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Abstract 

The thesis aimed to implement the wood supply chain among the “Aspromonte” National Park in 

the Calabria Region (Italy), through the study of the more representative forest species occurring in 

the Park: chestnut, calabrian pine and beech. Tree growth and wood quality were studied through 

dendrochronological approaches and non-destructive technologies. Different forest types were 

tested: (i) pure plantation of calabrian pine; (ii) mixed-species stands of beech and calabrian pine; 

(iii) coppices of chestnut. 

A more accurate assessment of the wood quality is needed and it is possible with modern 

technologies nowadays available, e.g. the acoustic technologies. 

Firstly, it was hypothesized that the tree stand density could influence the dynamic modulus of 

elasticity (MOEd) and, therefore, the future wood quality in plantation of calabrian pine. It was 

tested if different management options, when applied, could influence the timber quality. The MOEd 

values were derived from field data obtained measuring the acoustic velocity through the 

TreeSonic™ timer. Calabrian pine trees were selected in stands where different intensities of 

thinning were applied eleven years before this study began (no thinning, thinning 25%, thinning 

50%, and thinning 75%) and growing in similar ecological conditions. Results showed that, for the 

calabrian pine pure stand, a strong positive correlation occurred between the acoustic velocity, the 

thinning intensity and the tree diameters. The thinning realized at 25% induced the better tree wood 

quality, also uniform across the diameter classes. 

The best predictors for MOEd estimation were evaluated using variables easily measurable in the 

field. Specifically, in high forests of pure and mixed-species stands of beech and calabrian pine (3 

dominated by European beech, 3 dominated by Calabrian pine and 3 mixed-species plots), nine plots 

grouped into three triplets were analysed. Tree growth and wood quality were analysed through 

dendrochronological approaches and non-destructive technologies, respectively, hypothesizing that 
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the mixture might improve the wood quality. A linear mixed model was applied to test the effects 

of exogenous influences on the basal area index (BAI) and on the MOEd. The Recruitment period 

(Rp) was also studied to verify if the wood quality was independent from the radial growth. 

Results showed that the tree mixing effect influenced both the wood quality and the BAI. In the 

mixed stand, for each species, MOEd values were significantly higher than in the corresponding 

pure stands. The mixture effect aligned MOEd values, making wood quality uniform across the 

different diameter classes. In the mixed stand, a significant positive relationship between MOEd and 

Rp, but also significantly higher BAI values than in the pure stand, were found for beech, but not 

for calabrian pine. 

Results provided a useful tool for predicting the wood stiffness in relation to stand parameters easily 

measurable in forests. Furthermore, it could be useful to promote the mixture of European beech 

and Calabrian pine in this harsh environment, since it can improve both the tree growth and the wood 

quality. 

Finally, this thesis focused on stands of chestnut coppices growing in similar environmental 

conditions in the "Aspromonte" National Park. A growth model was developed in order to verify if 

the wood quality at different ages of the coppice can vary if the cutting cycles are modified. The 

wood quality and tree productivity were analysed, using a chronosequence approach, in stands 

characterized by four cutting cycles (15, 25, 30 and 50 years). The results suggested that the 

culmination of the mean annual increment occurs at 28 years, while the current annual increment 

culminates 10 years earlier. The values of the MOEd, even if revealed a negative trend as tree age 

increases, however suggested the occurrence of an overall good wood quality across all the life 

cycles. 
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Riassunto 

Questo lavoro di tesi è stato finalizzato all'implementazione della filiera del legno nel Parco 

Nazionale dell'Aspromonte, in Calabria (Italia), attraverso lo studio delle specie forestali più 

rappresentative presenti nel Parco stesso, come il castagno, il pino laricio ed il faggio. 

Gli accrescimenti arborei e la qualità del legno sono stati studiati attraverso approcci 

dendrocronologici e tecnologie non distruttive, focalizzandosi su divere tipologie di boschi, 

rappresentative del territorio forestale aspromontano: (i) piantagioni di pino laricio; (ii) boschi misti 

e puri di faggio e pino larcio; (iii) cedui di castagno. 

Con le moderne tecnologie disponibili per valutare la qualità del legno è possibile effettuare una 

valutazione accurata, utile ad ottimizzare il valore dei diversi usi finali del legno. In questo studio, 

è stato ipotizzato che la densità dei popolamenti possa influenzare il modulo dinamico di elasticità 

(MOEd) e, quindi, la futura qualità del legno. E’ stato verificato se le diverse opzioni di gestione, 

quando applicate, possano influenzare la qualità del legname di pino laricio che cresce in condizioni 

ambientali simili. Sono stati quindi derivati i valori del MOEd attraverso la misurazione della 

velocità acustica tramite il TreeSonic ™. Sono state analizzate pinete calabresi in cui sono state 

applicate diverse intensità di diradamento (non-diradato, diradamento del 25%, diradamento del 

50% e diradamento del 75%), undici anni prima dell'inizio di questo studio. I risultati ottenuti hanno 

evidenziato una forte correlazione positiva tra la velocità acustica, le diverse intensità di diradamento 

e il diametro degli individui studiati (DBH). Nel diradamento al 25% è stata riscontrata una migliore 

qualità del legno, a prescindere dalla classe diametrica di riferimento. Dai risultati ottenuti è stato 

quindi realizzato un modello per la stima del MOEd, utilizzando variabili facilmente misurabili sul 

campo, come il DBH e l’altezza.  

Lo studio è quindi proseguito nell’ambito di fustaie miste e seminaturali, a dominanza di faggio e 

pino laricio. Si è ipotizzato che la crescita degli alberi e la qualità del legno possano essere favorite 

dalla compresenza di più specie, rispetto a situazioni in cui esse crescono monospecifiche.  
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Si è quindi lavorato, attraverso approcci dendrocronologici e tecnologie non distruttive, su una 

tripletta caratterizzata da due popolamenti monospecifici di faggio e pino larcio, ed un bosco misto 

con presenza di entrambe le specie. È stato applicato un modello misto lineare per testare gli effetti 

delle influenze esogene sull’ampiezza delle cerchie annuali (espressa come BAI) e sul modulo 

dinamico di elasticità (MOEd). Il tempo di passaggio (Rp) è stato studiato per verificare se la qualità 

del legno era indipendente dai modelli di crescita radiale del tronco. 

I risultati hanno mostrato che l'effetto della coesistenza (faggio e pino laricio) ha influenzato sia la 

qualità del legno che il BAI. Nel bosco misto, per ogni specie, i valori MOEd sono risultati 

significativamente più alti rispetto ai respettivi boschi monospecifici. L'effetto della coesistenza ha 

allineato i valori MOEd, uniformando la qualità del legno tra le diverse classi di diametro. I risultati 

ottenuti confermano gli effetti positivi indotti dalla diversificazione specifica sulla produttività 

legnosa e sulla qualità del legno, laddove la gestione favorisca la mescolanza tra specie.  

Infine, in cedui di castagno caratterizzati da una densità omogenea, si è cercato di comprendere la 

durata del turno più idonea per avere una buona produzione caratterizzata dalla migliore qualità del 

legno. Attraverso lo studio di una cronosequenza costituita da popolamenti di età diverse afferenti a 

condizioni ambientali simili, sono stati quindi analizzati: i parametri dendrometrici, la qualità del 

legno e la produttività a diverse età. È stato sviluppato e implementato un modello di crescita 

specifico per i boschi di castagni situati nel Parco Nazionale dell'Aspromonte, al fine di verificare 

se la qualità dei materiali legnosi ottenibili a diverse età del bosco ceduo può variare se i cicli di 

taglio vengono modificati. Si è quindi analizzata la qualità e la produttività del legno, in una 

cronosequenza, nei cedui di castagno caratterizzati da quattro diversi cicli di taglio (15, 25, 30 e 50 

anni). Le analisi qui svolte hanno consentito l'implementazione di un modello di crescita utile per 

simulare lo sviluppo temporale dei principali tratti strutturali. I risultati hanno mostrato che il 

culmine dell'incremento annuale medio si verifica a 28 anni, mentre l’incremento annuale culmina 

circa 10 anni prima. I valori del MOEd, anche se hanno rivelato una tendenza negativa all'aumentare 
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dell'età degli alberi, hanno dimostrato che durante tutto il ciclo di vita si ha una buona qualità del 

legno. 

