting class describes the forest's 

development stage in five different classes, and takes into account the quality of the land, i.e. the ability 

to produce wood, in addition to the age of the stand (Tomter et al. 2025). The classification ranges from 

establishment of the forest to harvest-ready forest and depends on site index, resulting in different lower 

age limits for different productivities.  
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In Norway, five harvesting classes (HKL) are used in forest planning (Svensson et al. 2021): 

¶ HKL 1 ï regeneration, 

¶ HKL 2 ï regeneration and young forest, 

¶ HKL 3 ï younger production forest, 

¶ HKL 4 ï older production forest approaching harvest maturity. Thinning is often applicable, 

¶ HKL 5 ï harvest-ready forest. Increment stagnates and harvesting of the stand is relevant. 

 

Throughout Norway, 91 million m3 ub of broadleaves of the selected species stand in HKL 5, of which 

1.3 million m3 ub is ash, 4 million m3 ub silver birch, 59 million m3 ub downy birch, 4.5 million m3 ub 

oak, 3.4 million m3 ub grey alder, and 8.6 million m3 ub aspen (Table 7). In Eastern Norway about 2 

million m3 ub silver birch, 14.5 million m3 ub downy birch, and 1.5 million m3 ub aspen are harvest-

ready in HKL 5. Southern Norway has 4.5 million m3 ub harvest-ready oak, and large harvest-ready 

resources of birch (silver birch 1.3 million m3 ub, downy birch 8.1 million m3 ub), aspen (3.9 million 

m3 ub) and ash (0.7 million m3 ub). Northern Norway has large volumes of harvest-ready downy birch 

(25 million m3 ub) and grey alder (1 million m3 ub).  

 

Table 7: Sawlog volume without bark (ub) [1000 m3] and standard error (SE), per maturity class, 

wood species and region 
 Sawlog volume without bark (ub) [1000 m3] and standard error (SE) 

  Eastern N.* Southern N.* Western N.* Trßndelag Northern N.* 

 
Maturity 

class 
volume SE volume SE volume SE volume SE volume SE 

Ash 

1+2           

3           

4           

5   744 29 514 30     

Oak 

1+2           

3   575 21       

4   825 20       

5   4509 14       

Silver birch 

1+2 138 31         

3 1502 25 813 20       

4 1214 21 757 23       

5 2173 23 1302 21 538 28     

Downy birch 

1+2 1644 14 488 16 291 20 377 15 976 15 

3 6559 9 2343 9 1553 13 3263 9 2740 12 

4 10415 9 3247 11 6078 10 2637 11 4907 13 

5 14478 7 8123 7 14414 6 6932 7 25206 5 

Aspen 

1+2           

3   527 19       

4 324 35 1580 18 185 33     

5 1495 21 3892 12 2018 18   1235 24 

Grey alder 

1+2 146 31     38 31   

3 734 30   640 30 1305 19 267 35 

4 1455 26   1982 18 1041 27 874 24 

5     1449 18 957 34 969 19 

 1+2           

 3           

Black alder 4           

 5           

*N = Norway 

 

Skidroad distance, or distance to road, is one of the factors that significantly affects harvesting costs and 

denotes the distance the timber must be transported from the harvest site to a public road, where a shorter 

distance to road indicates better accessibility (Svensson et al. 2021). 
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In Eastern Norway, a total of 32 million m3 ub of broadleaves ð silver birch (4.6 million m3 ub), downy 

birch (20.6 million m3 ub), aspen (2.7 million m3 ub) and grey alder (4.2 million m3 ub) ð stand at short 

distance to road (0ï500 m). This represents 70% of the volume of the selected broadleaf species in 

Eastern Norway (Table 8). In Southern Norway, the proportion of stands with short skidroad distance is 

59%, and 18 million m3 ub of the selected broadleaf species stand in the nearest-to-road category (ash 

0.8 million m3 ub, oak 4.2 million m3 ub, silver birch 2.3 million m3 ub, downy birch 7.3 million m3 ub, 

aspen 3.2 million m3 ub, grey alder 0.4 million m3 ub). In Western Norway, only 51%, i.e. 15 million 

m3 ub of the selected broadleaf species, are within a short distance of the road. Ash (0.9 million m3 ub), 

oak (0.6 million m3 ub) and silver birch (0.7 million m3 ub) occur exclusively near the road (0ï500 m), 

while downy birch (9.3 million m3 ub), aspen (1.1 million m3 ub) and grey alder (2.8 million m3 ub) 

have larger volumes totalling 15 million m3 ub located farther from roads. In Trßndelag 61% of downy 

birch (6.9 million m3 ub), aspen (0.6 million m3 ub) and grey alder (2.9 million m3 ub) stand 0ï500 m 

from road. In Northern Norway only 41% of the same species (downy birch 12.7 million m3 ub, aspen 

1 million m3 ub, grey alder 1.5 million m3 ub) are that close to roads. 

 

Table 8: Sawlog volume without bark (ub) [1000 m3] and standard error (SE), per distance to road, 

wood species and region 

 Sawlog volume without bark (ub) [1000 m3] and standard error (SE) 
  Eastern N.* Southern N.* Western N.* Trßndelag Northern N.* 

 Distance to road volume SE volume SE volume SE volume SE volume SE 

Ash 

0-500   842 27 858 32     

501-1000           

>1000           

Oak 

0-500   4168 14 616 33     

501-1000   1484 20       

>1000   383 27       

Silver birch 

0-500 4615 16 2251 14 672 25     

501-1000 572 25 398 30       

>1000 195 35 436 10       

Downy birch 

0-500 20599 6 7328 7 9333 7 6909 7 12712 7 

501-1000 6257 11 3 160 10 5055 10 2092 11 7555 11 

>1000 6239 11 3712 10 7948 10 4207 9 13563 7 

Aspen 

0-500 2675 24 3191 12 1136 7 574 30 964 29 

501-1000 444 28 1529 19       

>1000   1536 20 723 29     

Grey alder 

0-500 4186 22 445 26 2792 15 2939 17 1516 18 

501-1000     844 21 165 32 487 27 

>1000     495 29 237 31 273 29 

 0-500           

Black alder 501-1000           

 >1000           

*N = Norway 

 
CONCLUSIONS 

This paper provides detailed data on standing volume and annual volume increment of ash (Fraxinus 

excelsior), oak Quercus robur and Q. petrea), silver birch (Betula pendula), downy birch (Betula 

pubescens), aspen (Populus tremula), grey alder (Alnus incana), and black alder (Alnus glutinosa) in 

Norway, and give their distribution across the regions of Eastern Norway, Southern Norway, Western 

Norway, Trßndelag, and Northern Norway. In Northern Norway and Trßndelag, mostly downy birch, 

grey alder and aspen are of relevance, while Southern Norway has the largest variety in broadleaved 

tree species available. Large volumes of different broadleaved tree species are mature and ready for 

harvesting in all regions. Large volumes of the different broadleaved tree species grow on high site 

indexes and produce diameters that are interesting also for saw timber production. Oak, ash and silver 

birch grow almost exclusively with short distances to roads. Everything indicates that there is capacity 

for industrial use and value creation of the broadleaved tree resources in Norway. 
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ABSTRACT  

In the areas of road safety, fruit growing and forestry, there is an increased need for assessing the vitality 

of standing trees. Various micro-acoustic sound emissions potentially allow conclusions to be drawn 

about the vitality of the trees and various diseases and pest infestations. They can be separated into at 

least four different event categories: 

¶ Fibre breakage events due to mechanical and thermo-mechanical loads 

¶ Drought stress events based on capillary collapse and crack initiation 

¶ Sap flow events based on trunk diameter changes (ñtree breathingò)  

¶ Beetle and mouse events based on feeding noises 

All types of events produce structure-borne sound inside the tree and can be automatically measured 

and evaluated by a piezoelectric sensor node attached to the tree trunk. The events are characterized by 

short, broadband crackling signals. Depending on the type of event, these differ in their number, strength 

and acoustic centre frequency (up to 60 kHz) and can be separated from various types of background 

noise (such as traffic, wind, rain, etc.).  

In the frame of a German collaborative research project (TreeMon), an autonomous sensor prototype 

for long- and short-term monitoring based on LoRaWAN technology was developed and successfully 

tested in the field. We present results of various test and field measurements at different trees, including 

several hardwood species like beech, birch and fruit trees. 

We compare temporal acoustic emission profiles of single trees with simultaneously recorded weather 

and dendrometer data as well as with drone-based spectral analyses and vegetation indices. From these 

evaluations we can learn if and how dendro-acoustic emissions are correlated with the vitality of trees 

and various diseases and pest infestations. Current challenges are the further suppression of external 

noise and the development of an energy self-sufficient and cost-effective system for a wide variety of 

applications in road safety, fruit growing and forestry. 
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Figure 1: Acoustic measurement technology and instrumentation for field measurements 

 

 

    
 

Figure 2: Acoustic data evaluation based on spectrogram classification and temporal event statistics 

 

 

  
 

Figure 3: Drone-based visual inspection and vitality assessment for correlation with acoustic data 

 

 

The final version of this abstract and the full scientific article are scheduled to be published in 

the Special Issue "12th Hardwood ConferenceðSopron" of the journal MDPI Forests, available 

at the following link:  

MDPI Forests Special Issue: 12th Hardwood ConferenceðSopron 

 

https://www.mdpi.com/journal/forests/special_issues/BUGT086E64
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ABSTRACT 

Global climate change is increasingly affecting the vitality, productivity, and resistance of native tree 

species in Central Europe, while the suitability of introduced species for forest restoration is gaining 

attention. Rising temperatures, frequent droughts, and increasing climatic variability complicate 

successful afforestation, particularly on environmentally extreme sites. This study evaluated mortality, 

health status, and growth potential of 13 native and 9 introduced tree species planted on an extremely 

unfavorable site in the Czech Republic. The experimental plantation was established on a former forest 

nursery area (459ï481 m a.s.l.) characterized by compacted sandy soils and unfavorable chemical 

properties. After three years, the highest height increment among native species was recorded for Ulmus 

minor and Sorbus domestica, while among introduced species the best growth was observed for Ulmus 

pumila and Quercus pyrenaica. The lowest mortality among introduced species was found for Quercus 

rubra and Q. pyrenaica, whereas among native species the best survival rates were recorded for Fagus 

sylvatica and Quercus petraea. In contrast, Morus nigra, Ginkgo biloba, and Aesculus hippocastanum 

showed poor adaptation and are not recommended for afforestation of extreme sites in the Czech 

Republic. Introduced tree species exhibited, on average, 48.7% higher mortality and a 36.2% lower 

growth increment compared to native species. The results indicate that several especially native 

hardwood species can maintain satisfactory growth and survival even under highly unfavorable 

conditions. From a silvicultural perspective, mixed plantations combining tolerant species appear to 

represent a more stable strategy than monocultures. Future afforestation efforts should emphasize 

species diversity, suitable plant material, and careful provenance selection to enhance resilience and 

long-term forest stability under ongoing climate change. 

 

INTRODUCTION  

In the context of global climate change (IPCC 2019), it is essential to understand how forest ecosystems 

will respond to ongoing environmental changes under different site and stand conditions in the Czech 

Republic. With increasing average temperatures, more frequent and severe occurrences of extreme 

climatic events, particularly heat waves and drought periods, are expected, significantly affecting the 

growth, development, and ecological stability of forest ecosystems (Seidl et al. 2017; Vacek et al. 2023). 

This is closely associated with the increasing vulnerability of forests to warm drought periods, raising 

concerns about the adaptive capacity of forest stands to ongoing climate change (ĠimŢnek et al. 2023; 

Vacek et al. 2023), especially during post-disturbance forest regeneration (Poleno et al. 2009; Leugner 

et al. 2025). 

Forest stands also play a crucial role in providing ecosystem services (Brockerhoff et al. 2017). They 

produce timber, fuel, fibre, and fodder, while significantly contributing to climate regulation through 

carbon sequestration, as well as to soil formation and stabilization and the cycling of water and nutrients 

(MacDicken 2015; MacDicken et al. 2015). Forest ecosystems affected by disturbances therefore require 

targeted and effective restoration measures (Vacek et al. 2023; Leugner et al. 2025). Although forests 

are essential for mitigating the impacts of climate change, they are themselves strongly affected by 

extreme weather events, which may reduce both their stability and the ecosystem services they provide 

across the European distribution range of tree species (Buras, Menzel 2019; Montagnoli et al. 2022). 

For these reasons, it is necessary under Central European conditions to verify the adaptability of 

promising tree species suitable for the restoration of disturbed and degraded sites under ongoing climate 
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change (Vacek et al. 2023). Overall, in Central Europe, it is projected that approximately 75% of 

currently established tree species may occur outside their climatic niche by the end of the century under 

moderate climate change scenarios (Potterf et al. 2026). One possible approach is the use of introduced 

tree species to support forest adaptation to changing environmental conditions (NovotnĨ et al. 2023; 

Tomczak et al. 2025). These species may provide useful traits such as higher drought tolerance or better 

growth performance, which can improve stand resilience on challenging sites (Vacek et al. 2021; 

Podr§zskĨ et al. 2020). The aim of this contribution was to evaluate the performance of plantations 

(mortality and growth potential) of not only native but also potentially suitable introduced hardwood 

tree species on extreme soils with low water retention capacity in the former forest nursery area of 

Budiġov in the Czech Republic. 

 

MATERIALS AND METHODS  

 

Study area 

The former forest nursery Budiġov is located in the Vysoļina Region, Czech Republic, under the 

management of Lesy Ļesk® republiky (GPS: 49Á14'55"N, 16Á0'9"E). The nursery area lies at an 

elevation of 459ï481 m a.s.l. The terrain is flat, with an average slope of 2.1Á, and a general westward 

inclination. The geological bedrock consists of granites to quartz-bearing syenites of Carboniferous age. 

The soil type is classified as modal Cambisols, characterized by high infiltration and permeability, low 

water retention capacity, and low plant-available water capacity due to compaction and long-term sand 

deposition (Trojan et al. 2025). According to data from the Velk® MeziŚ²ļ² meteorological station for 

the period 1960ï2025, the mean annual air temperature is approximately 7.8 ÁC, and the mean annual 

precipitation is 581 mm. From a climatic perspective, the year 2023, when most of the plantings were 

established, can be considered relatively extreme compared to the period 1961ï2022. Mean monthly 

temperatures were higher in all months by 0.5 to 4.3 ÁC. Monthly precipitation totals were also highly 

variable and characterized by pronounced extremes (especially long-term droughts). 

On the area of the former forest nursery, experimental plantations were established in blocks divided 

into 20 Ĭ 20 m plots with five replicates for native broadleaved species, and 15 Ĭ 15 m plots with 2ï6 

replicates for introduced species. The planting material consisted mainly of seedlings in the 26ï35 cm 

height class. In total, 13 native broadleaved species were planted: Fagus sylvatica, Acer pseudoplatanus, 

Quercus petraea, Tilia cordata, Alnus glutinosa, Ulmus minor, Ulmus glabra, Juglans regia, Sorbus 

torminalis, Sorbus domestica, Prunus avium, Pyrus pyraster, and Malus sylvestris. In addition, 9 

introduced broadleaved species were planted: Aesculus hippocastanum, Castanea sativa, Celtis 

australis, Corylus colurna, Ginkgo biloba, Morus nigra, Quercus pyrenaica, Quercus rubra, and Ulmus 

pumila. 

 

Data collection and analyses 

In autumn 2025, an assessment of the plantations was carried out. Data were collected using a folding 

measuring tape and digital calipers. Total height and height increment over the last growing season were 

measured with an accuracy of 1 cm. Root collar diameter was measured with an accuracy of 0.1 mm. 