Keywords: Forest management; Mediterranean mountain forests; Forest productivity; Treesonic; 

Dendrochronology; Recruitment period; modulus of elasticity;  
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 Chapter 1 

1. GENERAL INTRODUCTION  

Forests provide a wide variety of goods, services and processes needed by society, including wood 

and fiber, non-timber products, clean water and air, habitats for wildlife, recreation, esthetics and 

preservation of biodiversity. The economic and social well-being of modern society depends, largely, 

on the presence of abundant and healty forests. In the last centuries. huge changes in the distribution 

and nature of forests, caused by natural phenomena (disease and pests, storms, fire, drought and other 

climatic stresses) or human intervention, or by the interaction of human impacts and natural causes 

(European Environment Agency http://www.eea.europa.eu/publications/92-826-5409-

5/page034new.html) were observed. Appropriate measures should be adopted to protect forests in 

order to maintain their full multiple values. Incorrect silvicultural practices are the main causes of 

timber productivity decrease and poor quality material production. The sustainable management of 

natural resources is, therefore, a guiding principle of a proactive approach for maintaining forest 

productivity, contrasting the forest degradation in a global changing scenario. Therefore, sustainable 

forest management is fundamental for the protection of the cultural identity and the physical integrity 

of the agro-forest landscape. In fact, it not only preserves the animal and vegetable biodiversity, but 

it is also an important historical, architectural and cultural heritage that valorizes the natural resources. 

In our case, the context of the “Aspromonte” National park has a high number of endemisms that 

strongly characterize the landscape, such as the presence of different forest tree species (pine, chestnut 

and beech), considerable very useful for the local economy. 

In Southern Italy, Calabrian pine forests are strongly related to the complex geological history, 

lithological and climatic characteristics, but also to the long history of human exploitation of the 

related forest stands (Ciancio et al., 2006). 

This species is common also in Sicily and Sardinia, but it is mainly widespread in the “Sila” and 

“Aspromonte” National Parks, in Calabria Region. Calabrian pine covers an area of approximately 

http://www.eea.europa.eu/publications/92-826-5409-5/page034new.html
http://www.eea.europa.eu/publications/92-826-5409-5/page034new.html
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114,000 ha, mostly characterized by pure stands, both of natural origin and plantations. The latter 

originated from extensive reforestation projects carried out between 1950 and 1970, based on specific 

Italian state law (Nicolaci et al., 2014). These plantations were realized with the aim of reducing the 

hydrological risk in mountainous areas, but also for facilitating the natural succession toward mixed 

forests with a significant component of deciduous species (Cantiani et al., 2010). Together with soil 

and watershed protection, Calabrian pine has an important role in the local forest economy. In order 

to increase the economic value of these forests, the best silvicultural options should be selected and 

adopted at stand level, to achieve specific objectives. Therefore, different management practices and 

related intensities can change the tree species composition and richness and, also, the stand density 

and tree age distribution (Duncker et al., 2012). Species combinations show complementary resource 

use, with positive consequences for productivity (Pretzsch and Schütze 2009; Pretzsch and Forrester 

2017), (higher) carbon storage capacity (He et al. 2013), ecosystem health and vitality (Balvanera et 

al. 2006; Jactel et al., 2009), resistance and resilience (Griess et al. 2012), reducing economic risks 

(Griess and Knoke 2013) and for providing insurance against environmental fluctuations (Metz et al. 

2016; Jactel et al. 2017). In the face of climate change (IPCC 2014), fostering mixed-species forests, 

with species adapted to various climatic conditions, is considered as one of the most important 

measures to use in climate-adopted forest management of many forests in Europe (Bolte et al. 2009; 

Brang et al. 2014). In spite of the lack of the common forest policy in the EU (Dobšinská et al. 2015), 

diversity of tree species was one of the quantitative indicators of sustainable forest management in 

Europe adopted by 7th Ministerial Conference in Madrid (SFM 2015).  

Moreover, in mountainous forest ecosystems of Southern Italy, extended mixed-stands formed by 

European beech (Fagus sylvatica L.) and Calabrian pine (Pinus nigra Arnold subsp. calabrica) also 

occur. European beech is a late-successional broadleaved tree species, here occurring in its 

southernmost ecological limit, whereas Calabrian pine is an early-successional conifer, providing 

timber of high quality. Heterogeneity of species composition belongs to ecological attributes, which 

make forests a complex adaptive system (Puettmann et al. 2013; Bauhus et al. 2013). In Europe, 
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many forest areas abandoned from any active management approach (Marziliano et al., 2017) are 

evolving in mixed deciduous forests.  

Moreover, the chestnut (Castanea sativa Miller) is another broadleaves species widespread in 

southern Europe; in fact, it covers an area of more than 2.5 million hectares. Most of the area (89%) 

is concentrated in few countries (France, Italy, followed by Spain, Portugal, and Switzerland) with a 

long tradition of cultivation. In the wide ecological and geographical range where chestnut has been 

used, many different silvicultural treatments have been proposed and developed in order to improve 

its profitability. 

Forest management and utilization have a considerable influence on the stability and sustainability of 

forest ecosystems (Swanson and Franklin, 1992; Larsen, 1995).  

In this sense, chestnut stands have been intensively managed both for production (timber and edible 

nuts) and for encouraging the natural regeneration of mixed broadleaved species (Cucchi, 1990; 

Everard and Christie, 1995). The scientific literature often reports that the most profitable 

management of chestnut coppice is the conversion to high forests, in a long-term perspective; this 

approach can favour a gradual increase of the economical benefits, in the short- and medium-term 

(Ciancio and Eccher, 1983).  Due to its high resprouting capacity, chestnut coppices represent the 

main type of forest management observable in the Italian landscape, with about the 80% of  cover; 

they supply principally fire wood, charcoal, poles (fence, pit-props, etc.) and wood for small products 

(barrels, shingles, sleepers, etc.). Pure chestnut high forests are rare, representing only the 10% of the 

total chestnut forest cover, and producing timber wood for construction, furniture or long poles. 

Traditional chestnut management approaches (i.e. coppices, high forests, orchards) requires 

continuous cultural inputs. 

Forest management is aimed to create a vigorous stand, increasing tree growth and developing 

structural characteristics useful for timber production. Furthermore, thinning activities can also 

favour the creation of new habitats for wildlife, favouring the occurrence of healthy and vigorous 

forests (Demers et al., 2013). 
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Thinning activities control the forest stand density, improving the growth of the remaining trees 

(Grant et al., 2007) based on sustainable approaches (Zeide et al., 2004), and decreasing, also, the 

tree mortality rates from a long-term perspective (Brissette et al., 1999).  

Furthermore, forest management can determine variation in the physical and mechanical properties 

of the harvested wood, both at stand and tree level (Machado, et al., 2014). For this reason, the 

identification of certain wood properties, that can increase timber quality, is essential, as it is 

important to select the best forest management options to improve the wood quality.  

Wood quality can be described as a set of characteristics that make woody materials economically 

valuable for their end uses (Jozsa, et al., 1994). Briggs and Smith (1986) defined wood quality as “a 

measure of the aptness of wood for a given use”. These properties can include, for example, the wood 

density, the uniformity in tree ring size, the percent of knot-free wood, and the proportion between 

early wood and late wood. 

The objective evaluation of the wood quality and quantity is then critical for quantifying the 

productive value of a forest (Marziliano, et al., 2012; Proto, et al., 2017). For this purpose, several 

non-destructive technologies (NDTs) have been developed in the past years to evaluate the quality of 

woody materials. For example, at belowground level, (mini) rhizotrons and ground-penetrating radar 

allows for evaluating tree rooting distribution and growth (Sanesi, et al., 2013; Marziliano, et al., 

2015). Moreover, at aboveground level, NDT measures allow for evaluation of the mechanical and 

technological properties of standing trees (Škorpik, et al., 2018; Krajnc, et al., 2019). More 

specifically, stress wave-based non-destructive acoustic techniques have been extensively 

investigated during the past few decades (Guntekin, et al., 2013), resulting in very useful methods for 

predicting the mechanical properties of woody materials.  

The use of stress wave-based non-destructive tests is relatively common in the forest-to-mill woody 

supply chain in Australia (Tsehaye, et al., 2000) and in North America (Wang and Ross, 2000; Wang, 

et al., 2004), while it is less common in Europe. Specifically, research developments (Mora et al., 

2009) in acoustic sensing technology can, nowadays, permit the estimation of wood quality and 
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intrinsic woody properties for standing trees, stems, and logs. The information derived from NDT 

measures could be used to sort and grade trees and logs according to their suitability for different end 

uses, such as structural products, advanced composites, pulp, and paper, and for bioenergetics 

purposes. 

Among the parameters measurable by acoustic methods, one of the most important is the modulus of 

elasticity of wood (MOE). The MOE, also known as wood stiffness, is essentially one of the 

fundamental wood quality parameters and measures the resistance to deflection (Wessels, et al., 

2011). For example, it is important since some woody products, such as laminated veneer and 

dimension lumber, require stiff and strong woody properties (Tenorio, et al., 2011). 

The recent literature has focused on determining whether stress wave techniques could be used to 

determine wood quality (Brashaw et al., 2009). Several studies shown a good relationship between 

the stress wave-based modulus of elasticity (MOE) and the static MOE of lumber cut from logs 

(Aratake and Arima, 1994). This methodological approach is also applied to determine the 

relationships between the environmental conditions, silvicultural practices, and wood fiber properties 

(Wang, 2012). The modulus of elasticity and the density of the woody materials strongly affect the 

acoustic properties of wood (Teder, 2011). One of the most important mechanical properties, 

measurable by NDT methods, is Young’s modulus, i.e., the modulus of elasticity (MOEd), which 

describes the material’s stiffness. 

Many portable instruments have been developed to measure the wood stiffness of standing trees, logs, 

and sawn timber using acoustic technology (Legg and Bradley, 2016). These instruments are able to 

measure the speed at which an induced sound (stress) wave propagates through a woody sample, 

which is proportional to its stiffness (Mochan, et al., 2009). When the stress is applied to the wood 

surface, the generated disturbance propagates through the wood as stress wave. Several studies have 

hypothesized that the characteristics of the resulting wave are related to the mechanical properties of 

the wood (Wang, 2011; Wang, 2013). 
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Stress wave propagation in wood is a dynamic process correlated to several factors, such as the stand 

developmental stage (Vanninen, et al., 1996), genetic characteristics (Vargashernandez and Adams, 

1994; Rozenberg et al., 2001) and also the silvicultural activities and their intensities (Zobel, B.J.and 

van Buijtenen, 1989). 

1.1 Ecology and management of the species studied 

In mountainous forest ecosystems of Southern Italy, the more important tree species are: calabrian 

pine, european beech and chestnut. 

- Calabrian pine, is a fast-growing conifer with a wide but fragmented distribution across 

Europe and Asia Minor, predominantly in mountain areas. It has also become naturalised in some 

areas in North America. It is subdivided into several distinct subspecies and its taxonomic status 

is still a subject of debate among specialists (Enescu et al., 2016). In Central Europe, Balkans, 

and Mediterranean countries, calabrian pine was commonly planted for protection purposes 

(Bussotti, 2002).  

In Italy, Calabrian pine occurs mostly in pure stands of even-aged forests (50 years old, on 

average) and covers an area of around 240.000 hectares (Gasparini and Tabacchi, 2011). The 

different ecological conditions in which calabrian pine occurs determine differences in its 

productivity and regeneration capacity; this aspect should be taken into account when the forest 

management is defined in a long-term perspective.  

However, in the context of the sustainable forest management, it is recommended to find a 

compromise between production objectives and conservation needs, trying to reach in some areas 

a similar status to that found in natural forests, whose dynamics depends mainly on natural 

disturbances. A proper management of calabrian pine should try to maintain irregular structures 

with trees of different ages (MATT, 2004), including very old individuals, in order to ensure the 

kind of broad genetic variability that allows the forest to survive the various natural disturbances 

and environmental stresses. Suitable management should also promote a closed structure with a 

well-developed canopy, which offer suitable microclimatic conditions (shade and humidity) for 
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regeneration. It is also recommended to maintain a number of old trees, as well as an appropriate 

amount of deadwood, which play an important role in the conservation of biodiversity.  

In general, forest regeneration composed by long-lived species can be reached with clear cuttings, 

which mimic the natural disturbances to the ecosystem (e.g. fires) (De Dios, 2006; Zaghi, 2008). 

The most common silvicultural treatments in Europe currently aim at maximizing the stand 

stability, facilitating the transition from pure stands to mixed stands with a stronger presence of 

native tree species (Heitz and Hasenauer, 2000; Malcolm et al., 2001; Kint et al., 2006).  

- European beech is the most abundant broadleaved forest tree in central and southern Europe; due 

to its physiological characteristics, it can form forest communities that dominate in a wide range 

of habitats, soil types and climatic conditions (Peters, 1997; Ellenberg, 1988). 

In Italy, beech-woods are widespread and constitute around 12% of the national coverage of 

high-trunk forests, extending from the Alps to the southernmost sites in Sicily, with the exception 

of Sardinia and the smaller islands (Jalas and Suominen, 1972-1999). On the Apennines, it is the 

uppermost forest species, showing a pronounced attitude for expansion in different 

environmental conditions, including those moderately altered by human activities.  

Beech is a hardy species. It tolerates very shady situations, so that natural regeneration is possible 

in silvicultural systems with continuous crown coverage as the seedlings are able to survive and 

grow below the canopy of established trees. Currently, the management of beech forests in Italy 

is, much diversified. Beech forests have been abandoned in many areas. In general, these forests 

can be classified in the following management types: coppices and high forests. Beech coppices 

were generally clear felled leaving 60-80 standards per hectare. Traditional forest management 

has had an important impact on the current european beech stands resulting in the creation and 

maintenance of a wide spectrum of structural forms (Bengtsson et al., 2000), especially in 

Mediterranean areas (Nocentini 2009; Lombardi et al., 2012). 

Today there is a renewed scientific and operational interest in this management system because 

it can produce relatively high quantities of firewood in mountain areas where modern and 



13 

 

efficient wood burning stoves are gradually gaining importance while guaranteeing continuous 

cover and adequate soil protection (Ciancio and Nocentini 2004, Coppini and Hermanin 2007).  

In general, results show that in coppices, which have passed the normal rotation age, thinning 

increases stand stability, reduces shoot mortality, maintains a “regular” stand structure, increases 

growth of both individual shoots and total stand volume.   

Beech high forests was conducted well into the twentieth century, when it became customary to 

utilize beech stands with a very intensive cut leaving few seed trees (circa 50 per hectare). 

Resulting stands today show different structures, ranging from even aged pure beech stands with 

sparse old big trees, to stands with a light cover of big trees from the old cycle and with a lower 

plane formed by beech regeneration, originating both from seed or stool, to multistratified stands 

where felling of some of the big old seed trees has opened up space for new regeneration (Iovino 

and Menguzzato 2004, Ciancio et al., 2008). Instead, the traditional treatment for beech stands 

on private, and, rarely, on some public properties, was and still is a selection cut applied without 

precise written rules, but according to the needs of the owner and to the particular situation of 

each stand. Susmel (1957) reported on various areas between Campania and Basilicata where 

beech stands, from at least 1850, had been managed successfully with a “selection cut” and where 

wood production quality was very good. Fellings were carried out approximately every 14 years 

in the same stand. This type of management created an “irregular” small group structure.  

According to Susmel, the final aim of this management model was to favour the transformation 

of pure beech stands into mixed stands.  

- The distribution area of Chestnut ranges from Southern Europe (Iberian Peninsula, Italy, Balkans, 

Mediterranean Islands) and North Africa (Morocco), to North-Western Europe (England, 

Belgium) and eastward to Western Asia (North East Turkey, Armenia, Georgia, Azerbaijan, 

Syria), with an altitudinal range between 200 and 800 m, depending on the latitude (Avanzato, 

2009; Schütt, et al., 2006). In Europe, the chestnut covers an area of more than 2.5 million 

hectares. Most of the area (89 %) is concentrated in just a few countries (France, Italy, followed 
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by Spain, Portugal, and Switzerland) with a long tradition of chestnut cultivation (Conedera et 

al., 2004). The broad diffusion and active management by man have resulted in the establishment 

of the species at the limits of its fundamental niche, which makes it nowadays difficult to trace 

its original range (Tinner, et al., 2000) and its ecology (Rubio, et al., 2002). The increasing 

demand for high-quality wood production has fostered a discussion about identifying appropriate 

management techniques to assure sustainable forest management for saw log production 

(Amorini et al., 1997, Manetti et al., 2009). As a result, the production of high-value chestnut 

timber is now being enhanced in some parts of Europe where growing conditions are appropriate 

(Conedera et al. 2001).  

At present, the largest part of chestnut forests extending on the Italian surface is under two main 

management regimes: high forests and coppices, specialized in timber production.  

Coppice represents the main type of forest management (Giannini et al., 2014) with about 80 % 

in cover of the chestnut forests, supplying principally fire wood, charcoal, poles (fence, pit-props, 

etc.), and wood for small products (barrels, shingles, sleepers, etc.). Pure chestnut high forests 

are rare with a cover of about 10 %, producing timber wood for construction, furniture or long 

poles.  

Coppice stands often characterised by a low silvicultural management and short rotation periods 

(Fioravanti 1997), in south Italy cutting periods of 10-15 years are commonly adopted, 

nevertheless shortcutting periods of 6-8 years and long cutting periods of 18–24 years are found 

also (Aviolo 1987). Traditional chestnut management approaches (i.e. coppices, high forests, 

orchards) requires continuous cultural inputs. In the absence of management, chestnut stands 

tend to be invaded by other species and to evolve towards mixed deciduous forests.  

1.2 History of the forest management  

The forest management has evolved over time according to the interests and needs of human 

population with respect to the use of natural resources.  
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During the whole of the middle Ages, forests were very much exploited, as a wood reserve, since 

wood was used as firewood or to build different items, such as barrels, tools, hurdles for enclosures, 

fencing, boats and ships. Forests were also seen as potential arable land, after being cleared of trees 

and shrubs (Paletto et al., 2008). Across the centuries these unplanned and more-and- more intensive 

activities seriously endangered the survival of forests and forced local communities to elaborate 

specific laws to limit pasture rights, tree-cutting, and land clearance (Naso, 1988).  