Mortality and tree vitality were also evaluated. Vitality assessment was divided into four categories 

based on foliage condition and other characteristics (1 ï most vital, 2 ï vital, 3 ï declining, 4 ï dead; 

Trojan et al. 2025). 

In Excel, histograms of mean dendrometric parameters (height increment) and health status (mortality) 

were prepared. In the graphs, mean values are indicated by an interrupted line, while error bars represent 

data variability. Statistical analyses were performed using basic descriptive and inferential methods 

(normality and homogeneity of variance testing Ÿ ANOVA vs. KruskalïWallis test) in the software 

Statistica 14 (TIBCO). Principal component analysis (PCA) was performed using CANOCO 5 (Ter 

Braak, Ġmilauer, 2012) to evaluate the relationships among growth parameters, health status, and 

individual tree species. Prior to the analysis, the data were log-transformed and standardized. The results 

of the multivariate PCA analysis were visualized in the form of an ordination diagram. 
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RESULTS 

 

Mortality  

In terms of mortality, a significant (p < 0.001) difference among tree species was detected within the 

evaluated experimental plots (Fig. 1). Among native broadleaved species, the lowest overall mortality 

was recorded for Fagus sylvatica (14.4%), Quercus petraea (20.3%), Ulmus minor (21.2%), and Acer 

pseudoplatanus (21.5%). In contrast, the highest mortality rates were documented for Prunus avium 

(67.1%) and Alnus glutinosa (65.3%). Regarding introduced broadleaved species, the lowest mortality 

was observed in Quercus rubra (59.5%), Quercus pyrenaica (68.4%), and Castanea sativa (70.4%). 

The highest mortality (100%) was recorded for Ginkgo biloba and Morus nigra. Overall mortality across 

all native species reached 34.4%, whereas geographically non-native species exhibited a substantially 

higher mortality of 83.1%. 

 

 
Figure 1: Mortality of native (light) and introduced (dark) hardwood tree species; species 

descriptions are derived from abbreviations of Latin names 

 

Growth potential  

The evaluation of annual mean height increment revealed also a significant (p < 0.001) difference among 

tree species (Fig. 2). The three native broadleaved species with the highest height increment exceeding 

20 cm were Ulmus minor (27.5 cm), Sorbus domestica (25.0 cm), and Prunus avium (22.7 cm). In 

contrast, the lowest height increment was recorded for Fagus sylvatica (5.8 cm) and Quercus petraea 

(7.5 cm). Among the introduced broadleaved species, the highest height increment was observed in 

Ulmus pumila (25.0 cm) and Quercus pyrenaica (11.6 cm). Compared to native species (16.3 cm), 

introduced species exhibited a 36.2% lower mean annual height increment (10.4 cm). 
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Figure 2: Mean annual height increment of native (light) and introduced (dark) hardwood tree 

species; species descriptions are derived from abbreviations of Latin names 

 

Interaction between growth parameters, vitality and tree species 

The PCA results express the relationship between the seedlings parameters, health status and tree species 

in Budiġov and are presented in the form of an ordination diagram in Fig. 3. The first ordination axis 

presents 60.7%, the first two axes 79.3% and the four axes together explain 99.1% of the data variability. 

The x-axis represents seedlings height. Root collar diameter was positively correlated with seedling 

height, while both parameters were negatively correlated with mortality rate. Mean annual height 

increment was negatively correlated with vitality classes. The diagram indicates that native tree species 

exhibited higher growth increments and lower mortality rates compared to introduced species. In 

general, Ulmus minor, Sorbus torminalis, and Acer pseudoplatanus were identified as the most suitable 

species for afforestation of extreme sites, being characterized by high growth performance and low 

mortality. 

 
Figure 3: Ordination diagrams showing the results of PCA interaction between seedlings 

parameters (Height, Root collar diameter, Height increment), health status (Vitality degree, 

Mortality) and tree species (abbreviations of Latin names) in 2025; symbols indicate ǒtree species, 

ƴ native vs. introduced tree species 
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DISCUSSION 

Global climate change is altering forest regeneration concepts, particularly on extreme sites (Vacek et 

al. 2009, 2021), including areas of the former Budiġov nursery. These conditions are driven not only by 

pronounced warming trends and uneven precipitation distribution, increased solar radiation, and wind 

exposure, but also by highly restrictive soil conditions with low water retention capacity, where 

precipitation rapidly drains from the site (Trojan et al. 2025). Forest regeneration on such extreme sites 

differs substantially from traditional silvicultural approaches, as planning and implementation must 

consider not only species suitability and ecological characteristics under given site and stand conditions, 

but also the specific constraints imposed by climatic and edaphic extremity as well as a range of 

additional microsite factors affecting plantation performance (Brancalion et al. 2019; Masarei et al. 

2021). If these site-specific constraints are insufficiently understood, they may result in negative impacts 

on both regeneration success and overall forest ecosystem functioning (Castro et al. 2021). The ultimate 

objective is to increase regeneration efficiency and reduce both environmental and economic costs. 

In our study conducted in the former Budiġov nursery, we present preliminary results of afforestation 

using both native and introduced hardwood tree species. Comparable studies on formerly agricultural or 

nursery soils remain scarce; for example, Gallo et al. (2022) and Tama et al. (2025) report related 

findings. However, these studies were conducted on fertile agricultural soils in Central Bohemia under 

less extreme climatic conditions, where for example the introduced Corylus colurna achieved 

exceptionally high growth rates. Experimental plantings on forest soils have been addressed, for 

example, by Ġr§mek et al. (2025), where among hardwood species the highest growth increments were 

recorded in Quercus rubra and Quercus cerris. In our case, elm speciesðboth introduced Ulmus pumila 

and native Ulmus minorðachieved the highest growth increments. Nevertheless, comparable studies 

focusing on plantations established in former nursery sites such as Budiġov are still lacking. For this 

reason, long-term monitoring of these experimental plantations is essential to obtain sufficient 

knowledge for successful restoration of such extreme sites (Trojan et al. 2025). 

The results of health status and mortality assessment of native tree species in the former Budiġov nursery 

reveal substantial interspecific differences. Mortality rate ranged widely from 14.4% in Fagus sylvatica 

to 100% in Morus nigra and Ginkgo biloba, confirming that survival of young plantations is strongly 

species-dependent and simultaneously highly influenced by site conditions and weather variability 

during the initial establishment phase. In another study conducted in the Czech Republic, similarly high 

mortality rates (>50%) were reported for Quercus cerris and Quercus frainetto (Ġr§mek et al. 2025). 

The early developmental stage of forest plantations represents one of the most sensitive periods in terms 

of mortality, as young seedlings are exposed to a combination of stress factors such as water deficit, 

high solar radiation, and competition from herbaceous vegetation (Jandl et al. 2019; Rep§ļ, Belko 2020). 

For establishing new forest stands under difficult site conditions, a range of approaches can be used, 

including both native and introduced tree species as well as different types of planting material (Gallo 

et al. 2022; NovotnĨ et al. 2023). 

 

CONCLUSIONS 

The obtained results indicate that several of the tested tree species exhibit considerable growth potential 

and high resilience, which makes them suitable candidates for forest restoration on extreme sites and 

post-disturbance clearcuts. These findings suggest that certain species are capable of maintaining 

satisfactory performance even under highly limiting soil and climatic conditions, and may therefore 

contribute to increasing the stability and adaptability of future forest stands. From the perspective of 

practical silvicultural application of native broadleaved species, the following taxa can currently be 

recommended: Acer pseudoplatanus, Malus sylvestris, Pyrus pyraster, Sorbus torminalis, and Ulmus 

minor. Among introduced broadleaved species, particularly Quercus rubra, Quercus pyrenaica, and 

Ulmus pumila showed promising results in terms of growth and survival under the studied extreme 

conditions. For obtaining robust and long-term applicable conclusions, it is therefore essential to 

continue systematic monitoring of the established experimental plots at least until the pole stage 

development. In the context of ongoing climate change, particular emphasis should be placed on mixed-

species plantations rather than monocultures, as species mixtures are generally expected to enhance 

stand stability, ecological resilience, and functional diversity under increasing environmental variability. 
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ABSTRACT 

A number of hardwood species have a very low permeability, causing problems during timber 

processing. These include very long drying times, large material losses after drying, expensive drying 

processes, and difficult impregnation with preservatives and resins. Microwave (MW) wood 

modification can dramatically increase wood permeability, solving many wood processing problems.  

In previous studies, two frequencies 0.922 and 2.45 GHz were used for MW wood structure 

modification. At these frequencies, MW penetrate deep into the wood and allow modification of large 

cross-section timber. In some applications, it is required to increase the permeability of timber surfaces 

areas only (for example, for preservative treatment or resin impregnation). Microwaves at a frequency 

5.8 GHz cannot penetrate deep into the moist wood and decay in the surface layers. Therefore, they can 

be used for the modification of shallow areas of timber. 

The study of wood sample treatment was carried out in an experimental MW plant with a maximum 

power of 550 W (f= 5.8 GHz) with two special MW applicators. MW treatment of three hardwood 

species showed that energy application to the moist wood in the range between 180 and 320 kWh/m3 

produces significant changes in the structure and dramatically increases the permeability of surface 

layers required for preservative treatment at a depth 5-8 mm. MW timber modification for preservative 

treatment and resin impregnation to a depth of 5-8 mm requires MW energy consumption, depending 

on hardwood moisture content and density, in the range of 11-26 kWh/m2 of wood surface. 

 

INTRODUCTION  

Some wood species have a very low permeability, causing problems during timber processing. These 

include very long drying times, large material losses after drying, expensive drying processes and 

difficult impregnation with preservatives and resins. Furthermore, growth stresses in wood and collapse 

often lead to drying defects and high material losses in the recovery of sawn timber. MW wood 

modification can provide an increase in wood permeability, which solves many wood processing 

problems. 

Intensive MW power applied to green wood generates steam pressure within the wood cells. Under high 

internal pressure, the pit membranes in cell walls, tyloses in vessels and weak ray cells are ruptured to 

form pathways for easy transportation of liquids and vapors. An increase in the intensity of the 

microwave energy increases the internal pressure, resulting in the formation of narrow voids in the 

radial-longitudinal planes. The number of cavities, their dimensions, and distribution are controlled by 

the intensity of microwave energy supplied. A several thousand-fold increase in wood permeability in 

the radial and longitudinal directions can be achieved in species previously found to be impermeable to 

liquids and gases. Other physical properties and technological attributes are also changed. Structural 

changes in wood after MW modification, their effect on wood properties, and process parameters 

required for different degrees of wood modification are described in the literature (Torgovnikov and 

Vinden 2009, Vinden et al. 2003). 

In previous studies, two frequencies 0.922 (0.915) and 2.45 GHz, from a range of frequencies allowed 

for industrial applications, were used for MW wood structure modification. MW at frequencies 0.922 

and 2.45 GHz penetrates rather deep to the wood and allow to modify large cross-section timber (at 
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0.922 GHz logs up to 450 mm and at 2.45 GHz sawn timber up to 120 x 120 mm). But in some 

applications, it is required to increase the permeability of timber surface areas only (for example, for 

preservative treatment or impregnations by resins). This impossible to do at frequencies 0.922 and 2.45 

GHz.  

Microwaves at 5.8 GHz cannot penetrate deep into the moist wood and decay in the surface layers. 

Therefore they can be used for the modification of shallow areas of timber. It is interesting from 

scientific and practical points of view to know what kind of structure changes can be done in the wood 

by microwaves at this frequency and estimate the MW process parameters required for timber surface 

permeability increase. 

 

MATERIAL AND METHODS  

Three species were used for experiments: Sugar gum (Eucalyptus cladocalyx), Red Ironbark (E. 

sideroxylon), and Blue gum (plantation) (E. globulus). Wood samples measured 8x8x600 mm and 

22x48x600 mm had the following properties: 

 
 Oven dry density (kg/m3) Moisture content (%) 

Sugar gum 1040 34 

Red Ironbark  1050 27 

Blue gum 710 84 

 

MW experimental plant at frequency 5.8 GHz consists of: MW generator with max power 550 W, 

waveguide system with autotuner, MW applicators (1 and 2) and water load, air heater and fan for 

removing steam from the applicator, variable speed electric drive for moving the sample via Applicators 

1 (Figure 1) and Applicator 2 (Figure 2). 

 

 
 

Figure 1: Scheme of wood sample processing in the waveguide Applicator 1 
 

 

 
 

Figure 2: Scheme of wood sample processing in Applicator 2 

 

The plant works in the following way. When the MW generator starts working at the required power, 

the electric drive connected by cotton with the sample moves it via applicators at the required speed. 

Microwaves heat wood in applicators, and steam in wood cells ruptures some element of wood structure, 

increasing wood permeability. MW energy applied to the wood can be changed by the generated power 

and the transportation speed. Steam released from wood during MW modification is removed by air 

flow from the fan. 

During experiments, MW power was changed in the range 240 to 500 W, and the speed of the sample 

was changed in the range 2.5 ï 5.0 mm/sec. 
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Generated and reflected power were measured by an autotuner. MW power P absorbed by the sample 

was calculated by the formula Pabs = P generated ï P reflected ï P passed. MW energy passed via the 

wood was measured in water load by the calorimetric method. 

Applicator 2 (cross-section 44x94 mm) was used to treat the sample surface and determine the depth of 

modified zones as a function of applied power.  

In both applicators, the electric field strength vector E was oriented parallel to the wood grains to 

maximize energy release in the surface layers, because dielectric losses in wood are significantly higher 

at parallel vector E orientation than at perpendicular vector E orientation. 

 

RESULTS AND DISCUSSION 

In experiments with Applicator 1, at applied (generated) MW power from 240 to 500 W and sample 

speed 5 mm/sec, the tuner provided good matching with practically no reflected power. MW energy 

absorbed by the samples is shown in Table 1. 

 

Table 1: MW energy absorbed by wood samples in Applicator 1 
Applied power, [W] MW energy absorbed by samples, [MJ/m3] 

 Sugar gum Red Ironbark  Blue gum 

240 630 550 720 

320 800 750 930 

400 890 930 1170 

500 1120 1040 1280 

 

Experiments showed that an increase in specific applied MW power from 63 to 130 W/cm3 leads to a 

proportional increase in energy wood absorption by 1.8-1.9 times. After MW modification, a wood 

moisture content reduction for Sugar gum is from 34% to 10 -19%, for Red Ironbark - from 27 to 10-

19%, for Blue gum - from 84 to 28-43%. 

Application of MW energy to wood in the range of specific power from 80 to 130 W/cm3 provides  

a high degree of wood modification, rupturing some elements of the wood structure.  Rupturing of rays 

(ray cells) in wood is the most indicative factor for the assessment of wood permeability increase. 

Microscope photos of sample cross sections after MW modification (Figures 3 and 4) demonstrate 

changes in wood structure.  

Sugar Gum sample cross-cut photos are in Figure 3. Wider white lines are ruptured rays. Applied MW 

energy increases provide an increase in the size of cavities based on ruptured rays.  

 

                           
Before MW treatment (magn. +16)                        After MW treatment (magn. +16 and +50) 

 
Figure 3: Sugar gum sample crosscut after MW modification (magnification +16 and +50). Applied 

power 400 W, absorbed MW energy 890 MJ/m3. Wider white lines are ruptured rays 

 

Red Ironbark sample cross-cut photos after MW modification are in Figure 4. Wider white lines are 

ruptured rays. 
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 Sample 11a. MW power 400 W, Sample 12b. MW power 500 W, 

 magnification +16  magnification +50 

 

Figure 4: Red Ironbark samples after MW treatment (magnification +16 and +50). Applied power 

400 and 500 W, absorbed MW energy 930 MJ/m3 and 1040 MJ/m3. Wider white lines are ruptured 

rays 

 

Blue Gum sample crosscut photos are shown after MW modification in Figure 5. 