In the Modern age (the late 15th century and 16th, 17th centuries), the multi-products forest 

(silvopastoral economics) came to be replaced with the traditional agricultural forest. Medieval forest 

management, based on selective cutting and uneven-aged stands, (Agnoletti, 2006) was replaced by 

tillage and the intensification of clearcutting (Thomas, 1983).  

During the Modern age, particularly in the plain areas of Europe, a progressive increase of the 

agriculture to damage of the other land uses was observed. Specifically, in those years, a reduction of 

the extent of forests was observed (Le Master and Schmithüsen, 2006). These events, important for 

the development of the agricultural economies, created limitation for the silvopastoral ones, typical 

of the collective communities of the Middle ages (limitation in the rights of hunting and product 

collection).  As a consequence, the hydrogeological instability (the protection function of forest) in 

mountain areas increased, but also flooding events in the plain zones (Paletto, 2008).  

In conclusion, man bends nature to his own wishes, and consequently, the management of forests has 

been decided only on the basis on the human needs (Thomas, 1983). The end of Modern Age 

coincides with the advent of the Industrial Revolution, during this period new social needs and 

demands arose and, as consequence, the management of natural resources changed radically. The 

industrial revolution modified deeply the economy of European society, production increased 

considerably and the technological efficiency improved significantly. These factors caused an 

increase in the demand not only of raw materials (wood, cotton, iron, coal) but also of round wood 

for construction, fuelwood for domestic use, pole wood, charcoal and tannin (Paletto, 2008).  
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In this context, the work of Georg Ludwig Hartig and Heinrich von Cotta developed the concept of 

“modern” silviculture. The old mixed forests were replaced with monospecific forests managed with 

new techniques (fertilisation, selected exotic species, artificial regeneration), and harvested by clear 

cutting (Vos, 1996). In the Mediterranean regions coppice using short rotations of 3 to 10 years 

replaced the high forest (Agnoletti, 2002). The economic approach to forest management was 

imperative, the need to achieve maximum forest revenue has concurred to the affirmation of timber 

market, industrial silviculture and different forestry branches (wood technology, forest economics, 

forest mensuration and assessment (Agnoletti, 2006). After the industrial revolution, the social 

perception of the forest resource changed. In the new cultural context, two main principles in forest 

management emerged: multifunctionality and sustainability. The concept of forest multifunctionality 

borns in Germany in 1953 with the elaboration of the “Theory of Forestry Function”, published in 

the “Forstwirtschaftspolitik” by the Professor Viktor Dieterich of the University of Munich. In this 

theory, the concept of multiple-use, widespread in North America (Canada and United States), was 

developed and widened through a less anthropocentric vision where the functions had an intrinsic 

importance (vitality and health of ecosystem).  

The modern formulation of the concept of sustainability was elaborated in the report of the World 

Commission on Environment and Development (WCED, 1987), better known as the Brundtland 

Report (1987). In this report, sustainability was defined as: “Meeting the needs of the present 

generation without compromising the ability of future generations to meet their needs”. This 

definition represents the conceptual basis of a new forest management paradigm that changed 

radically the traditional forest management in Sustainable Forest Management (SFM). Sustainable 

Forest Management (SFM) is currently widely accepted as the overriding objective for forest policy 

and practice. SFM is a concept developed over time, for the increasing needs to find new strategies 

and methods for a rational management of forest resources (Paletto, 2008).  

The first international definition of SFM appeared in the early 1990s in a number of important 

documents: Agenda 21, the Rio de Janeiro Declaration on Environment and Development and the 
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Statement of Principles for the Sustainable Management of Forests. This was adopted by many 

Governments at the United Nations Conference on Environment and Development (UNCED) held in 

Rio de Janeiro (Brazil, 3-14 June 1992). The term, sustainable forest management, asserts that: 

“Forest resources and forest lands should be sustainably managed to meet the social, economic, 

ecological, cultural and spiritual human needs of present and future generations. These needs are for 

forest products and services, such as wood and wood products, water, soil, food, fodder, medicine, 

fuel, shelter, employment, recreation, habitats for wildlife, landscape diversity, carbon sinks and 

reservoirs, and for other forest products”. In Europe, the first definition of SFM was worked out 

during the second Ministerial Conference on the Protection of Forests in Europe (MCPFE) in Helsinki 

(1993): “sustainable management means the stewardship and use of forests and forest lands in a way, 

and at a rate, that maintains their biodiversity, productivity, regeneration capacity, vitality and their 

potential to fulfil, now and in the future, relevant ecological, economic and social functions, at local, 

national, and global levels, and that does not cause damage to other ecosystems” (Resolution H1 point 

D, MCPFE 2000). The final evolution of forest management doctrine is Ecosystem Management 

(EM). EM “integrates scientific knowledge of ecological relationships within a complex socio-

political and values framework toward the general goal of protecting native ecosystem integrity over 

the long- term” (Grumbine, 1994; Paletto, 2008).  

The best management had to maintain a good level of health and vitality of the forest ecosystem 

(Wolynski, 1998). In order to achieve these objectives, managers must avoid traumatic actions against 

the forest ecosystem (for examples: clear cutting on wide surface, artificial regeneration with exotic 

species, etc.). The four major criteria for the sustainability of a forest ecosystem are: the maintenance 

of biological diversity, sustainment of the ecological processes, productivity of soil, water and air and 

the ability to provide for sustained human use (Georgia Forestry Commission, 2000). Contemporary, 

sustainable forest management aims to ensure that goods and services derived from forests meet 

present-day needs while at the same time securing the forests' continued viability and contributions 

to long-term development. Furthermore, forest management itself requires prudent management in 
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order to mantain essential ecosystem services such as soil fertility, water quality, but also carbon 

sequestration, maintenance of biodiversity and recreational uses. One of the most important questions 

for the future is how to manage forests for timber production however preserving or improving the 

other important ecosystem services. (Paletto, 2008; Duncker et al., 2012).  

1.3 Woody Supply-Chain  

The supply chain can be defined as: “the manufacturer and its suppliers, vendors, and customers- that 

is, all links in the extended enterprise- working together to provide a common product and service to 

the marketplace that the customer is willing to pay for. This multi-company group, functioning as one 

extended enterprise, makes optimum use of shared resources (people, processes, technology, and 

performance measurements) to achieve operating synergy. The result is a product and service that are 

high-quality, low cost, and delivered quickly to the marketplace” (Kuglin, 1998). 

Schonsleben (2004) defines supply chain management as coordination of strategic and long-term 

cooperation in logistics networks. In order to better monitor and manage the flow of goods and 

information, and to work towards efficient use of enterprise resources in the supply network, 

managers have started to introduce supply chain management systems (SCMS) (Davenport and 

Brooks, 2004). Schonsleben (2004) notes that “SCMS” just like logistic software in general – portrays 

products, actors, and processes of orders, and supports administration activities and accounting”. 

Shared databases are integral parts of SCMS as they provide network members with detailed and 

timely information (Symon, 2000). Forest-wood supply chain (FWSC) applies the concepts of 

logistics and supply chain management to the field of forestry, and in particular to the area of logging 

and transport operations. FWCs can be seen as a set of processes by which forest resources are 

converted into products and services. FWSC deals with all processes within this chain, starting from 

the management of a new forest to the valorization of the wood product; covering forest organization, 

logging and transport, and forest industry to end-use (Vötter 2009). Processes in FWSC are not 

separated and single processes but are linked together and interact with each others, creating entire 

and full system to supply wood from forest to sawmill in an expected way. Depending on a number 
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of factors such as the level of harvesting and transport industry development in a country, forest and 

terrain condition, and the investment capacity of the harvesting contractor, the methods used in the 

processes of a wood supply chain are not the same. This means that the level of integration and 

dependency of the processes with each other also varies within the chain. The forestry wood supply 

chain is a complex process. In fact, each provider involved in the wood supply chain can take 

independent decisions. Forestry operations, the wood processing industry and other actors involved 

in the process chain have organized their activities according to their own, usually functional criteria 

and spheres of responsibility (e.g. buying, logistics, marketing). Moreover, the fragmented structure 

of the timber supply chain makes it extremely difficult to optimize timber value added from supply 

in the forest through processing in a factory. For instance, no suitable procedures or tools exist to 

forecast the revenue from the sale of intermediate and finished products of the processed lumber 

(veneer wood, sawn and barked wood, lumber, industrial lumber, wood chips, etc.). There is also no 

procedure available to project the costs of transportation logistics, influenced by a multitude of 

parameters (timber assortment, lot sizes, transport distance, truck utilization, etc.), along the entire 

supply chain and beyond. The market for timber products has changed from a sellers’ market (push 

system) into a buyers’ market (pull system); Gunter (2006) states that “it is not possible anymore to 

produce timber for an anonymous market”. Timber production has to take market requirements into 

account (Heinimann, 2000). Companies have to be able to react quickly and flexibly to customer’s 

demands. 

In response to these changes and needs, supply networks and supply chain management systems 

(SCMS) have been introduced in forestry and many other industries (Heinimann, 1999). A supply 

chain can be considered as a complex system of processes and related materials, in the case of wood 

fuel processes such as harvesting, extraction and transport and wood in different states of processing. 

Entrepreneurs often have to decide which type of supply chain to employ for a certain operation. 

Therefore, machinery has to be selected and its operations coordinated and balanced. In  recent years, 

novel technologies and methods for the utilization of wood have been introduced to enhance the wood 
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supply chain. Basically, innovations have been grouped into two main classes: radical innovations 

that change the operating principle of a system and lead to a technology leap, and further innovations 

that improve the existing systems by enhancing their resource efficiency or reducing their costs in 

gradual steps. In wood harvesting, radical innovations have been the introduction of the bow saw in 

wood felling and cross cutting in the 1930s, the chain saw in the 1950s and 1960s and mechanization 

of the felling, delimbing and cross cutting by using the single grip harvester principle in the 1980s. 

Once introduced, these technologies have been gradually improved so that their performance levels 

have risen and e.g. fuel consumption has been reduced markedly. Moreover, wood characteristics and 

some specific measurements collected at each step of the wood chain process are diverse. 

1.4 Wood Quality – Non-destructive testing and evaluation techniques (NDT/NDE) 

Wood "quality" means different things for different people. While foresters think of tree size and 

form, and lumber manufacturers see large, straight and clear logs, customers associate wood quality 

with other attributes. The building industry, for example, is mainly interested in strength, stiffness 

and dimensional stability, but it cares very little about basic wood properties (Kliger et al. 1994). In 

many cases, the term was used as a synonym to wood density.  

Many attempts have been made to define wood quality (Keith 1985), but the definition proposed by 

Mitchell (1961) appears to be the most widely cited: "Wood quality is the resultant of physical and 

chemical characteristics possessed by a tree or a part of a tree that enable it to meet the property 

requirements for different end products". Almost everybody agrees that wood quality must consider 

specific end uses, and this definition duly emphasizes their significance, but it fails to consider other 

aspects that are of importance to manufacturers, foresters or customers.  

In addition, the definition needs to include serviceability, and cover attributes of interest to end-users, 

which may or may not have a direct impact on manufacturing, but will continue to matter long after 

the product has been sold and installed.  

For centuries, wood has been assessed for quality, but with limited technologies; this was largely 

reliant on a visual inspection. Hence, wood quality assessment has long influenced its preferred use 
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and optimal value. This may have even led to the rise of the is aesthetic preference for wood that is 

free of knots because it is also structurally superior. In fact, many desirable attributes of wood quality 

are correlated, allowing for relatively simple field measurements of desired attributes. 

With the modern technologies available to assess wood quality, a more accurate assessment of quality 

is possible and needed to optimize value for the different wood end uses. 

The field of non-destructive testing (NDT) and non-destructive evaluation (NDE) of materials is 

constantly evolving. This is especially true in the area of wood and fiber based materials. The NDT 

techniques, equipment, and evaluation procedures that resulted from those efforts are now in 

widespread use. Currently, worldwide research and development efforts are underway to examine 

the potential use of a wide range of NDT technologies for evaluating wood and wood based materials.  

The original impetus for research in NDT/NDE of wood was the need to provide methodologies for 

assessing wood based materials and products so that more accurate decisions could be made about 

proper use. Moreover, there is an increased emphasis around the world to address forest and 

ecosystem health issues. The utilization of woody biomass from widely varying growing conditions 

will play a key role in providing economical options for managing the health of these forests and 

ecosystems. Furthermore, the marketplace has become increasingly global and interconnected. 

Shipments of raw materials and products between countries on different continents is now really 

common. Both of these challenges will require accurate and costeffective NDT/NDE technologies. 

The international forest products research community is responding to these driving forces by 

conducting NDT/NDE research to provide the technologies needed to address these challenges.  

The assessment of the quality of raw wood materials has become a crucial issue in the operational 

value chain as forestry and the wood processing industry are increasingly under economic pressure 

to maximize extracted value. A significant effort has been devoted toward developing robust NDE 

technologies capable of predicting the intrinsic wood properties of individual trees and stems and 

assessing the value of stands and forests. A typical approach for assessing wood quality of standing 

trees is to measure the acoustic velocity on the lower part of a tree stem. The testing procedure 
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involves inserting two sensor probes into the sapwood and introducing acoustic energy into the tree 

through a hammer impact. The standing tree acoustic tool measures timeofflight (TOF) for a single 

pulse wave to pass through the tree trunk from the transmit probe to the receive probe. For tree quality 

assessment, going from velocity measurement to wood property prediction is a critical step. Until 

recently, postharvest NDE methods such as Erating, machine stress rating (MSR), and ultrasound 

veneer grading have been the standard procedures for evaluating wood stiffness and strength. The 

timber owner does not have a reliable way to assess the value of the final products prior to harvest. 

Recent wood quality research has shown that a range of wood and fiber properties can be predicted 

through a simple acoustic measurement in standing trees (Wang et al., 2007). This will facilitate the 

use of acoustic NDT technology at a number of stages in the operational value chain, from 

timberlands through to the processing site.  
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2. ORGANISATION 

This study was mainly aimed to select the best silvicultural practices and the tree species combination 

useful to improve the tree wood quality, in a long-term perspective, in the context of the 

“Aspromonte” National Park. 

Different silvicultural systems were here investigated. In detail, coppice and high forests were 

studied, focusing on the more representative forest species occurring in the National Park: chestnut, 

pine and beech. 

In detail, all the papers are connected each other following the relatioships between the tree wood 

quality and other forest parameters and management options, such as the influence of the intensity of 

thinning, the effect of the species mixture, but also the variation of the cutting cycles in coppice 

stands. 

The specific aims of the papers included in this dissertation are reported below. 

• Develop a predictive model of MOEd estimation, and then of the wood quality, on 

calabrian pine plantations subjected to different intensities of thinning (Chapter I); 

• Find the best intensity of thinning for calabrian pine plantations, useful for obtaining 

woody materials of good quality, regardless the tree size from which the assortments are 

obtained (Chapter I); 

• Demonstrate a potential relationships between wood quality and tree growth, in mixture 

vs. monocultures stands of beech and calabrian pine (Chapter II); 

• Analyse the tree growth patterns through the study of the basal area index (BAI) for beech 

and calabrian pine (Chapter II); 

• Test whether (i) the mean wood quality in mixed species and corresponding pure stands 

are equal; (ii) the mean BAI in pure and mixed-species stands are equal; (iii) the wood 

quality and tree growth patterns are independent (Chapter II); 

• Verify whether in the chestnut coppice are potential relationships between wood quality, 

at different tree ages and wood assortments (Chapter III); 
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• Verify if the effect of the silvicultural practices on wood quality can be identified by the 

measurement of MOEd (Chapter I, II and III); 

• Offer a strategic key to integrate multiple information of forest components, developing a 

predictive method useful to assess the wood quality (Chapter I, II and III). 

 

2.1 List of papers 

This dissertation is based on the following three articles, detailed in the chapters 2, 3 and 4. 

Paper I - Chapter 2  

Diego Russo, Pasquale A. Marziliano, Giorgio Macri, Andrea R. Proto, Giuseppe Zimbalatti and 

Fabio Lombardi. Does Thinning Intensity Affect Wood Quality? An Analysis of Calabrian Pine in 

Southern Italy Using a Non-Destructive Acoustic Method. Forests 2020, 11, 6; 

doi:10.3390/f11010006. 

Paper II - Chapter 3 

Diego Russo, Pasquale A. Marziliano, Giorgio Macrì, Giuseppe Zimbalatti, Roberto Tognetti and 

Fabio Lombardi. Tree growth and wood quality in pure vs. mixed-species stands of European beech 

and Calabrian pine in Mediterranean mountain forests. Forests 2019, 10, 303; 

doi:10.3390/f10040303. 

Paper III - Chapter 4 

Diego Russo, Pasquale A. Marziliano and Fabio Lombardi. Relationships between tree age, growth, 

yield and wood quality: a chronosequence in a chestnut coppice of Southern Italy. Draft. 
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Chapter 2 

Does Thinning Intensity Affect Wood Quality? An Analysis of Calabrian Pine in Southern Italy 

Using a Non-Destructive Acoustic Method 

1. Introduction 

In Southern Europe, the Calabrian pine occurs mainly in Italy (Calabria and Sicilia) and in France 

(Corsica). In Southern Italy, Calabrian pine forests are strongly related to the complex geological 

history, lithological and climatic characteristics, and to the long history of human exploitation of the 

related forest stands (Ciancio et al., 2006). In the past, calabrian pine has provided valuable timber 

useful for building houses and vessels, as well as offering resinous substances (pitch) employed for a 

variety of purposes (Bonavita et al., 2015).  