 

   
 Sample 11b. Power 400 W, speed 5 mm/sec, Sample 3a. MW power 400 W, speed 3.4 mm/sec, 

 magnification +16 magnification +50 

 

Figure 5: Blue gum (plantation) samples after MW treatment. Applied power 400 W. Absorbed MW 

energy 1170 MJ/m3 and 1280 MJ/m3. Wider white lines are ruptured rays 

 

At frequency 5.8 GHz MW energy application to the moist wood in the range 650 to 1200 MJ/m3 

produces significant structural changes. Magnified pictures of sample cross sections after MW 

modification showed destroyed ray cells and widening ray cell areas in tangential and longitudinal 

directions. Ray destruction leads to an increase in wood permeability, mainly in radial and longitudinal 

directions. Visual subjective comparison of ray destruction in wood showed that at frequency 5.8 GHz, 

cavities in wood on the basis of rays have smaller sizes compared to cavities formed by MW treatment 

at frequencies 0.922 and 2.45 GHz. Other changes in wood structure were not assessed in this study. 

This requires special study. Experiments with samples 22x48x600 mm in Applicator 2 were carried out 

to determine the modification zone when the wood surface was irradiated by microwaves, as shown in 

Figure 2. Experiments showed that the MW irradiation density of 86-143W/cm2 provides a modification 

depth of 5-8 mm without surface burning. This treatment requires MW energy consumption of 800-

1170 MJ/m3. MW timber treatment parameters for easy preservative solution penetration to a depth of 

5-8 mm are displayed in Table 2. 
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Table 2: MW timber treatment parameters for wood modification to the depth 5-8 mm 
Wood species Owen dry 

density, 

[kg/m3] 

Moisture 

content, 

[%]  

Depth of 

wood 

modification, 

[mm] 

MW energy 

consump tion, 

[MJ/m 3] 

MW energy 

consumption for 

treatment of 1m2 of the 

surface, [kWh/m2] 

Sugar gum 1040 34 5 800 11 

   8 890 17 

Red Ironbark 1050 27 5 750 10.5 

   8 930 21 

Blue gum 710 84 5 930 13 

   8 1170 26 

 

Experiments showed that an increase in specific applied MW power from 63 to 130 W/cm3 leads to a 

proportional increase in MW energy wood absorption by 1.8-1.9 times. After MW modification, a wood 

moisture content reduction for Sugar gum was from 34% to 10 -19%, for Red Ironbark - from 27 to 10-

19%, for Blue gum - from 84 to 28-43%. 

Microwaves at a frequency of 5.8 GHz can be generated by magnetron and klystron generators. The 

maximum magnetron power at frequency 5.8 GHz is not more than 1000 W, and the generator efficiency 

is about 62%. Klystron generators have power up to 100 kW and more, with an efficiency of about 42%. 

These generators are expensive, and efficiency is rather low; therefore, microwave surface modification 

can be  expensive, and usage will be limited. 

A practical application of frequency 5.8 GHz for wood surface treatment is limited because magnetron 

and klystron generators for this frequency are very expensive, and the efficiency of electric energy 

transformation to microwaves is only 42-62%. 

 

CONCLUSIONS 

An experimental study of MW hardwood modification at frequency 5.8 GHz showed that energy 

application to the moist wood in the range 180 to 320 kWh/m3 produces significant changes in the 

structure. MW treatment destroys ray cells and widens ray cell areas in the tangential and longitudinal 

directions. Ray destruction leads to a dramatic increase in wood permeability, mainly in radial and 

longitudinal directions. Visual subjective comparison of ray destruction in wood showed that at 

frequency 5.8 GHz, cavities in wood on the basis of rays have smaller sizes compared to cavities formed 

by MW treatment at frequencies 0.922 and 2.45 GHz. It is possible to use MW frequency 5.8 GHz to 

increase wood permeability to a depth of 5-8 mm required for preservative treatment and resin 

impregnation. MW energy consumption depending on hardwood moisture content and density is in the 

range 11-26 kWh/m2 of wood surface. A practical application of frequency 5.8 GHz for wood surface 

treatment can be limited because the MW energy consumption 8000-12000 MJ/m3 is very high, 

magnetron and klystron generators for this frequency are very expensive, and the efficiency of electric 

energy transformation to microwaves is only 42-62%. 
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ABSTRACT 

Forestry research has shown that the survival of sensitive tree species is threatened by rising average 

annual temperatures and declining precipitation. The grey poplar (Populus Ĭ canescens) is native to 

Hungary and is a fast-growing tree species that currently plays a significant role in the economy. All 

this makes it a potential candidate for structural use, eventually replacing pine species. Further studies 

are needed to determine the strength values of grey poplar for structural use. To determine the strength 

properties resulting from anisotropic properties, longitudinal (L), radial (R), and tangential (T) directions 

and planes were defined for the test specimens, with fibre orientations of 0Á, 45Á, and 90Á, depending on 

the direction. The 45Á grain orientation allows for the experimental determination of shear strength, 

which is detailed in Askenazi's anisotropic strength theory and practical experience. During the tensile 

strength measurements, 30-30 sapwood and heartwood specimens were measured in each direction 

((LR0Á, LR45Á, LR90Á, LT45Á, LT90Á, RT45Á), for a total of approximately 400 test specimens. Based 

on these figures, the strength values can be determined with an accuracy of 0.2 MPa. The measurements 

were performed in accordance with ISO 13061-06. The separate and combined examination of the 

individual parts ï sapwood and heartwood ï allows for classification into strength classes, considering 

the lower 5% quantile. Classification can be carried out using Eurocode 5, a guide currently used for 

structural design, for practical classification. 

 

INTRODUCTION  

One of the most pressing issues of our time is climate change, which is causing average precipitation 

levels to decline and temperatures to rise. The treeôs water requirements are increasing, but since they 

cannot access enough, this can lead to desiccation and reduced resistance to insects (Hicke ï Zeppel 

2013, Jaime et al. 2019). The grey poplar (Populus Ĭ canescens) is a tree species native to Hungary with 

a significant domestic population, which can serve as a good alternative to replace declining tree species. 

It grows quickly and is easy to cultivate. Annually, 1.3 - 1.5 m3 of timber is marketed, accounting for 

23-25% of total annual timber harvest (Moln§r ï Farkas 2024). Its current uses primarily include the 

production of crates, pallets, coasters, particleboard, and fibreboard. Further studies are needed for its 

structural applications and practical use. 

 

MATERIALS AND METHODS  

The strength properties of grey poplar depend significantly on the grain direction, as well as on whether 

the sapwood or heartwood predominates in the test specimen. Sapwood accounts for 30-40% of the 

specimen and has a higher moisture content than the heartwood. According to the literature, the 

behaviour of these parts depends on the tree species under study. Some studies on oak have shown that 

the properties of sapwood and heartwood do not differ significantly, and that heartwood did not exhibit 

greater strength than sapwood (Merela ï Ļufar 2013). For this tree species, structural designability was 

not influenced by these parameters, whereas in studies of particularly fast-growing tree species, 

significant differences were observed among most parameters (Bektas et al. 2020).  To enable species-

specific testing, the sapwood and heartwood sections were separated during sample preparation so that 

the strengths measured for each section could be distinguished from one another. During the tensile 

strength tests, we examined the materialôs behaviour in three main anatomical directions. In doing so, 

we distinguished between longitudinal (L), radial (R) and tangential (T) directions and their planes, 

where test specimens at 0Á, 45Á and 90Á were prepared depending on the direction. Askenaziôs 

anisotropic strength theory and practical experience allow for the experimental determination of shear 
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strength in the case of a 45Á fibre orientation. In this case, the distribution of shear stress is uniform 

across the shear cross-section (Askenazi 1978). During the tests, tensile strength measurements were 

performed on 30 sapwood sections and 30 heartwood per directions as shown in Figure 1 ï LR0Á, LR45Á, 

LR90Á, LT45Á, LT90Á, RT45Á ï for a total of approximately 400 test specimens.  

 

 
 

Figure 1: Test specimens designed with anatomical orientations and planes in mind 

 

An Instron 5985 universal testing machine was used for the tests. The test was conducted in accordance 

with ISO 13061-06 until the test specimens failed (Part 16 2014). We optimized the moisture content of 

the test specimens of various designs by storing them in a climate-controlled room (temperature 20 ÁC, 

humidity 65%), thereby eliminating any differences that might arise from this factor. To account for 

anatomical orientations and planes, longitudinal limitations arose during the preparation of the test 

specimens; therefore, we conducted a supplementary test. In this test, the 300 mm-long test specimens 

specified in the standard were compared with the results of the 150 mm specimens used, which had a 

higher number of measurements (Figure 2). 

 

 
 

Figure 2: Tensile strength testing using a materials testing machine 
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Before conducting the tests, the cross-sectional dimensions were recorded. During the tests, the testing 

machine recorded the maximum tensile force, from which the tensile strength can be calculated using 

the Equation 1. 

 

„  (1) 

 

In the formula, ñů12ñ is the tensile strength value in the air-dried state, measured in N/mm2, ñFò is the 

tensile force, measured in N, ñAò is the cross-sectional area in mm2. For comparison with the standard, 

we considered the lower 5% quantile value, denoted by ft.k, which is the direction-dependent 

characteristic value of tensile strength. This value is the quantile corresponding to the lower 5% 

probability of occurrence for a given property, which can be considered when calculating load-bearing 

capacity for stiffness properties. With this, the values can be classified into the Eurocode 5 strength 

classes. 

 

RESULTS AND DISCUSSION 

We verified the reliability of the test specimens resulting from their reduced length by comparing 300 

mm ï long test specimens with 150 mm-long specimens oriented in the same direction. The results are 

presented in Table 1. We denote the sapwood with an ñSò and the heartwood with an ñHò. 

 

Table 1: Results of the test ï Difference in length 
Specimen ů12 [N/mm2] f t.k [N/mm2] EuroCode5 Strength 

classification 

300 S 60.45 40.53 C50 

300 H 31.13 21.00 C35 

LR0 S 52.87 34.36 C50 

LR0 H 42.07 17.62 C27 

 

The differences between the individual sections are minimal, and that the smaller samples exhibited 

lower strength in both types. Therefore, the reduction in strength can be considered conservative, as it 

is done in the interest of safety, and thus the modified-size design can be used with confidence. 

The second table presents the results of the measurements taken in various directions, as well as the 

strength classifications, broken down by sapwood and heartwood sections. Determined in this way, the 

tensile strength of the wood in different directions not only reached the lower limit of structural strength, 

but in many cases reached a higher category, as shown in Table 2. Test specimens with a 45Á design 

cannot be classified (N/C) on their own, in such cases, additional methods must be used, so this 

publication does not go into detail on this matter. 

 

Table 2: Results of the tensile strength analysis and strength classifications 
Specimen ů12 [N/mm2] f t.k [N/mm2] EuroCode5 Strength classification 

LR0 S 52.87 34.36 C50 

LR0 H 42.07 17.62 C27 

LR45 S 8.18 4.64 N/C 

LR45 H 6.89 1.76 N/C 

LR90 S 3.63 2.93 C50 

LR90 H 4.10 1.99 C50 

LT45 S 8.32 5.97 N/C 

LT45 H 7.03 2.93 N/C 

LT90 S 2.71 1.88 C50 

LT90 H 1.97 1.00 C50 

RT45 S 3.10 2.55 C50 

RT45 H 3.06 1.37 C35 

 

A significant difference was observed between the sapwood and the heartwood during the 

measurements. The sapwood exhibited elastic-ductile behaviour in some areas. The fibres slipped past 

one another, revealing a fibrous fracture pattern. In contrast, the heartwoodôs fracture was characterized 

by brittle behaviour, and failure occurred more rapidly. Based on the data determined during the strength 
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measurements, the sapwood generally exhibited more elastic behaviour alongside higher strength 

values, being able to withstand greater deformation, while the heartwood, due to its more brittle 

behaviour, was less reliable with greater variability and sudden fracture. In terms of their strength 

classification, the results met the minimum structural requirements in all cases and even achieved higher 

values. Figure 3 shows the typical fracture patterns for samples of various designs, which is also an 

important feature. 

 

 
 

Figure 3: Typical fracture patterns observed during the test 

 

The fracture patterns shown in the figure are characteristic of the modes described in the literature. When 

tension is applied parallel to the grain, tear fractures, combined tensile and shear fractures, shearing, and 

brittle fractures are typical. When tension is applied perpendicular to the grain, fractures along the early 

sapwood, shearing along the growth rings, and fractures along the medullary rays are typical (Bodig J - 

Jayne B. A 1965, 1982). 

 

CONCLUSIONS 

The tensile strength results clearly demonstrate the orthogonally anisotropic properties of wood. By 

covering all planes and directions, it became possible to map not only the measured values but also the 

fracture patterns and behaviour of the individual test specimens. Different sections of the wood behave 

differently under load, which is an important factor to consider when applying the material in practical 

structural solutions. Since it is not feasible to separate the sections during production and manufacturing, 

a representative limit value must be determined to establish a reliable basis for structural calculations. 

Overall, it can be said that the strength of grey poplar meets the strength requirements for structural 

timber, and based on the results so far, it can be recommended as a substitute for imported pine. The 

measurements make it possible to map the strength surface of the wood, and the large number of test 

results provide reliable, predictable values, which is extremely important from a structural design 

perspective. 
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ABSTRACT  

Date palm (Phoenix dactylifera L.) trunk material represents a structurally unique monocotyledonous 

lignocellulosic system whose engineering behaviour remains insufficiently documented within 

hardwood engineering research frameworks. Unlike conventional hardwoods and softwoods, date palm 

trunks exhibit a vascular bundleïparenchyma architecture that generates pronounced structural 

heterogeneity along the longitudinal axis. A comprehensive, multidomain evaluation is therefore 

required to understand its true material potential. 
 

This study presents an integrated mechanical, physical, chemical, and biological characterization of 

mature date palm trunks collected from Wasit Province (Kut City), Iraq. Three independent trunks were 

selected, and standardized small clear specimens were prepared from three longitudinal regions: top, 

middle, and bottom. All mechanical tests were conducted according to standardized small  clear 

specimen procedures. The middle region was defined at 1 m above ground level to ensure consistent 

anatomical positioning across trunks. This sampling strategy enabled assessment of both inter-tree 

variability and intra-trunk structural gradients. 
 

Mechanical performance was evaluated using static bending (MOR and MOE), impact bending, 

compression parallel to grain, and Brinell surface hardness testing. Physical behaviour was investigated 

through density determination, moisture related dimensional stability (swelling and shrinkage), and 

intrinsic longitudinal permeability measured under steady-state flow conditions. Chemical 

characterization included determination of structural carbohydrate fractions and lignin balance to 

interpret compositional tendencies. Biological durability was assessed by exposing specimens to both 

brown-rot and white-rot fungi to evaluate decay-response patterns across anatomical regions. 
 

The observations indicate in material behaviour associated with vascular bundle distribution and density 

transitions along trunk height. Mechanical responses demonstrate position-dependent trends reflecting 

structural organization rather than uniform woody tissue behaviour. Permeability analysis indicates 

pronounced axial fluid transport capacity, while dimensional stability exhibits anisotropic deformation 

dominated by transverse shrinkage with negligible longitudinal change. Compositional assessment 

suggests a carbohydrate-dominant structural profile, and biological resistance patterns further confirm 

the heterogeneous nature of the material across regions. 
 