This species is particularly common in Sicily and on the Etna Volcano, but is mainly found in the 

Sila and Aspromonte National Parks in Calabria Region. Calabrian pine covers an area of 

approximately 114,000 ha, mostly characterized by pure stands of natural origin and plantations. The 

latter originated from extensive reforestation projects carried out between 1950 and 1970 on the basis 

of a specific Italian state law (Nicolaci et al., 2014). These plantations were realized with the aim of 

reducing the hydrological risk in mountainous areas, but also for facilitating the natural succession 

toward mixed forests with a significant component of deciduous species (Cantiani et al., 2010). 

Together with soil and watershed protection, Calabrian pine has an important role in the local forest 

economy. In order to increase the economic value of these forests, the best silvicultural options should 

be selected and adopted at stand level in order to achieve specific objectives. Therefore, different 

management practices and related intensities can change the tree species composition and richness 

and, also, the stand density and tree age distribution (Duncker et al., 2012). Moreover, management 

practices can increase the quality and quantity of merchantable timber, reducing also the risks derived 

from diseases and forest fires (Skov et al., 2004, Ostaff et al., 2006). Forest management is aimed to 

create a vigorous stand, increasing tree growth and developing structural characteristics useful for 
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timber production. Furthermore, thinning activities can also favor the creation of new habitats for 

wildlife, favoring the occurrence of healthy and vigorous forests (Demers et al., 2013).  

Thinning activities control the forest stand density, improving the growth of the remaining trees 

(Grant et al., 2007) based on sustainable approaches (Zeide, 2004), and decreasing, also, the tree 

mortality rates from a long-term perspective (Brissette et al., 1999). Thus, selective thinning should 

be encouraged for proper and sustainable forest management, supporting the forest stability, 

productivity, and quality.  

Furthermore, forest management can determine variation in the physical and mechanical properties 

of harvested wood, both at stand and tree level (Machado et al., 2014). For this reason, the 

identification of certain wood properties that can increase timber quality is essential, as it is important 

to select the best forest management options to improve wood quality.  

Wood quality can be described as a set of characteristics that make woody materials economically 

valuable for their end uses (Jozsa and Middleton, 1994). Briggs and Smith (1986) defined wood 

quality as “a measure of the aptness of wood for a given use”. These properties can include, for 

example, the wood density, the uniformity in tree ring size, the percent of knot-free wood, and the 

proportion between early wood and late wood. 

The objective evaluation of the wood quality and quantity is then critical for quantifying the 

productive value of a forest (Marziliano et al., 2012, Proto et al., 2017). For this purpose, several non-

destructive technologies (NDTs) have been developed in the past years to evaluate the quality of 

woody materials. For example, at belowground level, (mini) rhizotrons and ground-penetrating radar 

allows for evaluating tree rooting distribution and growth (Sanesi et al., 2013, Marziliano et al., 

2015). Moreover, at aboveground level, NDT measures allow for evaluation of the mechanical and 

technological properties of standing trees (Škorpik et al., 2018, Carter et al., 2005, Wang et al., 2007). 

More specifically, stress wave-based non-destructive acoustic techniques have been extensively 

investigated during the past few decades (Guntekin et al., 2013), resulting in very useful methods for 

predicting the mechanical properties of woody materials.  
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The use of stress wave-based non-destructive tests is relatively common in the forest-to-mill woody 

supply chain in Australia (Tsehaye et al., 2000) and in North America (Wang et al., 2000, 2004), 

while it is less common in Europe. Specifically, research developments (Mora et al., 2019) in acoustic 

sensing technology can, nowadays, permit the estimation of wood quality and intrinsic woody 

properties for standing trees, stems, and logs. The information derived from NDT measures could be 

used to sort and grade trees and logs according to their suitability for different end uses, such as 

structural products, advanced composites, pulp, and paper, but also for bioenergetics purposes. 

Among the parameters measurable by acoustic methods, one of the most important is the modulus of 

elasticity of wood (MOE). The MOE, also known as wood stiffness, is essentially one of the 

fundamental wood quality parameters and measures the resistance to deflection (Wessels et al., 2011). 

For example, it is important since some woody products, such as laminated veneer and dimension 

lumber, require stiff and strong woody properties (Tenorio et al., 2011). 

The recent literature has focused on determining whether stress wave techniques could be used to 

determine wood quality (Brashaw et al., 2009). Several studies shown a good relationship between 

the stress wave-based modulus of elasticity (MOE) and the static MOE of lumber cut from logs 

(Aratake et al., 1994, Ross et al., 1997). This methodological approach is also applied to determine 

the relationships between the environmental conditions, silvicultural practices, and wood fiber 

properties (Wang et al., 2012). The modulus of elasticity and the density of the woody materials 

strongly affect the acoustic properties of wood (Teder et al., 2011). One of the most important 

mechanical properties, measurable by NDT methods, is Young’s modulus, i.e., the modulus of 

elasticity (MOEd), which describes the material’s stiffness. 

Many portable instruments have been developed to measure the wood stiffness of standing trees, logs, 

and sawn timber using acoustic technology (Legg and Bradley, 2016). These instruments are able to 

measure the speed at which an induced sound (stress) wave propagates through a woody sample, 

which is proportional to its stiffness (Mochan et al., 2009). When the stress is applied to the wood 

surface, the generated disturbance propagates through the wood as stress wave. Several studies have 
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hypothesized that the characteristics of the resulting wave are related to the mechanical properties of 

the wood (Wang, 2011, 2013). 

Stress wave propagation in wood is a dynamic process correlated to several factors, such as the stand 

developmental stage (Vanninen et al., 1996), genetic characteristics (Vargas-hernandez and Adams, 

1994, Rozenberg et al., 2001), and also the silvicultural activities and their intensities (Zobel and van 

Buijtenen, 1989). More specifically, the quality and properties of wood are generally affected by 

silvicultural practices, especially the anthropic control of stand density. Silvicultural practices might 

not only increase the biomass production of trees, but also improve the quality and the related physical 

and mechanical characteristics of the wood in trees (Todaro and Macchioni, 2011, Todaro et al., 

2002).  

Furthermore, some authors have reported how high thinning intensities adversely influence the 

patterns of tree ring width and the tree competitive position within a forest stand (Schweingruber, 

1998, Wang et al., 2005, Peltola et al., 2007). 

Wang (1999), examining the effect of thinning treatments on the wood quality of radiata pine, found 

that trees were characterized by higher acoustic velocity and stiffness mostly occurred in uncut stands 

and in forests characterized by light and medium intensities of thinning, whereas the lowest values 

occurred in stands that received the most intensive thinning approaches. 

In Southern Italy, Todaro and Macchioni (2011) and Proto et al. (2017) showed a significant 

improvement of wood properties induced by a medium thinning operation for Douglas fir and 

Calabrian pine trees, respectively. Moreover, Cown et al. (1974) and Barbour et al. (1994) reported 

that heavy thinning approaches caused a slight decrease in wood density for radiata pine and Douglas 

fir. Finally, Wang et al. (2001) indicated that heavy thinning induced the creation of more woody 

knots and larger-diameter knots than the medium thinning, or where no thinning had been applied.  

The general objective of this study was the evaluation of the wood mechanical properties for 

Calabrian pine trees occurring in a forest stand located in the “Aspromonte” National Park (Calabria, 

Southern Italy) using innovative non-destructive methods (stress wave techniques). In detail, the 
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evaluation of wood quality was carried out through acoustic measurements useful for assessing the 

MOE. Specifically, we hypothesized that different intensities of thinning can influence the wood 

quality of Calabrian pine trees. Three areas characterized by different management options as well as 

a no-thinning area, as control, were assessed. They were characterized by similar environmental 

conditions, such that the only discriminating parameter was the applied silviculture. 

Furthermore, we also verified if the MOEd values may be predicted by easily recordable variables 

such as tree diameter (D), height (H), H/D ratio, or their transformations (number of trees per hectare, 

basal area per hectare). 

2. Materials and Methods  

2.1. Study Area and Experimental Design 

The study area was located in Zervò (Municipality of Santa Cristina d’Aspromonte), in the context 

of the Aspromonte National Park (Calabria Region—38°14'30" N; 16°01'09" E), at an elevation of 

1100 m a.s.l. The climate is temperate, with an annual mean temperature of around 10 °C and 

minimum monthly means of 3 °C (coldest month) and 17 °C (warmest month), respectively. The 

annual rainfall is 1508 mm, with minimum precipitation occurring in summer, but is, however, 

unevenly distributed over the year (Meteorological station of Santa Cristina d’Aspromonte—980 m 

a.s.l.). According to Pavari’s phytoclimatic classification (1959) the study area belongs to the 

Castanetum/Fagetum zone. The whole area is characterized by gently undulating slopes with 

northeast exposure and soils developed from high-rank metamorphic rocks, such as schist and biotitic 

gneisses, and classified according to the IUSS WRB (2014). 