Collectively, the findings demonstrate that date palm trunk wood should be interpreted as a structurally 

graded lignocellulosic system rather than a homogeneous timber analogue. Its engineering behaviour 

results from the interaction between anatomical architecture, compositional balance, and moisture 

dependent mechanisms. The present multidomain evaluation establishes a structured performance 

baseline and provides a scientific foundation for future modification strategies, permeability-driven 

treatments, durability enhancement, and sustainable valorisation pathways within hardwood-oriented 

material research.  
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INTRODUCTION  

The increasing global demand for sustainable lignocellulosic resources has intensified scientific interest 

in underutilized biomass materials and non-conventional wood systems. Date palm (Phoenix dactylifera 

L.) is one of the most important agricultural species in arid and semi-arid regions, particularly 

throughout the Middle East and North Africa (Alhachami and Bak 2025). Large quantities of date palm 

trunk biomass become available annually through agricultural maintenance and plantation renewal; 

however, the engineering utilization of this material remains limited (Zaid and de Wet 2002). 
 

Unlike hardwoods and softwoods, date palm belongs to monocotyledonous plants and exhibits a 

fundamentally different anatomical organization. Conventional woody tissues are replaced by a vascular 

bundleïparenchyma architecture lacking annual growth rings and secondary radial growth (Tomlinson 

1990). This structural organization produces pronounced heterogeneity within the trunk and strongly 

influences its physical and mechanical behaviour. 
 

Previous investigations on date palm trunks mainly focused on isolated physical or mechanical 

properties (Fathi 2014; Jonoobi et al. 2019). Nevertheless, comprehensive multidomain evaluations 

integrating mechanical behaviour, dimensional stability, biological resistance, and chemical 

composition remain relatively limited. Furthermore, the influence of longitudinal structural gradients on 

engineering performance has not yet been sufficiently interpreted within wood engineering frameworks. 
 

The present study aims to establish an integrated characterization framework for mature date palm trunk 

wood collected from Iraq. Mechanical, physical, biological, chemical, and anatomical properties were 

evaluated using standardized small clear specimens obtained from different trunk regions. The study 

seeks to improve scientific understanding of date palm trunk behaviour and provide a foundation for 

future modification technologies and sustainable utilization strategies. 
 

MATERIALS AND METHODS  
 

Raw Material and Sampling Strategy 

Mature date palm trunks (Phoenix dactylifera L.) were collected from Wasit Province (Kut City), Iraq. 

Three independent trunks were selected for investigation. Samples were obtained from three 

longitudinal trunk regions defined as top (T), middle (M), and bottom (B). The middle section was 

standardized at approximately 1 m above ground level to ensure consistent anatomical positioning and 

minimize the influence of soil-related degradation. 
 

The investigated specimen categories included T1M, T2B, T2M, T2T, and T3M. This sampling strategy 

enabled the evaluation of both inter-trunk variability and intra-trunk structural gradients. 

 

 
Figure 1: Schematic illustration of the sampling strategy used for date palm trunk specimen 

selection from three independent palm trunks and five longitudinal regions, according to the 

distribution presented in the figure. The original conceptual sketch was manually drafted by the 

author and subsequently digitally refined for visualization purposes 
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Mechanical Characterization 

Mechanical testing was conducted at the Faculty Materials Testing Laboratory I (FMTL I), University 

of Sopron. Standardized small clear specimen procedures were applied throughout the experimental 

program. 
 

Static bending and modulus of elasticity (MOE) tests were performed using specimens measuring 20 Ĭ 

20 Ĭ 300 mm. Fifteen specimens were prepared for each category. Impact bending tests were conducted 

using the same specimen dimensions with a Charpy pendulum impact system. 
 

Compression parallel to grain was evaluated using specimens measuring 20 Ĭ 20 Ĭ 30 mm. Surface 

hardness was determined according to the BrinellïMºrath method using 20 Ĭ 20 Ĭ 30 mm specimens 

prepared from bending test residues when possible (ISO 13061-2 2014; ISO 13061-4 2017). 
 

Universal testing systems, including Instron and Tinius Olsen equipment, were used for mechanical 

loading and deformation measurements. 
 

Physical Properties 

Density, moisture-related dimensional stability, swelling, and shrinkage behaviour were evaluated using 

20 Ĭ 20 Ĭ 30 mm specimens. Physical measurements included oven-dry conditioning and water-related 

dimensional response analysis. Dimensional measurements were performed using a digital specimen 

dimensioning station equipped with Mitutoyo precision gauges (ISO 13061-2 2014; ISO 13061-4 2017). 
 

Biological Durability  

Biological resistance was evaluated using fungal decay testing with two representative wood-destroying 

fungi: Coriolus versicolor (white-rot fungus) and Coniophora puteana (brown-rot fungus). Specimens 

measuring 15 Ĭ 25 Ĭ 50 mm were prepared, and five specimens were tested for each fungal category 

(European Committee for Standardization (CEN) 2020). 
 

Anatomical and Chemical Characterization 

Microscopic investigations were conducted using small cubic specimens measuring approximately 5 Ĭ 

5 Ĭ 5 mm. The observations focused on vascular bundle distribution and structural heterogeneity. 
 

Chemical analyses were performed using residual material obtained from specimen preparation. 

Structural carbohydrate fractions and lignin-related compositional tendencies were investigated to 

support interpretation of engineering behaviour. 
 

OBSERVED ENGINEERING TENDENCIES AND STRUCTURAL INTERPRETATION  

The present conference contribution focuses primarily on establishing the integrated characterization 

framework and the observed multidomain tendencies, while the complete quantitative dataset and 

advanced statistical analyses will be reported in a subsequent full journal publication 
 

Mechanical Behaviour 

The investigated date palm trunk material exhibited strong position-dependent mechanical behaviour 

associated with longitudinal structural gradients. The middle trunk regions generally demonstrated 

improved mechanical performance compared with upper trunk sections. This tendency can be associated 

with variations in vascular bundle concentration and density distribution. 
 

Static bending and compression behaviour reflected the highly heterogeneous internal architecture of 

the material. Unlike conventional hardwoods, the engineering response of date palm cannot be 

interpreted as a homogeneous wood system. Instead, the observed behaviour corresponds to a 

structurally graded lignocellulosic material. 
 

Impact bending tests further demonstrated the sensitivity of date palm structure to anatomical 

organization. The energy absorption behaviour varied considerably between trunk regions, indicating 

that local bundle distribution strongly affects dynamic mechanical response. 
 

Surface hardness testing showed noticeable differences between cross-sectional and side-sectional 

measurements, further confirming the anisotropic nature of the material. 
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Physical Properties and Dimensional Stability 

Density-related behaviour exhibited clear longitudinal gradients within the investigated trunks. 

Variations in density strongly influenced mechanical response and dimensional stability. 

 

Swelling and shrinkage behaviour were dominated by transverse deformation, while longitudinal 

dimensional changes remained comparatively limited. This behaviour differs from conventional ring-

structured timber and reflects the unique monocotyledonous anatomy of date palm. 

 

The material also demonstrated considerable axial transport capability, which can be associated with the 

orientation and continuity of vascular bundles. Such permeability-related behaviour may provide 

advantages for future impregnation and modification technologies. 

 

Biological Durability  

Fungal decay exposure revealed heterogeneous biological resistance behaviour between trunk regions. 

The responses to white-rot and brown-rot fungi indicated that anatomical variability and moisture 

transport mechanisms significantly influence degradation patterns. 

 

The observed biological behaviour further supports the interpretation of date palm trunk material as a 

structurally heterogeneous lignocellulosic system rather than a uniform timber analogue. 

 

Anatomical and Chemical Interpretation 

Microscopic observations confirmed the highly heterogeneous vascular bundleïparenchyma 

architecture of the material. Bundle concentration and spatial distribution varied considerably between 

trunk regions. 

 

Chemical analysis suggested a carbohydrate-dominant structural profile consistent with 

monocotyledonous lignocellulosic systems reported in previous studies. The interaction between 

anatomical organization, compositional balance, and moisture-related mechanisms appears to govern 

the overall engineering behaviour of date palm trunks. 

 

CONCLUSIONS 

This study presented an integrated multidomain characterization framework for date palm trunk wood 

(Phoenix dactylifera L.) collected from Iraq. Mechanical, physical, anatomical, biological, and chemical 

investigations demonstrated that the material exhibits pronounced longitudinal heterogeneity associated 

with vascular bundle distribution and density gradients. 

 

The present observations indicate that date palm trunk material should not be interpreted as a 

homogeneous timber analogue. Instead, it behaves as a structurally graded monocotyledonous 

lignocellulosic system with highly position-dependent engineering properties. 

 

The high axial transport potential and the observed multidomain interactions suggest promising 

opportunities for future permeability-driven treatments, chemical modification technologies, and 

sustainable valorisation pathways. The present study establishes a scientific foundation for future 

advanced investigations on date palm utilization within wood engineering and biomaterial research. 
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ABSTRACT  

The structural performance of childrenôs furniture is a critical design consideration due to the diverse 

and often unpredictable loading conditions encountered during use. At the same time, increasing the 

utilization of underexploited hardwood species may contribute to a more sustainable and balanced use 

of forest resources. This study investigates numerically the structural behavior of a multifunctional 

Montessori climbing arch manufactured from grey poplar (Populus Ĭ canescens) and Turkey oak 

(Quercus cerris), using Norway spruce (Picea abies) as a reference material. A three-dimensional finite 

element model was developed and evaluated under three representative load cases corresponding to 

climbing, table, and rocking functions. Orthotropic material behavior was assigned to the wooden rungs, 

while isotropic material properties were applied to the side panels. Structural performance was assessed 

in terms of maximum displacement, stress distribution, and bending utilization. The results showed that 

all investigated material configurations satisfied the structural requirements of the considered load cases. 

The highest bending utilization was obtained for grey poplar under the rocking load case (76.31%), 

while Norway spruce and Turkey oak reached 59.25% and 11.62%, respectively. Although the 

utilization values were derived using different sources of strength data for the investigated species, the 

results indicate that Turkey oak exhibited the most favorable structural performance and may provide 

improved stability due to its higher density. The results further suggest that grey poplar may also be 

suitable for this application, although design modifications or hybrid material solutions may be 

advantageous in highly loaded regions. 

 

INTRODUCTION  

Ensuring the structural safety and reliability of childrenôs furniture is a critical engineering task, as such 

products are subjected to highly variable and often unpredictable loading conditions during use. 

Furniture designed according to the Montessori principle is characterized by multifunctionality and 

active interaction (Dobrowolska et al., 2021; D'Elia et al, 2025). These diverse use scenarios introduce 

complex load cases that must be considered already in the design phase to prevent excessive deformation 

or structural failure. These diverse scenarios may be supported by modern methods and tools (Horv§th 

and Kov§cs 2011, Antal and Nagy 2023) 

At the same time, increasing attention is being directed toward the use of underutilized wood species to 

improve the sustainability and resource efficiency of the wood industry. In Hungary, several hardwood 

species, such as grey poplar (Populus Ĭ canescens) and Turkey oak (Quercus cerris), remain relatively 

underexploited despite their availability and potential mechanical applicability (Borovics et al. 2023, 

Govina et al. 2023). Their integration into value-added products, including furniture, could contribute 

to a more balanced utilization of forest resources. However, the structural performance of such species 

in demanding applications is not yet sufficiently documented, particularly in comparison with widely 

used materials such as the traditional wood species, the Norway spruce (Picea abies). 

Finite element analysis (FEA) has become a widely applied tool in engineering design, enabling the 

evaluation of stress distribution and deformation behavior prior to physical prototyping (Makhlouf et 

al., 2016). In the context of furniture engineering, FEA supports the concept of virtual prototyping, 

allowing designers to assess structural performance under representative load cases, optimize geometry, 

and reduce the need for costly experimental iterations (Kasal et al. 2016, Hu et al. 2019). Despite its 
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advantages, the application of FEA in the design of wood-based furniture, especially involving 

alternative hardwood species, remains relatively limited in the literature. 

The present study addresses this gap by performing a finite element-based structural assessment of a 

multi-functional Montessori climbing arch manufactured from underutilized hardwood species. The 

climbing arch is designed to support the development of motor skills from infancy. The furniture can be 

used in climbing, table, and rocking configurations, supporting the progressive development of 

children's motor skills. Furthermore, before movement, the children can lie below the arch and play with 

figures hanging from the rungs. The climbing arch is designed to evolve with the child, from a baby 

gym to a functional desk. Based on the Montessori principle of ñfreedom of movementò, encouraging 

independent motor skill development in a safe environment (Montessori 2011). 

 

MATERIALS AND METHODS  

The CAD model of the Montessori climbing arch was designed by shapr3DÈ CAD software. The finite 

element analysis was performed by AnsysÈ Academic Research Mechanical, Release 25 R2 

computational software package. The geometry of the designed product is presented in the Figure 1. 

 
 

Figure 1: Dimensions of the Montessori climbing arch 

 

Static structural analysis was performed in the Workbench module after geometry import. Orthotropic 

material model was applied to the wooden rungs (cylindrical dowels) according to the anatomical main 

directions with the length directions aligned to the anatomical longitudinal direction of wood. Isotropic 

material model was applied to the side panels forming the primary load bearing frame. Table 1 

summarizes the material properties taken from literature. Depending on the case, grey poplar or Turkey 

oak was used, with Norway spruce (Picea abies) serving as the traditional control wood material. Hence 

the full set of orthotropic elastic constants are not determined yet for grey poplar and Turkey oak, the 

full set of orthotropic elastic constants were derived from MOE parallel to the grain (E0) and from the 

shear modulus for planes parallel to grain (G0) according to Patlakas et al. (Patlakas et al., 2019). The 

MOE perpendicular to grain E90 was considered instead as a constant fraction of E0 (E0/E90=30) and the 

rolling shear modulus G90 as a constant fraction of G0 (G0/G90=10). The three Poissonôs ratios were 

considered equal to 0.35. The engineering constants were applied based from the works of the 

researchers of the University of Sopron (Altaher Omer Ahmed et al. 2023, Govina 2025, Fabrice 2026). 

The joints were not modelled because the global structural response was the goal of the study. The 
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contacts were modeled as bonded contacts. The mesh consisted of 67660 quad dominated quadratic 

elements with 8 mm of the element size. 

 

Table 1: Material properties used in the finite element analysis 

Wood 

Species 

Density 

[g/cm3] 

EL 

[MPa]  

ER 

[MPa]  

ET 

[MPa]  

GLR 

[MPa]  

GLT 

[MPa]  

GRT 

[MPa]  

vLR 

[-] 

vLT 

[-] 

vRT 

[-] 

Bending 

Strength 

[MPa]  

Norway 

spruce 

(C24a) 

0.35 11 000 367 367 690 690 69 0.35 0.35 0.35 24 

Grey 

poplar 

(C16a) 

0.31 8000 267 267 500 500 50 0.35 0.35 0.35 16 

Turkey 

oakb  
0.65 8929 298 298 500 500 50 0.35 0.35 0.35 104 

a Corresponding strength grades according to MSZ EN 338 based on NDT measurements (Altaher Omer Ahmed 

et al. 2023; Fabrice 2026); b The bending strength value corresponds to the minimum value obtained from the 

experimental measurements reported by Govina (2025). Other engineering constants values are according to the 

nearest lower strength grade based on E0 according to MSZ EN 338 

 

The applied loads were approximated based on the expected functional use by children and, in some 

cases, by an adult. A total load of 1200 N was applied. Three load cases were considered. Load case 1 

(LC1) represented climbing, where children were assumed to climb on the top of the arch (Figure 2). 

Load case 2 (LC2) represented table use, where the arch was assumed to be used as a table (Figure 3). 

Load case 3 (LC3) represented rocking (Figure 4). Although rocking involves dynamic behavior, it was 

modelled as a static structural problem. In this case, the child was assumed to stand with one leg on the 

3rd rung and the other leg on the 8th rung. To account for the dynamic nature of the loading, twice the 

childôs body weight was applied. 

 
 

Figure 2: FE model for the climbing function (LC1) 
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Figure 3: FE model for the table function (LC2) 

 

 
 

Figure 4: FE model for the rocking function (LC3) 

 

RESULTS AND DISCUSSIONS 

The main interest was the global response of the structure according to the 3 load cases. Figures 5-7 

show the deflection results according to the load cases and the material was from Turkey oak. Turkey 

oak was selected due to its relatively high density, which provides favourable mass-related 

characteristics for the furniture. As a result, the climbing arch is sufficiently heavy, reducing the 

likelihood of unintended sliding during use by children. Furthermore, the bending utilization was 

calculated as the ratio of the maximum longitudinal normal stress to the bending strength of the material 

(|ů_Lmax|/f) which was presented in percentage (Table 2). The predicted deflections were low for all 

investigated configurations, indicating adequate global stiffness. Similarly, the calculated stress levels 

remained below the bending strength of the materials in all cases. However, grey poplar exhibited the 

highest utilization values, reaching 76.31% in the most demanding loading scenario (LC3), whereas 

Norway spruce reached 59.25% and Turkey oak only 11.62%. The findings indicate that grey poplar 

can be considered a viable material for the investigated application, provided that appropriate design 

modifications, such as increased cross-sectional dimensions, reduced span lengths, or additional 

supports, are implemented to accommodate severe loading scenarios (e.g. LC3). Turkey oak, however, 

demonstrates favourable structural performance and low utilization values under all investigated load 
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cases. In the case of grey poplar, design modifications could be required to achieve comparable 

structural performance. Consequently, a hybrid material approach may represent a more balanced 

solution. In such a design, the side frames could be manufactured from grey poplar, while the rungs 

could be produced from Norway spruce or Turkey oak to achieve higher strength and stiffness without 

increasing the rung dimensions. Alternatively, the entire furniture piece could be manufactured from 

Turkey oak, which would provide the highest structural safety reserve while also increasing the overall 

mass and stability of the product.  

However, it should be noted that the bending utilization values are based on different sources of strength 

data. For Norway spruce and grey poplar, characteristic bending strength values according to MSZ EN 

338 were used, whereas the bending strength of Turkey oak was taken from experimental measurements 

reported by Govina (2025). Consequently, the calculated utilization values are not strictly comparable 

among the investigated species and should be interpreted as indicative rather than absolute measures of 

relative structural performance. The characteristic bending strength of Turkey oak may differ from the 

experimentally measured value applied in this study. Nevertheless, the results demonstrate that Turkey 

oak provides sufficient strength and stiffness for the investigated furniture application and represents a 

promising material for children's furniture manufacturing. 

 
 

Figure 5: Total deformation for the climbing function (LC1) in case of Turkey oak 

 

Table 2: Results of the numerical simulation 

Wood Species 
Load 

case 

Maximum displacement 

[mm] 

Maximum longitudinal stress 

[MPa]  

Bending utilization 

[%]  

Grey poplar LC1 1.15 5.54 34.63 

Grey poplar LC2 1.45 3.77 23.56 

Grey poplar LC3 1.27 12.21 76.31 

Turkey oak LC1 1.04 5.59 5.38 

Turkey oak LC2 1.30 3.79 3.64 

Turkey oak LC3 1.16 12.08 11.62 

Norway spruce LC1 0.84 5.54 23.08 

Norway spruce LC2 1.06 3.77 15.71 

Norway spruce LC3 1.50 14.22 59.25 
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Figure 6: Total deformation for the table function (LC2) in case of Turkey oak 

 

 
Figure 7: Total deformation for the rocking function (LC3) in case of Turkey oak 

 

CONCLUSIONS  

The finite element analysis performed on the Montessori climbing arch demonstrated that all 

investigated wood species provided adequate structural performance under the considered climbing, 

table, and rocking load cases. The predicted deflections were low in all configurations, indicating 

sufficient global stiffness of the structure. 

Among the investigated materials, Turkey oak exhibited the lowest bending utilization values, reaching 

a maximum utilization of 11.62% under the most demanding load case. Norway spruce showed 

moderate utilization levels, while grey poplar exhibited the highest utilization, reaching 76.31% during 

the rocking load case. However, it should be noted that the utilization values were calculated using 

different sources of strength data and therefore should be interpreted as indicative rather than strictly 

comparable measures of structural performance. 

The results suggest that Turkey oak is a highly suitable material for the investigated application, 

providing excellent structural performance and potentially improved stability due to its higher density. 

Grey poplar may also be considered a viable alternative; however, additional design modifications may 

be required in highly stressed regions. Since increasing the dimensions of the rungs may compromise 

ergonomic requirements, hybrid material solutions appear particularly promising. The use of stronger 
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materials for the rungs combined with grey poplar side frames could improve structural efficiency while 

maintaining user comfort and reducing material consumption. 

Overall, the study confirms the potential of underutilized Hungarian hardwood species for the 

manufacture of children's furniture and demonstrates the effectiveness of finite element analysis as a 

design-support and virtual prototyping tool. Future work should include experimental validation of the 

numerical results and the investigation of joint behavior and dynamic loading effects. 
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ABSTRACT 

This study evaluates the site-dependent natural durability and physical properties of Turkey oak 

(Quercus cerris L.) juvenile wood against the brown-rot fungus Daedalea quercina (L.). Standardized 

specimens originating from three Hungarian forest stands representing different macroclimates 

(Hetvehely, Piliscs®v, Nagycenk) were tested for oven-dry density, CIELab colour parameters, and mass 

loss according to EN 113 after a 16-week laboratory incubation. The results revealed a macroclimatic 

trend: the tree adapted to drier conditions (Nagycenk) produced denser, darker (lower L*), and 

descriptively more decay-resistant timber compared to the one growing in a humid, high-precipitation 

environment (Hetvehely). Conversely, chromatic coordinates (a* and b*) displayed no clear correlation 

with fungal degradation patterns. These findings suggest that macroclimatic conditions indirectly 

influence juvenile wood durability, emphasizing the importance of site-specific evaluation to support 

the climate-adaptive and sustainable industrial utilization of Turkey oak. 

 

INTRODUCTION  

Global climate change and growing-season droughts are fundamentally altering the composition of 

domestic forest stands, necessitating a thorough reconsideration of tree species selection strategies 

(F¿hrer 2018). Within this context, Turkey oak (Quercus cerris L.) is emerging as a key species for 

climate-adaptive forestry due to its excellent drought tolerance, currently accounting for 11.6% of the 

Hungarian forest area (N®meth et al. 2025). Although its timber was historically often categorized as 

secondary due to its moderate natural durability (Moln§r 1999), precise knowledge of its technical 

properties is essential for higher value-added industrial utilization. Since growing site conditions can 

significantly modify wood density and appearance (N®meth et al. 2025), this study aims to evaluate the 

site-dependent properties of Turkey oak wood to better understand its technical performance and support 

its future climate-adaptive utilization. 

 

MATERIALS AND METHODS  

The wood material of Turkey oak (Quercus cerris L.) was harvested from three distinct Hungarian forest 

stands representing different macroclimatic conditions: Hetvehely (beech climate, 700ï720 mm annual 

precipitation), Piliscs®v (hornbeam-oak climate, 650ï700 mm annual precipitation), and Nagycenk 

(Turkey oak-sessile oak climate, 630ï660 mm annual precipitation). Due to the exploratory nature of 

this study the sampling was restricted to one representative log per growing site (Dºv®nyi 2010; N£BIH 

2024). 

The specimen preparation was based on the radial zoning principles described by Eichhorn et al. (2017). 

However, for the final evaluation, the sample pool was strictly limited to the inner, clearly defined 

juvenile wood zone (specifically the regions corresponding to the 4th, 12th, and 16th annual rings). This 

strict selection provided highly homogenized and topologically unambiguous tissue zones, eliminating 

the physiological and color-boundary uncertainties often present in mature heartwood and transition 

zones. 

Standardized specimens (15 Ĭ 25 Ĭ 50 mm) were prepared, and their oven-dry density (ɟ0) and CIELab 

colour parameters (L*, a*, b*) were determined prior to fungal inoculation. The laboratory decay test 

was executed in full accordance with the EN 113 standard, using the brown-rot fungus Daedalea 

quercina (L.) over a 16-week incubation period under controlled conditions (22 ÁC, 70% RH). Statistical 
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analyses (one-way ANOVA and Post Hoc Tukey tests) were performed via Jamovi (v2.6) on the dataset, 

evaluating all treatment effects at a significance level of 5%. 

 

 
 

Figure 1: Turkey oak specimens during incubation with Daedalea quercina (L.) 

 
RESULTS 

 

Oven-dry density 

The oven-dry density (ɟ0) exhibited prominent variations among the three investigated sites. The highest 

average density was recorded for the Nagycenk site (0.798 Ñ 0.016 g/cmį), followed by Hetvehely (0.778 

Ñ 0.015 g/cmį), while the lowest mean value was measured in the specimens from Piliscs®v (0.733 Ñ 

0.015 g/cmį). The one-way ANOVA confirmed that these site-dependent differences in juvenile wood 

density were statistically highly significant (F(2, 42) = 70.8, p < 0.001). The Post Hoc test revealed that 

all pairwise comparisons were statistically significant, indicating clear differences between Nagycenkï

Piliscs®v (p < 0.05), NagycenkïHetvehely (p = 0.003), and Piliscs®vïHetvehely (p < 0.05). 

 

CIELab colour parameters 

The lightness (L*) analysis revealed a significant effect of the growing site (F(2, 42) = 9.59, p < 0.05). 

The juvenile wood from Hetvehely was the brightest (55.7 Ñ 1.73), followed by Piliscs®v (53.8 Ñ 3.83), 

while Nagycenk provided the darkest wood structure (51.3 Ñ 2.35). The Post Hoc test confirmed that 

the lightness of the Nagycenk samples was significantly lower than both Hetvehely (p < 0.05) and 

Piliscs®v (p = 0.042), while no significant difference was found between Piliscs®v and Hetvehely (p = 

0.164). 

 

The redness (a*) parameter was significantly influenced by the site conditions (F(2, 42) = 13.7, p < 

0.05). Specimens from Hetvehely exhibited the most intense red hue (10.0 Ñ 0.36), followed by Piliscs®v 

(9.32 Ñ 0.90) and Nagycenk (8.66 Ñ 0.74). The Post Hoc test verified that all pairwise site comparisons 

differed significantly from each other: NagycenkïPiliscs®v (p = 0.038), NagycenkïHetvehely (p < 

0.05), and Piliscs®vïHetvehely (p = 0.027). 
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Figure 2: Oven-dry density across the investigated sites 

 

 
Figure 3: Lightness across the investigated sites  

 

 
Figure 4: Redness across the investigated sites 
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Similarly, the yellowness (b*) parameter demonstrated strong site dependency (F(2, 42) = 17.4, p < 

0.05). The highest b* value was found in the Hetvehely group (23.9 Ñ 0.63), which differed significantly 

from Nagycenk (22.5 Ñ 1.04, p < 0.05) and Piliscs®v (22.1 Ñ 0.89, p < 0.05). The descriptive difference 

between Nagycenk and Piliscs®v did not reach the threshold of statistical significance (p = 0.376).  

 

 
Figure 5: Yellowness across the investigated sites 

 
Natural durability and mass loss 

The lowest average mass loss, reflecting the highest relative resistance, was observed in the Nagycenk 

juvenile wood group (5.77% Ñ 1.72%). Piliscs®v occupied an intermediate position with a mean mass 

loss of 10.51% Ñ 6.57%, while the most intense fungal degradation was measured in the specimens 

originating from Hetvehely (15.37% Ñ 10.11%). However, the one-way ANOVA indicated that the 

effect of the growing site on the relative mass loss was not statistically significant (F(2, 21) = 1.91, p = 

0.172).  

 

 
Figure 6: Relative mass loss across the investigated sites 
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DISCUSSION AND CONCLUSIONS 

Despite the lack of statistical significance, the visible descriptive hierarchy of relative mass loss may 

reflect a correlation with the macroclimatic conditions of the original forest stands. The tree adapted to 

drier conditions (Nagycenk) produced timber with higher relative biological resistance compared to the 

one growing in a humid, high-precipitation environment (Hetvehely). The lack of statistical significance 

in the mass loss analytical model might be attributed to the limited final sample size (N=3 valid data 

points remaining for the Nagycenk juvenile cohort due to a high exclusion rate of specimens exhibiting 

a mass loss below the 3% threshold).  

The natural durability of Turkey oak (Quercus cerris L.) juvenile wood displays a noticeable variation 

depending on the macroclimatic characteristics of the growing site. A clear trend was identified, where 

the tree adapted to drier conditions (Nagycenk) produced denser, darker (lower L*), and descriptively 

more decay-resistant timber compared to the one growing in a humid, high-precipitation environment 

(Hetvehely). Conversely, the chromatic coordinates (a* and b*) did not display a clear correlation with 

the fungal degradation patterns.  

To universally validate this environmental relationship for Turkey oak, further investigations with an 

expanded sample pool are recommended. Consequently, future work incorporating chemical extractive 

analyses alongside physical testing could provide a deeper understanding of these site-dependent 

durability variations. 
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ABSTRACT  

European beech is an increasingly important tree species in Central Europe, particularly in the context 

of anticipated shifts in forest composition due to climate change. Despite its favourable mechanical 

properties, its broader utilization is limited by defects such as false heartwood and its relatively low 

natural durability. Thermal modification has been widely applied to enhance wood performance, yet the 

interaction between heat treatment and structural defects like false heartwood remains insufficiently 

understood. This study investigates the influence of false heartwood and thermal modification on 

selected physical and mechanical properties of beech wood. Test specimens were prepared from boards 

containing false heartwood as well as the reference material free of the heartwood zone. Samples were 

divided into three groups: untreated reference, thermally treated samples at 160 ÁC and at 210 ÁC using 

Finnish technology of thermal treatment. Wood density and compressive strength were the tested 

properties to evaluate the effect of the heartwood occurrence and the modification. Results indicate that 

specimens containing false heartwood exhibited higher density compared to those without it. Thermal 

modification led to a decrease in density across all samples, with more pronounced reductions at higher 

temperatures. Compressive strength showed only minor differences between samples with and without 

false heartwood, and heat treatment resulted in a slight decrease in strength. Equilibrium moisture 

content decreased significantly with increasing treatment temperature. Overall, false heartwood did not 

demonstrate a substantial impact on the evaluated properties, and its interaction with thermal 

modification was negligible. These findings suggest that false heartwood primarily represents an 

aesthetic limitation rather than a structural one, and its presence should not preclude the use of beech 

wood in applications where visual appearance is not critical. 

 

INTRODUCTION  

European beech (Fagus sylvatica L.) is a key deciduous tree species for Central European and plays an 

increasingly important role in forest management and wood processing industry. Although its current 

proportion in forest stands is relatively modest, future changes in species composition, particularly the 

expected decline of spruce due to climate-related stress, are likely to lead to a gradual increase in the 

share of beech. This shift will further enhance the importance of beech wood as a raw material and 

intensify the need for its efficient utilization. 

Despite its favourable mechanical properties and wide applicability, the utilization of beech wood is 

limited by several inherent drawbacks. One of the most significant defects is the occurrence of false 

heartwood, which negatively affects both the aesthetic and technological quality of the material and is 

frequently encountered in mature beech trees. The presence of false heartwood often reduces the 

suitability of beech wood for high-value products and represents a major challenge for the wood-

processing industry. In addition, beech wood exhibits relatively low natural durability and limited 

resistance to weathering and biotic degradation, which further restricts its use, especially in exterior 

applications (Raļko and Ļunderl²k 2006). 

Thermal modification has emerged as an effective method for improving selected properties of wood, 

particularly its dimensional stability and resistance to biological agents, without the use of chemical 

preservatives. Heat treatment alters the chemical composition of wood, leading to changes in its physical 

and mechanical properties (Esteves and Pereira 2009, ITA 2003, Sandberg et al. 2017, Gaġpar²k et al. 