The investigated forest stands are plantations of Calabrian pine which were established in 1968, with 

a planting density of 2000 trees per hectare (2.0 m × 2.5 m). In 2007, at the age of 39 years, the whole 

plantation has been subject to different intensities of thinning, following a randomized block 

experimental design with three intensities of thinning repeated three times. Moreover, a portion of 

the stand was not characterized by cutting and considered as control. Then, twelve plots in total were 

considered in the field measurements. Each block had an extension of 5 hectares (Figure 1).  
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Figure 1. Location of the study area in Southern Italy (Calabrian Region) and the applied experimental design. 

The treatments (intensity of thinning) can be described as follows: (1) No thinning (T0—Control); 

(2) Thinning where the 25% of the occurring trees were cut (T25); (3) Thinning where the 50% of 

the occurring trees were cut (T50); (4) Thinning where the 75% of the occurring trees were cut (T75). 

2.2. Field and Laboratory Activity 

In 2018, eleven years after the thinning operation (age of the plantation: 50 years), 804 trees were 

selected in total. Particular care was taken to select trees in good vegetative conditions, with canopies 

well separated from each other and referring to the dominant tree layer. The 804 trees were distributed 

between three blocks containing the four treatments, containing 201 trees for each treatment (67 trees 

for each replicate).  

The diameter at breast height (DBH) and height of trees were measured. Moreover, for each tree, the 

acoustic wave tests were conducted at breast height. The measurements were conducted from June to 

July 2018, in order to reduce the effect of air humidity which could affect the obtained results (Yang 

et al., 2015). More specifically, the relative air humidity was measured in the study area during the 

sampling period 1 m above the ground, using a HOBO1 Pro RH/Temp Data Logger (Onset Computer 

Corporation, Pocasset, MA, USA). 

The system used for measuring acoustic velocity was the TreeSonic™ (Fakopp Enterprise, Agfalva, 

Hungary), a tool which has already applied in other studies (Divos, 2010). This tool is characterized 

by an handheld hammer and two probes, a transmitting accelerometer, and a receiving accelerometer. 
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The operation consists in the insertion of two sensor probes (a transmit probe and a receiver probe) 

into the sapwood, introducing, then, the acoustic energy into the tree through a hammer impact. The 

probes were aligned within a vertical plane on the same face. In our study, a 1.00 m testing span was 

roughly centered at breast height. The lower probes were placed about 60 – 70 cm above the forest 

floor. Three measurements were realized for each selected tree and the average of the three recordings 

was used as the final transit time. In order to measure the acoustic velocity wave, the start and stop 

sensors were driven at a 45° angle through the bark and into the wood of the standing tree (Eckard et 

al., 2010). Indeed, the TreeSonic™ was developed to operate in the longitudinal direction of the tree. 

The acoustic velocity was then calculated from the span between the two sensor probes and the time-

of-flight (TOF) data using the following formula (Equation 1): 

CT = S/TOF, (1) 

where CT = tree acoustic velocity (m/s), S = distance between the two probes (sensors) (m), TOF = 

time of flight (s). 

For determination of the MOEd, it was necessary to determine the wood density. A subsample of 

trees was selected, considering trees where the TOF was also measured. In detail, woody cores were 

extracted, bark to bark, at breast height (1.30 m) with a Pressler borer from trees, referring to each of 

the diameter classes occurring in the different treatments (three cores for each treatment and diameter 

class). The fresh weight and volume of the tree cores were measured in the laboratory. Samples were 

then weighed to the nearest 0.01 gram with an electronic scale. Oven drying of all samples was done 

at 105 °C to constant weight. Density (kg m-3) was calculated by dividing the dry weight with the 

fresh sample volume.  

Afterwards, it was possible to calculate the modulus of elasticity (MOE), according to the following 

equation (Equation 2): 

MOEd = WDij ∙ CT2, (2) 

where WDij = tree wood density (kg m-3), shared by diameter class (i) and treatment (j); and CT = 

velocity (m s-1).  
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The MOE estimated using the above cited formula (Lasserre et al., 2007) is called the dynamic 

modulus of elasticity (MOEd) [58], since the stress wave propagation in wood is a dynamic process 

and internally related to the physical and mechanical properties of the wood (Wang et al., 2001). 

2.3. Statistical Analysis 

The preliminary shape indexes (skewness and kurtosis) were calculated, and the Shapiro-Wilk test 

was performed to evaluate the distribution of the acquired data. Afterwards, the analysis of variance 

(ANOVA), based on a scheme of randomized blocks (four treatments repeated three times), was 

carried out to test the differences in MOEd values obtained among the four treatments and in relation 

to the occurring diameter classes. The significance level of the differences was tested using Tukey’s 

method. When the significance level (p-value) was ≤ 0.05, the null hypothesis was rejected and 

significant differences in the means were accepted. 

For the estimation of the MOEd, the following parameters (easily measurable in the field) were 

considered as predictors: diameter at breast height (DBH), height (H), height/diameter ratio (H/DBH), 

basal area (BA), stand density (number of trees per hectare) and their mutual interactions. 

As a preliminary analysis, the correlations between these variables and the MOEd were analyzed 

using the Spearman correlation coefficient (r). Subsequently, the analysis was carried out by 

comparing different transformations and combinations of the variables correlated with the MOEd, 

suitable for expressing the relationship between MOEd and the above cited variables. The process 

involved regression analysis with a stepwise procedure (in each step, a variable was considered for 

addition to or subtraction from the set of explanatory variables based on F-tests). We then evaluated 

the fit of the final model using and analyzing the value of root mean square error (RMSE) and the 

coefficient of determination (R2) value. Finally, the Shapiro-Wilk test was used to verify the 

normality of the error distribution.  

Data analysis were carried out using the statistical software R version 3.2.5 (R Core Team, 2016). 
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3. Results 

The relative air humidity measured in the study area during the sampling period ranged from 39% to 

56%. For each treatment, the main measured structural parameters and the derived values of stand 

density and basal area are reported in Table 1. The skewness and kurtosis values, as well as the 

Shapiro-Wilk test (SWT), revealed that all the attributes were characterized by normal distribution. 

Tree diameters varied from about 25 to 32 cm, while tree heights showed similar values (19–20 m). 

Table 1. The main parameters measured and the related structural characteristics for the four treatments analyzed 

(DBH: diameter at breast height; H; total tree height; N ha−1: number of trees per hectare; SD: standard deviation; 

SWTsig: p-values of the Shapiro–Wilk Test). 

Treatments Parameters Mean SD Skewness Kurtosis SWTsig 

T0 DBH (cm) 24.9 6.07 0.228 −0.408 0.106 
 H (m) 18.84 2.83 0.447 0.483 0.112 

 Stand density (N ha−1) 1977 134 0.468 −0.62 0.125 
 Basal area (m2 ha−1) 95.9 7.16 −0.873 0.024 0.095 

T25 DBH (cm) 26.7 8.19 0.352 0.242 0.053 
 H (m) 20.03 2.76 0.298 0.237 0.131 
 Stand density (N ha−1) 1548 77 0.045 −0.938 0.096 
 Basal area (m2 ha−1) 86.88 11 0.049 −0.965 0.364 

T50 DBH (cm) 26.4 8.73 0.646 1.001 0.064 

 H (m) 20.05 3.65 −0.326 0.042 0.055 

 Stand density (N ha−1) 939 49 0.676 1.055 0.118 
 Basal area (m2 ha−1) 51.45 4.28 −0.451 −0.579 0.247 

T75 DBH (cm) 32.5 9.96 0.444 −0.46 0.217 

 H (m) 21.1 3.68 −0.503 0.399 0.146 

 Stand density (N ha−1) 514 29 −0.281 −0.684 0.214 
 Basal area (m2 ha−1) 42.67 3.05 0.194 −0.544 0.079 

 

Figure 2 reports the variability and the distribution of the wood density in relation to the type of 

treatment and the different diameter classes. 

 

Figure 2. Variability of the tree wood density for each treatment as shared by diameter classes. 
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Table 2 shows the stress wave times and the related mechanical properties (wave velocity and MOEd) 

for the sampled trees in relation to the different silvicultural treatments. Moreover, the tree wood 

density (on average) is also shown. 

Table 2. Tree wood density, stress wave time, and mechanical properties for the sampled trees among the different 

treatments considered (SD: standard deviation; MOEd: dynamic modulus of elasticity). Means in the same column 

followed by the same letter are not statistically different at p ≤ 0.05 (Tukey test). 