2024). However, these changes may be influenced by wood structure and defects, such as false 
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heartwood, which can modify the response of wood to thermal treatment. A comprehensive 

understanding of how false heartwood interacts with thermal modification is therefore essential for 

optimizing the use of beech wood in practice (Hansmann et al. 2009). 

  

The issue of false heartwood in beech remains topical, as demonstrated by Goncz et al. (2018) or 

Dzurenda et al. (2023). In this study we deal with an effect of thermal modification on mechanical 

properties, namely compressive strength, on physical properties, namely wood density, and of course, 

an impact of such treatment on moisture content of beech wood. 

 

MATERIALS AND METHODS  

Beech (Fagus sylvatica L.) boards containing false heartwood were used for the preparation of test 

specimens. From these boards, clear specimens with dimensions of 20 mm Ĭ 20 mm Ĭ 30 mm (radial Ĭ 

tangential Ĭ longitudinal directions) were carefully machined. In addition, specimens free of false 

heartwood were prepared from sound sapwood to enable comparison. 

The prepared specimens were divided into three experimental groups. The first group served as the 

untreated reference (control) and was not subjected to thermal modification. The second group was 

thermally treated at a temperature of 160 ÁC, while the third group was exposed to a higher treatment 

temperature of 210 ÁC (Figure 1). The thermal modification process was carried out according to the 

principles of Finnish thermo-wood technology (Viitaniemi et al. 1995). 

Prior to mechanical and physical testing, all specimens were conditioned in a climate chamber at a 

temperature of 20 Ñ 2 ÁC and a relative air humidity of 65 Ñ 5% until they reached equilibrium moisture 

content (EMC). This conditioning ensured consistent moisture levels across all samples and allowed for 

a reliable evaluation of the effects of thermal treatment. 

The physical and mechanical properties of the wood were subsequently determined. Compressive 

strength parallel to the grain, wood density, and moisture content were measured in accordance with 

relevant Czech national standards (ĻSN 490103, ĻSN 490108, ĻSN 49 0110). Density was calculated 

based on the weight of mass for obtained EMC and corresponding volume, while moisture content was 

determined using the standard gravimetric method. These measurements enabled the assessment of the 

influence of thermal treatment on the structural performance and physical characteristics of beech wood, 

particularly in relation to the presence of false heartwood. 

 

 
 

Figure 1: The thermally treated test specimens of beech wood with false heartwood  

(from the left to the right ï reference, 160 ÁC, 210 ÁC) 
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RESULTS AND DISCUSSION 

The results for wood density, with respect to the false heartwood occurrence and the degree of heat 

treatment, are presented in Table 1. The specimens with false heartwood reached significantly higher 

density, in contrast to the samples free of heartwood. Thermal modification decreased the value of wood 

density for samples featuring occurrence of false heartwood. This is in accordance with results obtained 

for wood density of birch (Betula pendula) wood in study of BorŢvka et al. (2019). For the samples 

without heartwood, there was not statistically significant difference between the reference samples and 

1st degree of thermal modification. However, the last degree of the treatment also led to the decrease in 

density (Figure 2). The samples exhibited relatively low density variability. 

 

Table 1: Basic statistics for density (kg/m3) of heat-treated wood with and without false heartwood 

Heartwood Treatment Mean Min.  Max. SD CV 

Present 

REF 711 650 764 28 3.9 

160 ÜC 693 609 789 35 5.0 

210 ÜC 654 573 728 34 5.1 

Absent 

REF 662 590 735 35 5.3 

160 ÜC 663 597 770 38 5.7 

210 ÜC 621 532 715 46 7.4 

SD ï standard deviation, CV ï coefficient of variation 

 

 
 

Figure 2: Wood density comparison of heat-treated beech wood with and without false heartwood 

 

In the case of compressive strength, there is almost no difference between specimens with- and without 

false heartwood. The heat treatment resulted only in slight decrease in strength for both groups (Table 

2 and Figure 3) and the samples are so comparable in terms of this property. The impact of higher 

temperatures is particularly evident, as the positive effect of lower EMC cannot overcome the 

destructive changes of the key chemical components in the cell walls (BorŢvka et al. 2018, Sandberg et 

al. 2017, Esteves and Pereira 2009, ITA 2003). 
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Table 2: Basic statistics for compressive strength (MPa) of heat-treated wood with and without false 

heartwood 

Heartwood Treatment Mean Min.  Max. SD CV 

Present 

REF 57.3 47.4 66.9 4.8 8.4 

160 54.9 43.9 65.1 5.1 9.2 

210 53.3 31.1 64.2 6.9 12.9 

Absent 

REF 54.3 38.1 65.2 5.4 9.9 

160 55.2 38.4 64.0 5.6 10.2 

210 52.6 23.8 64.5 7.4 14.0 

 SD ï standard deviation, CV ï coefficient of variation 

 

 
 

Figure 3: Compressive strength comparison of heat-treated beech wood with and without false 

heartwood 

 

In terms of moisture content, especially the second degree of the thermal modification caused decrease 

in EMC. Thermal modification undoubtedly affects hygroscopic nature of wood, as reported by many 

authors (BorŢvka et al. 2019, ITA 2003). As for the false heartwood presence, no clear effect on this 

characteristic has been confirmed. Heat treatment also led to a reduction in equilibrium moisture content. 

The first stage of treatment reduced the equilibrium moisture content in heartwood samples by 36.4% 

and in samples without heartwood by 31.4% compared to the reference samples. The second stage of 

treatment resulted in a reduction in equilibrium moisture content of 58.2% for samples with heartwood 

and 54% for samples without heartwood compared to the reference samples. Similar trend, in decreasing 

equilibrium moisture content with increasing temperature of the treatment, was reported for beech wood 

by BorŢvka et al. (2018). 
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CONCLUSIONS 

Based on the results, we can conclude that false heartwood does not have any serious impact on wood 

properties, and also the effect of the thermal modification is similar for both groups. With the increasing 

temperature the tested properties decreased. The occurrence of false heartwood is so more aesthetical 

issue, and there is no reason to exclude such wood from applications where the surface appearance is 

not critical. 
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ABSTRACT 

The efficient usage of underutilized hardwood species is an important challenge in the Hungarian wood 

industry. Species such as grey poplar (Populus Ĭ canescens) and Turkey oak (Quercus cerris) are widely 

available but remain insufficiently explored in structural furniture applications. The aim of this study is 

to evaluate the mechanical behaviour of a wooden bedframe manufactured from these species using 

finite element analysis. A three-dimensional CAD model of a single bedframe was developed and 

analysed under representative service loading conditions based on MSZ EN 1725:2023. Two load cases 

were considered: distributed loading on the lying surface and localized edge loading. The evaluation 

focused on maximum deformation, longitudinal stress distribution, and the maximum longitudinal 

stresses compared to the bending strength. The results show that all materials provide adequate 

performance under distributed loading conditions. However, under edge loading, significant differences 

were observed. Grey poplar approaches its bending strength limit, indicating a higher risk of failure. 

Norway spruce (Picea abies) shows moderate utilization, while Turkey oak demonstrates excellent 

performance. The study confirms that finite element analysis is an effective tool for preliminary material 

evaluation and supports the engineering application of underutilized hardwood species in furniture 

design. 

 

INTRODUCTION  

The efficient utilization of less-used hardwood species has become an increasingly important issue in 

European forestry and wood processing. Several locally available hardwoods possess acceptable 

physical and mechanical properties. However, their industrial use is often limited to low value-added 

applications (Borovics et al. 2023). In furniture manufacturing, commonly established commercial 

species still dominate the material selection process, while less-used species such as grey poplar 

(Populus Ĭ canescens) and Turkey oak (Quercus cerris) remain insufficiently explored from an 

engineering point of view. In many cases, the restricted application of these materials is not caused by 

the complete lack of structural potential, but rather by the limited amount of available design-oriented 

performance data. 

Furniture products are required to withstand repeated service loads during everyday use, therefore 

adequate stiffness, load-bearing capacity and structural safety are essential design criteria. Among 

common wooden furniture structures, bedframes represent a particularly sensitive category because the 

applied human body load is transferred through relatively slender longitudinal members, cross slats and 

localized corner connections (Majewski 2019).  Consequently, the mechanical suitability of a newly 

proposed wood species cannot be judged solely on the basis of appearance, density or manufacturability, 

but requires preliminary structural verification. 

Full-scale experimental testing of furniture prototypes is often costly and time-consuming, especially in 

the early stages of product development. For this reason, finite element analysis has become a widely 

used engineering tool in furniture research and virtual prototyping. Numerical modelling makes it 

possible to estimate the global deformation behaviour of the structure, identify local stress concentration 

zones and reveal potentially critical construction details before manufacturing physical specimens (Ko­   

et al. 2011, R®h et al. 2019, Uysal et al. 2025). This approach offers an efficient way to compare the 

expected structural performance of alternative material solutions under identical loading conditions. 

mailto:LTNEVU@uni-sopron.hu
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The aim of the present study is to evaluate the structural behaviour of a wooden bedframe manufactured 

from underutilized hardwood species by means of linear static finite element analysis. A CAD-based 

virtual model of the furniture frame was developed and subjected to representative service loading 

conditions corresponding to normal use. The numerical investigation focuses on total deformation, 

normal stress distribution in the longitudinal direction, and comparison the maximum longitudinal 

stresses to the bending strength of the wood species. The investigations support to assess the engineering 

applicability of the selected hardwood materials in bedframe construction. 

 

MATERIALS AND METHODS  

The CAD model of the bed frame under study was designed and analyzed by the finite element method 

by using Ansys software package (licensed product is AnsysÈ Academic Research Mechanical, Release 

25 R2). The height, width, and thickness of the single bedframe is 1900 mm, 800mm, 70 mm 

respectively.  

Static structural analysis was performed in the Workbench module after the geometry creation in the 

Discovery module. Orthotropic material models were applied for the slats, therefore local coordinate 

systems were implemented according to the anatomical directions of the wood. To simplify the model, 

the frame was modelled as an isotropic material. The engineering constants were corresponding to the 

longitudinal direction of the wood. 

Table 1 summarizes the material properties taken from literature. Depending on the case, grey poplar or 

Turkey oak was used, with Norway spruce (Picea abies) serving as the traditional control wood material. 

Hence the full set of orthotropic elastic constants are not determined yet for grey poplar and Turkey oak, 

the full set of orthotropic elastic constants were derived from MOE parallel to the grain grain (E0) and 

from the shear modulus for planes parallel to grain (G0) according to Patlakas et al. (2019). The MOE 

perpendicular to grain E90 was considered instead as a constant fraction of E0 (E0/E90=30) and the rolling 

shear modulus G90 as a constant fraction of G0 (G0/G90=10). The tree Poissonôs ratios were considered 

equal to 0.35. The engineering constants were applied based from the works of the researchers of the 

University of Sopron (Altaher Omer Ahmed et al. 2023, Govina 2025, Fabrice 2026).  

 

Table 1: Material properties used in the finite element analysis 

Wood Species 
Density 

[g/cm3] 

EL 

[MPa]  

ER 

[MPa]  

ET 

[MPa]  

GLR 

[MPa]  

GLT 

[MPa]  

GRT 

[MPa]  

vLR 

[-] 

vLT 

[-] 

vRT 

[-] 

Bending 

Strength 

[MPa]  

Norway spruce 

(C24a) 
0.35 11 000 367 367 690 690 69 0.35 0.35 0.35 24 

Grey poplar 

(C16a) 
0.31 8000 267 267 500 500 50 0.35 0.35 0.35 16 

Turkey oakb  0.65 8929 298 298 500 500 50 0.35 0.35 0.35 104 

 a Corresponding strength grades according to MSZ EN 338 based on NDT measurements (Altaher Omer Ahmed 

et al. 2023; Fabrice 2026); b measured values (Govina 2025). The minimum value is applied from the 

measurements.  Other engineering constants values are according to the nearest lower strength grade based on 

E0 according to MSZ EN 338 

 

The geometry of the bedframe was simplified. The joints were not modelled because the global structural 

response was the goal of the study. The contacts were modeled as bonded contacts. The mesh consisted 

of 84947 quad dominated quadratic elements with 10 mm of the element size. The loads were taken 

from the MSZ EN 1725:2023. The first load case (LC 1) was to investigate the lying area. Hence a static 

testing is done by 200 diameter cylindrical plate, the 1400 N load was applied on four bed slats for 

simulate the load distribution (Figure 1a).  The second load case (LC 2) was to investigate the edge load. 

Although the load should be applied on the edge of the siderail according to the standard, the siderail or 

the edge of the bed was not modelled. Therefore, for comparison purposes one of the longer bedframe 

components was investigated. Two 1200 N force loads were applied to the one side of the bedframe in 

the middle of the side frame. The distance between the two load vectors is 600 mm according to the 

standard (Figure 1b). 

 



12th HARDWOOD CONFERENCE PROCEEDINGS 

 

92 

 

 
 

Figure 1: FE model of the load cases: (a) LC1: vertical load on the lying area; (b) LC2: vertical 

load on the edge 

 

RESULTS AND DISCUSSION 

The main interests of this study were the deflection of the slats (LC1 load case) and the edge (LC2 load 

case). The maximum displacement and the maximum longitudinal stresses are presented. The deflection 

of the bedframe made from grey poplar is presented on the Figure 2. Furthermore, the bending utilization 

was calculated as the ratio of the maximum longitudinal normal stress to the bending strength of the 

material (|ů_Lmax|/f) which was presented in percentage (Table 2). Under LC1, all investigated materials 

exhibit low stress levels and moderate deflections, indicating sufficient stiffness for typical service 

conditions. In contrast, LC2 represents a more critical loading scenario, where significantly higher stress 

and deformation values are observed. However, it should be noted that the LC2 scenario is only a 

theoretical load case because the load should be applied onto the side rail of the bed. Nevertheless, for 

material response comparison reason was useful to perform the virtual testing.  

Grey poplar approaches the bending strength limit under edge loading, reaching a utilization of 93%, 

which indicates a high risk of failure. Norway spruce shows moderate utilization, while Turkey oak 

remains significantly below critical levels. The outcome suggest that grey poplar may be suitable for 

applications with design modifications (e.g.: increased cross section, or reduced span, application of 

supports) when severe load case is simulated, while Turkey oak provides a robust alternative with a 

hight safety. For comparison reasons it should be noted that the bending strength values were taken from 

MSZ EN 338 standard, which are the characteristics values. But the bending strength values of the 

Turkey oak were taken from the experimental measurements (Govina 2025). Therefore, the 

characteristics bending strength of Turkey may be different. Furthermore, in design point of view, the 

density of the Turkey oak could influence another issue with the weight of the furniture structure made 

by Turkey oak. Which should be considered during the design process. 
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Table 2: Results of the numerical simulation 

Wood 

Species 

Load 

case 

Maximum dispacement 

[mm] 

Maximum longitudinal stress 

[MPa]  

Bending utilization 

[%]  

Grey poplar LC1 2.25 4.79 29.94 

Grey poplar LC2 7.18 14.92 93.25 

Turkey oak LC1 2.03 4.80 4.61 

Turkey oak LC2 6.43 14.93 14.36 

Norway 

spruce 
LC1 1.63 4.78 19.92 

Norway 

spruce 
LC2 5.21 14.92 62.16 

 

 
 

Figure 2: Deflection results for the bedframe made of grey poplar: (a) LC1: vertical load on the 

lying area; (b) LC2: vertical load on the edge 
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CONCLUSIONS 

The study demonstrates that finite element analysis is an effective tool for the preliminary evaluation of 

alternative wood species in furniture design. The application of standardized loading conditions provides 

a consistent framework for virtual testing and comparison of different material solutions. The 

performance of the bedframe structure made by grey poplar and Turkey oak is comparable to the 

performance of the structure made by Norway spruce according to the simulation of load cases based 

on MSZ EN 1785:2023. Especially the distributed loading conditions (LC1) show promising results. 

For complete analysis, the siderails should have been incorporated into the FE model, therefore the 

results of LC2 are only for comparative reasons. The results confirms that underutilized hardwood 

species have potential for furniture applications. While grey poplar requires careful structural design 

adjustments, Turkey oak appears to be a promising alternative material comparing to Norway spruce. 

The findings support the use of finite element analysis as a decision-support tool in the early stages of 

furniture development. 
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ABSTRACT  

This research investigates the fracture mechanisms of wood under longitudinal tensile stress, focusing 

on the microstructural differences between static and dynamic loading conditions. The primary objective 

is to determine how the rate of loading influences the failure of the woodôs anisotropic structure at the 

cellular level. Using a Nikon Eclipse 80i research microscope equipped with epi-fluorescence and 

reflected light illumination, we analyze the morphological features of fracture surfaces and the specific 

characteristics of crack propagation. To overcome the limitations of the shallow depth of field at high 

magnifications, Extended Depth of Field (EDF) processing via Z-stacking was employed to generate 

high-resolution, all-in-focus images of the complex fracture topography. The working hypothesis 

suggests that under static loading, viscoelastic relaxation allows for gradual delamination of the cell wall 

layers and significant longitudinal microfibril pull-out, leading to a more fibrous and heterogeneous 

fracture appearance. Conversely, dynamic impacts are expected to trigger a brittle response, where rapid 

stress accumulation causes the crack to propagate in a transcrystalline manner with minimal plastic 

deformation. This study aims to clarify the role of interfacial cohesion between the cellulose framework 

and the lignin matrix in energy dissipation processes. The findings are expected to provide essential data 

for the accurate numerical modeling of wood-based structures under various dynamic influences, 

ultimately facilitating more reliable engineering design for extreme mechanical impacts. 

 

INTRODUCTION  

Wood has complex and varied mechanical properties. Geoffrey (2016) summarized that light and 

electron microscopy play key roles in understanding woodôs structure and biodegradation. Light 

microscopy is mainly used for analyzing woodôs cellular structure and chemistry, while electron 

microscopy provides detailed information at higher resolution across various levels.  

Sakagami et al (2009) examined microcracks in Acacia hybrid (Acacia mangium Ĭ Acacia 

auriculiformis) and Melia azedarach using confocal laser scanning microscopy. In the Acacia hybrid, 

many microcracks developed between wood fibers and ray parenchyma, extending toward the pith and 

bark, and some closed during drying. In Melia azedarach, few microcracks formed, which also closed 

later. These findings indicate differences in wood structure create weak points vulnerable to checking. 

Bariska (1996) observed two types of fractures in parallel tensile tests:  

Transverse fractures run parallel to the cell axis, following intercellular bonds and appearing randomly. 

These fractures grow and converge together, forming a fracture line and zones of high stress. Micro-

cracks only develop where stress exceeds local strength, spreading stress peaks and causing higher loads 

on remaining tissues, leading to random initial failures in the specimen. 

Tensile failure starts with separation between cells and then fractures the cell wall. The occurrence of 

these fractures varies by wood species and specific gravity. Acacia (Robinia Pseudoacacia), having 

lower density, exhibits a brittle fracture, while Rapanea (Rapanea melanophloeos), with higher density, 

shows a fibrous fracture. 

K§nn§r (2014) found that low-density rubberwood (Hevea brasiliensis) fractures primarily occur 

through thin cell walls, especially at the S1/S2 interface. Higher density species like red oak (Quercus 

rubra) break with a less sharp fracture in tension, showing protruding fibers from the surface. Untwisting 

behavior is observed in hickory (Carya) specimens loaded in tension along the grain. Very little cell wall 

elongation was found in red oak. 

mailto:orbangabor@phd.uni-sopron.hu
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The fracture properties of wood are greatly affected by its uneven microstructure. Understanding how 

structure relates to function in terms of damage and fracture requires detailed examination.  

Divos and Tanaka (2005) measured static and dynamic modulus of elasticity (MOE) of spruce (Picea 

abies) lumber under various conditions. The characteristic time, as a typical MOE determination time, 

was introduced. Shorter times led to higher MOE values. They found evidence of creep on a short 

timescale. 

Stanzl-Tschegg et al. (2005) experimented with spruce (Picea abies) and beech (Fagus sylvatica) wood 

using micro-wedge splitting specimens in an Environmental Scanning Electron Microscope (ESEM) 

chamber. This setup enabled stable crack growth and simultaneous observation of crack progression 

while recording load-displacement curves. The experiments showed that specific fracture energies are 

not a straightforward addition of shear and tensile components, but an interaction between the two 

modes. 

¦mit (2017) studied how loading rates influence the micro-mechanical properties of oak wood (Quercus 

petraea). Tests measured bending strength, modulus of elasticity in bending, compression strength 

parallel to the grain, and tensile strength parallel to the grain using small samples. Three loading rates 

were tested, showing that loading rates significantly affected the modulus of elasticity, tensile strength, 

and compression strength, but not bending strength. 

Kucera and Bariska (1982) studied structural changes in spruce (Picea abies) and aspen wood (Popolus 

tremula) under axial compression using a scanning electron microscope. Macroscopic model 

experiments with paper tube-shaped samples were also conducted to represent fibriform xylem cells. 

The findings reveal common fracture patterns typical of wood and specific patterns for each species. 

General wood characteristics appear at the cellular level, while species-specific features are seen in the 

growth rings, influenced by tissue composition and arrangement. The model experiments indicate that 

cell geometry partly explains the failure patterns of xylem cells. 

 

MATERIALS AND METHODS  

 

Microstructural Analysis  

The morphological evaluation of the fracture surfaces was performed using a Nikon Eclipse 80i 

advanced research microscope (Nikon Instruments Inc., Tokyo, Japan). To capture the complex, three-

dimensional topography of the wood splinters, the system was configured with a 100W halogen lamp, 

for optimized surface visualization. Observations were conducted using Nikon CFI60 infinity optical 

system objectives, specifically a Plan Fluor 4x (N.A. 0.13, W.D. 17.1 mm), which provided a suitable 

balance between field of view and resolution for structural analysis. 

 

Image Acquisition and EDF Reconstruction 

Due to the significant vertical irregularities of the fracture surfaces (exceeding the native depth of field 

of the optics), an Extended Depth of Field (EDF) technique was employed. Image acquisition was 

performed using a Nikon Digital Sight DS-Fi3 digital camera controlled by NIS-Elements software. For 

each representative area, a Z-stack of 200-500 individual frames was acquired with a step size of 2-5 

Õm along the optical axis. The final all-in-focus micrographs were reconstructed using the standard EDF 

module of the imaging software, ensuring that both the protruding fiber bundles and the deeper crack 

initiation sites remained sharp for qualitative fractographic analysis 

 

Tested tree species and their anatomical characteristics 

Ring-porous hardwood species: Pedunculate oak (Quercus robur), Black locust (Robinia 

pseudoacacia), Flowering ash (Fraxinus ornus). 

Diffuse-porous hardwood species: Common hornbeam (Carpinus betulus), White poplar (Populus 

alba). 

The specimens were optimized for tensile loading in the grain direction. Before fracture surface analysis, 

the specimens were conditioned (e.g. 20ÁC, 65% relative humidity) to ensure comparable moisture 

content, avoiding brittle or ductile fracture modifications caused by moisture. 
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RESULTS AND DISCUSSION 

The ring-porous structure and high density of black locust (Robinia pseudoacacia) resulted in specific 

forms of failure. 

Figure 1 shows a massive, continuous, whitish zone of destruction. Here, the fibers have not simply 

separated, but the cell walls have suddenly ruptured. In the large bright area on the left, a strong 

fibrillation can be observed. Due to the breakdown of the cell walls into layers, the surface becomes 

ñcotton-likeò, which is direct evidence of high-speed energy absorption (Figure 1). 

 

   
 

 Figure 1: Colored light microscopic picture of  Figure 2: Colored light microscopic picture of 

 Robinia pseudoacacia dynamic fracture surface Robinia pseudoacacia static fracture surface 

 

In Figure 2 the fracture line follows the fibers. The failure is characterized by brittle shear fracture 

parallel to the fibers, and in some places, peeling of the secondary cell wall can be observed. The outlines 

of the large earlywood vessels (pores) and the outline of the surrounding tissue structure remains 

relatively sharp. The fracture often follows these vessels, but does not completely crush them (Figure 

2). 

 

   
 

 Figure 3: Colored light microscopic picture of Figure 4: Colored light microscopic picture of 

 Carpinus betulus dynamic fracture surface Carpinus betulus static fracture surface 

 

Despite the high density of the hornbeam, under dynamic loading, the tissue elements shatter because 

the sudden burst of energy cannot be distributed evenly along the fibers. In Figure. 3. the fracture surface 

is more fleecy, indicating that the cell walls themselves have been damaged (intracellular fracture), not 

just slipped past each other (Figure 3). 

Figure. 4. shows that the fracture occurred along relatively large, continuous fiber blocks. The failure is 

of a brittle shear nature. The slow loading allowed the dense tissue of hornbeam to separate in a 

controlled manner. There is little microscopic debris on the surface; the fibers did not crumble, but rather 

broke away from the surrounding tissue leaving a clean surface (Figure 4). 

Under dynamic loading, the tension difference between the large vessels characteristic of ash and the 

dense fiber tissue is suddenly released. In Figure 5. white, cottony, heavily damaged zones dominate. 

This is a sign of high-speed energy absorption: the fibers do not only separate, but also break down into 

layers of cell walls (delamination), resulting in a fleecy texture with a high specific surface area. The 
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surroundings of the large earlywood vessels (the dark, wide cavities) almost ñexplodedò. The fracture 

line did not bypass them, but the sudden tension caused the vessel walls and surrounding parenchyma 

cells to shatter into fragments (Figure 5). 

 

   
 

 Figure 5: Colored light microscopic picture of Figure 6: Colored light microscopic picture of 

 Fraxinus ornus dynamic fracture surface Fraxinus ornus static fracture surface 

 

In Figure 6, longitudinal, orderly separation of the fibers is visible. The surface is less fleecy, showing 

a cleaner, grooved morphology. The fibers stuck together in bundles, the rupture occurred mainly along 

the intercellular space. 

 

   
 

 Figure 7: Colored light microscopic picture of Figure 8: Colored light microscopic picture of 

 Quercus robur dynamic fracture surface Quercus robur static fracture surface 

 

Despite the high density of oak, the cell walls separate under the dynamic impact, resulting in the 

yellowish-whitish, fuzzy surface seen in Figure 7. The large vessels of the earlywood (the darker cavities 

at the edges) not only separated, but also disintegrated along with the surrounding tissue. The sudden 

transfer of energy also shattered the walls of the vessels (Figure 7). 

In Figure. 8. the walls of the vessels on the left remain sharp. The static fracture line runs along these, 

but does not crush their internal structure. The failure process is characterized by brittle fracture through 

the cell wall and secondary cell wall separation. The destruction is localized, the fracture planes are well 

defined, and the usually ubiquitous microscopic debris is more-or-less absent. 

Figure 9 exhibits complete and widespread destruction. The entire field is covered with raised fibers and 

cell wall fragments. There are no intact areas; the sudden high energy almost shattered the tissue 

structure. Strong micro-fibrillation is visible. Not only have the fibers separated from each other, but the 

cell walls themselves have also separated longitudinally and transversely, creating a fleecy, cotton-like 

texture. This is a sign of high-speed energy absorption (Figure 9). 

Figure 10 shows a more localized fracture. A distinct, continuous group of fibers, which has separated, 

is clearly visible, almost forming a single block. In the background, the tissue structure (pores) remains 

relatively intact and recognizable; brittle shear fracture is observed here. It is characterized by longer, 

more fragmented fiber slippages. The fibers have had time to separate at the weaker connections 

(midplate) (Figure 10). 
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 Figure 9: Colored light microscopic picture of Figure 10: Colored light microscopic picture of 

 Populus alba dynamic fracture surface Populus alba static fracture surface 

 

CONCLUSIONS 

Under dynamic loading, the material is unable to dissipate the stress along the natural tissue boundaries 

due to the sudden burst of energy. This leads to extreme fibrillation (fibrosis). The cell walls are 

destroyed, which results in a cotton-like, light, fleecy surface on the images. This process consumes a 

lot of surface energy. Under static conditions, the slow loading allows the fibers to slide. The fracture 

surface is more orderly, more fibrous, and the fiber bundles often pull out intact (fiber pull-out), leaving 

less microscopic debris behind. 

Tissue integrity and the role of pores in ring-porous species (robinia, ash, oak), the wide vessels of the 

earlywood are critical points. In the dynamic case, these almost tend to explode, while in the static case, 

the crack often only touches or avoids them. In diffuse-porous species (poplar, hornbeam), due to the 

more homogeneous structure, the static fracture line is straighter, while the dynamic effect is more 

chaotic, causing widespread destruction throughout the entire tissue. In case of dynamic failure, some 

wood parts partially failed with brittle shear fracture, while the delamination of the secondary cell wall 

or fiber pullout was observed in other places on the fracture surface. 
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ABSTRACT 

Understanding how different poplar clones adjust their intra-annual growth to water availability is 

crucial for optimizing clone selection and plantation management under Mediterranean climate 

conditions. We analyzed stem diameter growth of four poplar clones (óI-214ô, óAF8ô, óBeaupr®ô, and 

óRaspaljeô) established in four plantations across the province of Le·n (Spain). One of the sites 

experiences recurrent water stress, due to a decrease in the water table level and drought conditions. 

Weekly diameter increments recorded during 2023ï2025 were grouped into two growth periods: before 

and after July 1. The Relative Growth Reduction Index (RGRI)was to quantify the proportion of summer 

growth relative to early-season growth, and it was used to assess drought sensitivity. Results revealed 

marked clone- and site-dependent differences in intra-annual growth dynamics. Across non-stressed 

sites, post-July growth typically represented 80ï100% of pre-July increment, indicating sustained 

summer growth. Clone AF8 was the most sensitive, with RGRI values as low as 3% in 2025, while I-

214 maintained higher resilience. Two-way ANOVA and mixed-effects modeling confirmed significant 

effects of clone (p < 0.001), site (p < 0.001), year (p < 0.01), and their interactions on post-July growth 

ratios. Post-hoc Tukey and Bonferroni tests identified significant differences between clones and sites, 

especially under drought stress. These findings demonstrate that genetic variation among clones 

substantially modulates their intra-annual growth response to hydric stress. Selecting clones with higher 

mid-season resilienceðsuch as óI-214ô and óRaspaljeôðcould improve yield stability of poplar 

plantations under increasingly dry summer conditions in southern Europe. 

 

INTRODUCTION  

Poplar plantations (Populus spp.) constitute a fundamental socioeconomic and ecological resource in 

the temperate and Mediterranean regions of Europe, providing high-quality timber while acting as 

efficient carbon sinks. However, poplars are characterized by high transpiration rates and marked 

sensitivity to water availability, making them highly vulnerable to global climate change scenarios. In 

the Mediterranean Basin, and particularly in areas of the Iberian Peninsula such as the province of Le·n 

(Spain), the viability of commercial short-rotation coppice (SRC) plantations is strongly constrained by 

the severity of summer droughts (Ca¶ellas et al. 2012; Oliveira et al. 2020). 

 

Traditionally, the criteria for genetic material selection have been based on evaluations of cumulative 

annual yield or productivity at the end of the rotation cycle, an approach that obscures the 

ecophysiological and intra-annual mechanisms that trees deploy to cope with acute water deficits 

occurring at specific stages of the growing season. Previous research suggests that poplar genotypes 

exhibit a strong trade-off between potential productivity and drought/water stress tolerance: clones that 

are exceptionally productive under optimal conditions often experience the most severe declines under 

water stress (Monclus et al. 2006; Rosso et al. 2023). This differential tolerance is closely linked to 

underlying physiological and anatomical traits, such as xylem cavitation resistance, stomatal regulation 

strategy (isohydric versus anisohydric behavior), cellular osmotic adjustment, and water-use efficiency 

(WUE) (Guo et al. 2010; Viger et al. 2016; Chen et al. 2022; Kojima et al. 2024). Recent genomic 

association studies have confirmed that traits such as stem diameter under drought conditions are 

regulated by complex molecular networks and specific transcription factors (such as PtobZIP18) that 
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coordinate structural growth and hydraulic safety (Jin et al. 2025). Likewise, in response to soil water 

deficits, contrasting clones adjust biomass allocation (prioritizing root development), induce early 

stomatal closure, and activate antioxidant defense systems (Tang et al. 2024). 

 

To capture these dynamic responses under field conditions, high-temporal-resolution monitoring 

through weekly stem diameter measurements provides a direct diagnostic window into cambial kinetics 

and the phenology of xylogenesis (Michelot et al. 2012; Qian et al. 2024). In seasonally dry 

environments, fluctuations in intra-annual growth and the precise timing of cambial activity cessation 

or deceleration accurately reflect pulses of environmental stress (Tamudo et al. 2025). July 1st marks a 

critical climatic transition in northern Spain, where the coupling of rising temperatures and the depletion 

of soil water reserves commonly induces severe water stress compared with the wetter spring season. 

 

The main objective of this study was to evaluate the stability of intra-annual growth and water stress 

resilience of four widely cultivated commercial poplar clones (óI-214ô, óAF8ô, óBeaupr®ô, and 

óRaspaljeô) grown across an environmental and water-management gradient in Le·n, Spain. Through 

the formulation of the Relative Growth Reduction Index (RGRI) and the application of advanced linear 

mixed-effects modeling, this work aims to provide quantitative and operational criteria to improve forest 

management planning and clonal selection under scenarios of increasing aridity in southern Europe. 

 

MATERIALS AND METHODS  

 

Study Sites and Materials  

The research was conducted across four distinct commercial poplar plantations located in the province 

of Le·n, Spain: Turcia (established in 2014), Villasabariego (2012), Villoria de črbigo (2015), and 

Villama¶§n (2011). The latter experiences recurrent summer water stress related to changes in the water 

table depth.  

Four representative poplar cultivars were monitored within each plantation: óI-214ô, óAF8ô, óBeaupr®ô, 

and óRaspaljeô. High-resolution monitoring was executed from 2023 to 2025 by performing weekly stem 

diameter increment measurements on representative individuals. To capture structural shifts in intra-

annual vegetative kinetics, the raw weekly increments were aggregated into two separate seasonal 

growth periods: (i) Early-Season Growth: Increments recorded from the onset of spring vegetative 

activity up to June 30, and (ii) Late-Season (Summer) Growth: Increments accumulated from July 1 

onwards until autumn growth cessation.  

 

Data Analysis 

The Relative Growth Reduction Index (RGRI) (Equation 1) was proposed and calculated to quantify the 

proportion of summer growth relative to early-season growth, and it was used to assess drought 

sensitivity. Lower values generated by this index denote a sharp reduction in late-season growth, 

functioning as a proxy for high hydric stress sensitivity. Lower values generated by this index denote a 

sharp reduction in late-season growth, functioning as a proxy for high hydric stress sensitivity. 

 

ὙὋὙὍ post-July

pre-July
ρππ (1) 

 

Where Ὀpost-July corresponds to the absolute increase in diameter recorded after July 1st, and ῳὈpre-July 

is equivalent to the increase obtained before that date. Values close to or greater than 100% indicate 

sustained summer growth comparable to that of spring, while drastically reduced values denote a 

cessation or collapse of growth induced by stressors, primarily water deficit. 

 

The statistical significance of clonal, spatial, and temporal variations was tested via a Two-way ANOVA 

and post-hoc Tukey HSD and Bonferroni tests (p < 0.05). To account for the longitudinal nature of the 

dataset and the hierarchical structure of trees nested within sites across years, a Mixed Linear Model 

Regression (MixedLM) was deployed using Restricted Maximum Likelihood (REML) estimation. The 

model used 384 total observations, evaluating the continuous parameter "growth ratioò against fixed 

effects of Period, Clone, Site, Year, and their multi-way interactions. 
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RESULTS AND DISCUSSION 

 

Site and Clonal Macro-Trends in RGRI  

The experimental results unveiled highly significant differences driven by both site conditions and 

genetic variations. At the non-stressed control sites (Turcia, Villasabariego, and Villoria de črbigo), 

poplars maintained stable vegetative development after July 1, with RGRI values stabilizing between 

80% and 100%, demonstrating sustained structural carbon synthesis.  

In contrast, the water stressed site at Villama¶§n triggered a comprehensive collapse in post-July growth 

kinetics across almost all evaluated clones and study years, with RGRI values dropping below 40%. 

Clone AF8 was the most sensitive, with RGRI values as low as 3% in 2025, while I-214 maintained 

higher resilience. Beaupr® and Raspalje showed intermediate responses, with RGRI values ranging from 

15ï35% under water stress conditions. 

 

 
 

Figure 1: Temporal evolution of Relative Growth Reduction Index (RGRI) by clone and site 

 

Mixed Linear Model Analysis 

The Mixed Linear Model fitted via REML provided a deep numerical validation of these structural 

trends. The global model converged successfully with a Log-Likelihood of 88.36 and a residual scale of 

0.0243. The estimated fixed-effects parameters are systematically detailed in Table 1. 

The baseline negative coefficient for Period [Post-July] (ɓ = -0.215, p < 0.001) confirms a significant 

global reduction in growth velocity during the summer months. The structural impact of drought is 

explicitly captured by the main effect of Site [Villama¶§n] (ɓ = -0.249, p < 0.001) and, critically, by its 

interaction term with the post-July period , which exhibits a severe negative drop (ɓ = -0.327, p < 0.001). 

This statistically confirms the localized post-July growth collapse under water stress. Conversely, 

optimized sites like Villoria de črbigo exhibited highly positive growth parameters (ɓ = 0.348 for main 

effect; ɓ = 0.198 for post-July interaction, both p < 0.001), supporting the macro-trends of sustained 

summer growth under high water availability. The highly significant negative Year coefficient (ɓ = -

0.302, p < 0.001) directly highlights the worsening limitations over the 2023ï2025 window.  
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Table 1: Mixed Linear Model Regression results for intra-annual poplar growth parameters 
Predictor/Variable  ɓ Coefficient Std. Error  z P > |z| 

Intercept 611.323 32.205 18.982 0.000 

Period [Post-July] -0.215 0.039 -5.452 0.000 

Clone [I-124] 0.051 0.040 1.278 0.201 

Clone [Raspalje] 0.066 0.040 1.660 0.097 

Site [Villama¶§n] -0.249 0.045 -5.514 0.000 

Site [Villasabariego] 0.112 0.045 2.485 0.013 

Site [Villoria de črbigo] 0.348 0.045 7.675 0.000 

Period [Post July] : Clone [I-124] 0.000 0.040 0.005 0.996 

Period [Post July] : Clone [T.Raspalje] -0.038 0.040 -0.956 0.339 

Period [Post July] : Site [Villama¶§n] -0.327 0.045 -7.259 0.000 

Period [Post July] : Site [Villasabariego] -0.110 0.045 -2.453 0.014 

Period [Post July] : Site [Villoria de črbigo] 0.198 0.045 4.383 0.000 

Year -0.302 0.016 -18.95 0.000 

Group Variance (Random Effect) 0.012 0.020 ð ð 

 

Post-Hoc Structural Interpretations  

Post-hoc pairwise tests (Tukey HSD and Bonferroni) isolated multiple significant differences across 

clone and site configurations. Multiple post-hoc comparisons made using Tukey HSD tests and 

Bonferroni conservative correction allowed us to clearly identify significant differences between 

genotypes and plots. At the clonal level, strong statistical asymmetries were detected in the average 

summer growth. The mean difference was highly significant when comparing the sensitive clone óAF8ô 

against its counterparts óI-214ô (difference = 0.3832, p = 0.0007) and óRaspaljeô (difference = 0.415, p 

= 0.0002), confirming that this last pair maintains a significantly higher exchange rate competence under 

resource restriction scenarios. The conservative Bonferroni correction validated these clonal differences, 

reinforcing that specific genotypes retain significantly better wood-accumulation capacity under stress. 

In the plot analysis, post-hoc tests confirmed that the implantation site introduces a determinant variation 

in the genetic expression of the chop. The biggest differences in averages were evident when contrasting 

the restrictive environment of Villama¶§n against Villoria de črbigo and Villasabariego, demonstrating 

that the local edaphic properties, the microclimate and the management history drastically modulate the 

productivity levels and the intra-annual resilience of the plantation. These spatial differences highlight 

that while genetic selection is paramount, the matching of specific clones to precise site typologies is 

critical for maximizing resilience. 

From an ecophysiological perspective, the resilient behavior of óI-214ô coincides with the literature 

documenting greater resistance to catastrophic cavitation and balanced stomatal control in stable hybrids 

of Populus Ĭ euramericana (Monclus et al. 2006, Kojima et al. 2024). On the contrary, the sensitivity 

of 'AF8' ratifies the existence of a macrostructural compromise: genotypes selected for their outstanding 

speed of cell elongation in the presence of water suffer an abrupt physiological block (total stomatal 

shutdown or embolism) when the water potential of the soil drops critically in summer (Rosso et al. 

2023, Tang et al. 2024). These findings demonstrate the operational utility of the RGRI index to 

discriminate early and precisely the ecological vulnerability of commercial clones. 
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CONCLUSIONS 

This study confirms that genetic variation among poplar clones substantially modulates their intra-

annual growth response and structural resilience when subjected to seasonal hydric stress. While 

favorable, well-watered sites enable uniform growth expression across all genotypes, acute summer 

water deficit triggers highly distinct survival and growth preservation strategies among clones. The 

severe post-July growth collapse observed in sensitive genotypes like óAF8ô highlights the high risks 

associated with poor clonal selection in arid or semi-arid zones. Conversely, selecting and deploying 

poplar clones that exhibit high mid-season resilienceðmost notably óI-214ô and óRaspaljeôðoffers a 

concrete pathway to stabilize commercial biomass yields. Integrating high-resolution intra-annual 

growth tracking into forest breeding and management programs is highly recommended to secure the 

long-term ecological and economic viability of poplar plantations under the increasingly dry summer 

conditions of southern Europe. 
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ABSTRACT 

The southeastern United States is widely regarded as one of the worldôs wood-baskets. Much of the 

forest in this area is managed pine plantation but there is also a considerable amount of hardwood forest. 

Recently, pellets have become an important export market utilizing hardwood biomass. Much of the 

hardwood is found in bottomland areas and consequently have saturated soils for much of the year. This 

study seeks to use data from the U.S. Forest Service Forest Inventory Analysis (FIA) program, the U.S. 

Soil Survey (SSURGO), and a layer of all roadways on which timber can be transported. A 75 km buffer 

was placed around each inventory plot, estimating average haul distances from a source, and volumes 

in 10 m pixels. Distance to the nearest road was then determine for each forested pixel and soil drainage 

class utilized as a proxy for forest operations after calculated an index of drainage class ranging from 0-

1. The data were masked so that only hardwood forested pixels are considered for two states in the 

southeastern United States (Mississippi and Louisiana). The values for volume, soil drainage class, and 

distance to roads, were normalized to scale from 0-1 and the three values were combined to create a 

multiplicative model that has a 0-1 score for each hardwood pixel in the region for volume and 

harvestability potential, representing areas where hardwood timber and harvest are most likely to be 

successful. 

  

INTRODUCTION  

Timber harvesting is a vital part of the economy of the southeastern United States. Specifically, in 

Louisiana and Mississippi, forestry is a multi-billion-dollar industry (USD) and provides tens of 

thousands of jobs in each state. Over 50 percent of the land area of each state is forested, providing 

ample opportunity for forest growth and harvest. In terms of volume harvested, each state annually 

produces approximately 20-30 million tonnes of timber. Of the volume harvested each year, 

approximately 85 percent is comprised of pine species (Pinus spp.), primarily from pine plantations 

throughout the region. However, a significant portion of the forested area in these states is hardwood 

(Oswalt, 2019; Oswalt, 2025) and regionally, hardwood growth is increasing (Oswalt et al., 2026). 

 

Given the focus on pine species, there is a potential market opportunity for hardwood forest. There are 

few production facilities that accept hardwood timber in these states. Much of the hardwood available 

in Louisiana is found in bottomland areas, which is difficult to access (Oswalt, 2025) and much of the 

timber is not desirable of preferred appearance-grade quality. Other factors, outside of market concerns 

favoring pine production, include difficulty accessing standing timber and a variable tree for making it 

difficult to move timber. The area is also dominated by private ownership and generally partial harvests 

that impacts quality, e.g., epicormic branching (Kellison and Young, 1997). Understanding where the 

majority of hardwood volume is located and its accessibility is critical to helping these private 

landowners understand their timberôs standing value. The objectives of this study are to identify the 

spatial distribution of hardwood forests in these two states and develop a model that identifies 

availability and harvestability. 
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MATERIALS AND METHODS   

Two states in the southeastern United States, Mississippi and Louisiana (Figure 1), were selected for 

analysis. These states were selected for the dominance of pine biomass harvested each year given the 

widespread prevalence of hardwood forest composition. This region has a long growing season due to 

ample rainfall and a warm climate. Forests in both states have some hardwood harvest each year; 

however, there is much more hardwood biomass available, which the model developed will show along 

with its accessibility. 
 

 
 

Figure 1: The location of the area assessed, Louisiana (LA) and Mississippi (MS), in the  

southeastern United States 
 

The datasets chosen for model development are publicly available and commonly utilized in large-scale 

biomass studies. Forest inventory data was obtained from the Forest Inventory Analysis (FIA) program 

(FIA, 2024) collected by the United States Forest Service on an incremental basis. The other datasets 

were obtained from the United States Geological Survey for the soil drainage data (NRCS, 2026) and 

from OpenStreetMap for the roads data (OSM, 2026). The FIA plot locations were used to generate 75 

km2 grids and volume estimates expanded to that area, with volume estimates being normalized from 0-

1. The soil drainage classes were divided into seven classes scaled 0-1 to indicate drainage and 

equipment usage feasibility for harvest. Distance to roads from each volume polygon to the nearest road 

was determined and all values normalized so that values ranged from 0-1. The National Land Cover 

Dataset was utilized to extract values for each variable using areas with hardwood forest cover. 
 

The 0-1 values for drainage, road distance, and volume were then combined in a multiplicative model 

to indicate both volume availability combined with harvest feasibility based on soil drainage class and 

distance to the nearest road. This provides a 0-1 indication of where the greatest volume estimates are 

available, harvest operability is maximized (i.e., soil impacts from harvesting activities will be 

minimized), and access to a road network for transport to a processing facility is minimized. 
 

RESULTS AND DISCUSSION 

The model results show approximately 6 million ha of forest containing hardwood species in the two-

state area, with approximately 131 million tonnes of standing timber volume. The distribution matches 

what is expected of the mixed forest types in the region and the volume distribution follows what is 

expected with greater volumes being found in bottomland areas in Louisiana and upland species found 

in the loess/Brown Loam Bluff areas in southwestern parts of Mississippi (Oswalt, 2019; Oswalt, 2025). 

The model results (Figure 2) are enhanced by the areas where the greatest volumes and accessibility 

occurs.  








































































































































































































































































































































































































































































































































































































































































