Treatments 

Tree wood density 

(kg/m3) 
Stress wave time (μs) 

Wave Velocity 

(m s−1) 

MOEd  

(MPa) 

Mean SD Mean SD Mean SD Mean SD 

T0 563 30.2 282.5b 48.0 3637.9d 465 7206.2c 1699.9 

T25 550 35.5 257.0c 27.0 3959.7ab 397 8487.5b 1695.4 

T50 538 28.2 245.2cd 22.0 4141.6a 371 9275.8a 1717.5 

T75 529 27.4 344.5a 90.8 3090.1c 681 5371.9d 2242.2 

 

With reference to the stress wave time, significant differences were recorded among the different 

intensities of thinning (F3;794 = 134.24; p ≤ 0.001), while no difference between blocks (F2;794 = 2.012; 

p = 0.134) were observed. The treatment characterized by the higher thinning intensity (T75) revealed 

a longer stress wave time (344.5 μs), also differing significantly with respect to all other conditions: 

T75 was about 22% and 40% higher than T0 and T50, respectively. Moreover, each treatment differs 

significantly in stress wave time from all the others, except T25 and T50, which had similar values.  

The wave velocity is positively correlated to the thinning intensities, up to the T50 treatment (Table 

2); afterwards, it significantly decreased for the higher thinning intensity (T75) (F3;794 = 174.55; p ≤ 

0.001). No differences between blocks (F2;794 = 1.579; p = 0.207) were observed. 

In Figure 3, the variation of the wave velocity in relation to the tree diameter classes is reported for 

each treatment. 
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Figure 3. Wave velocity in relation to the diameter classes for each intensity of thinning. DBH: diameter at breast 

height. For Control, F6;191 = 3.371; p = 0.006; for T25, F8;189 = 0.658; p = 0.728; for T50, F9;188 = 1.600; p = 0.118; for 

T75, F8;189 = 2.330; p = 0.021. 

In the control plots, the wave velocity tends to decrease as the tree diameters increase; more 

specifically, the 45 cm diameter class had significant lower values when compared to all other 

diameter classes. No significant differences were observed between diameter classes for T25 and 

T50. On the contrary, the wave velocity values were the lowest for the T75 treatment, revealing 

significant differences also between diameter classes. 

Furthermore, Figure 4 shows the MOEd values obtained for all the sampled trees in each intensity of 

thinning. 

 

Figure 4. MOEd values obtained for all the sampled trees. Different colors refer to the four intensities of thinning. 

Generally, for each tree, lower values always occurred in T75, while higher values occurred in T25 

and T50. The analysis of variance (ANOVA) showed a significant effect of the thinning intensity on 
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MOEd values (F3;794 = 170.82; p ≤ 0.001). Table 2 shows that the MOEd was significantly higher in 

T25 (on average, equal to 8487 MPa) and T50 (on average, 9275 MPa) than in T0 (on average, 7206 

MPa) and T75 (on average 5371 MPa). Furthermore, the MOEd values for treatment T75 were always 

lower than in the T0 (Table 2). No difference between blocks was observed (F2;794 = 1.574; p = 0.208). 

Furthermore, the analysis of variance showed a significant effect of the diameter classes on MOEd 

values for the thinning intensities T0 and T75, while no significant effects were observed in 

treatments T25 and T50 (Figure 5). 

 

Figure 5. Dynamic modulus of elasticity (MOEd) in relation to the diameter classes for each intensity of thinning. For 

Control, F6;191 = 3.371; p = 0.006; for T25, F8;189 = 0.658; p = 0.728; for T50, F9;188 = 1.600; p = 0.118; for T75, F8;189 

= 2.330; p = 0.021. 

The MOEd values decrease as the diameters for T0 increase, with significant differences observed 

between the smallest and largest diameter classes. On the contrary, for the T25 and T50 treatments, 

the MOEd values were not significantly different when the diameter increased (Figure 5). The 

thinning, especially in the T25 treatment and, to a lesser extent, in the T50 treatment, had the effect 

of aligning the MOEd values, making the wood quality uniform in each diameter class. On the 

contrary, for the T75 treatment, the MOEd values not only were significantly lower than the T0, T25, 

and T50 treatments, but they also varied significantly with the increase of diameters. 
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In analyzing the best predictors for the estimation of MOEd, the applied analysis showed correlations 

between MOEd and DBH (r = 0.011), between MOEd and H (r = 0.040) and between MOEd and 

H/D (r = 0.033) that were not considered significant. On the contrary, significant correlations emerged 

between the MOEd and the stand density (r = 0.474) and basal area (r = 0.217).  

Therefore, a model that allows for computing the MOEd as a function of the stand density (number 

of trees per hectare) and basal area (m2 per hectare) was applied. According to the stepwise regression 

procedure, the variables were combined in the following model (Equation 3): 

𝑀𝑂𝐸𝑑 = 𝛽0 + 𝛽1 ∙
1

𝐵𝐴
+ 𝛽2 ∙ 𝑆𝐷 + 𝛽3 ∙ 𝑆𝐷2 + 𝛽4 ∙ 𝑆𝐷3, 

(3) 

where BA = basal area per hectare; SD = number of trees per hectare. 

Figure 6 shows the variation of the MOEd in relation to the number of trees per hectare for different 

basal areas. The analysis covered a basal area lapse ranging from 40 to 70 m2 ha-1. The MOEd curve 

is lower for high values of basal area (70 m2 ha-1) and higher when basal area values decrease (40 m2 

ha-1). The root mean square error (RMSE) was 1850.69 MPa and R2 was 0.368. Moreover, the 

Shapiro–Wilk normality test (W = 0.9614; p = 0.096) confirmed the absence of deviation from 

normality. Furthermore, Table 3 reports the statistical values obtained by the application of the 

Equation 3. 

 

Figure 6. MOEd values in relation to the stand density and to the basal area. 
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Table 3. Statistical parameters obtained in the model and their significance (BA: basal area; SD: number of trees per 

hectare; T: results of the Student t-test). 

Model Coefficients 
Standard error 

of coefficients 
T 

Significanc

e 

(Constant) −11895.537 1349.925 −8.782 p < 0.0001 

1/BA 227408.509 44672.651 5.068 p < 0.0001 

SD 31.669 2.538 12.458 p < 0.0001 

SD2 −0.018 0.002 −7.941 p < 0.0001 

SD3 0.00000281 0.000 5.371 p < 0.0001 

4. Discussion 

The obtained results demonstrate how the effect of silvicultural practices on wood quality can be 

successfully identified by measurement of MOEd. The MOEd values recorded in standing trees were 

significantly influenced by thinning intensities, since they determined significant variations in MOEd 

values with respect to the control. Specifically, the T25 and T50 treatments produced significant 

benefits in terms of wood quality, while a higher thinning intensity (T75) induced a significant 

decrease of the MOEd, even lower than the control. The strong diametric increment induced by the 

intensive thinning probably resulted in a less-stiff mature wood, resulting in a significant loss of wood 

quality.  

On other hand, many authors confirmed that wood quality and intrinsic wood properties are generally 

affected by thinning (Proto et al., 2017, Candel-Pérez et al., 2016, Mitchell, 2000), especially by 

stand density (Todaro, 2011, Macdonald and Hubert, 2002). In this study, density values were 

measured on a subsample, rather than all, of the trees. This could lead to slight variations in MOEd 

values, but should not compromise the obtained results. In Southern Italy, Todaro and Macchioni 

(2001) also found a significant variation of wood properties caused by thinning operations in a 

Douglas fir forest. 

Generally, in the management of forest stands, it is common to apply a strong intensity of thinning in 

order to obtain a high assortment of diameters (Štefančík et al., 2018). However, our results show 

that these assortments are of a lower quality compared to those derived from moderate intensities of 

thinning.  
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It is also interesting that the increase in the MOEd values from T0 to T25 is more sustained than the 

increase in MOEd from T25 to T50. This indicates that light thinning has a significant and positive 

effect on the wood quality, while increasing thinning intensities are always less significant. On the 

other hand, the T25 treatment had a positive effect on MOEd, both at the stand level and at the 

diametric class level, making the MOEd values almost equal for each diameter class. On the contrary, 

in the T0 and T75 treatments, we observed a decrease in wood quality when diameters increased. 

Other studies conducted on trees of the same age for different conifers (Sitka spruce (Picea sitchensis 

Bongard, Carrière, 1855), western hemlock (Tsuga heterophylla (Raf.) Sarg.), jack pine (Pinus 

banksiana Lamb.), ponderosa pine (Pinus ponderosa Douglas ex C. Lawson), and radiata pine (Pinus 

radiata D. Don) (Ikeda and Kino, 2000, Wang et al., 2003) reported that the stress wave velocity was 

higher for trees with a slower growth rate or narrower rings.  

The results obtained here are interesting on the basis of their practical and scientific applications, 

since they can provide useful silvicultural indications: the application of moderate thinning can favor, 

at least for the Calabrian pine, the formation of woody materials of good quality, regardless of the 

tree size from which the assortments are obtained.  

More specifically, the MOEd values increase as the number of trees rise, up to 1200–1500 trees per 

hectare: this tree density seems to be the optimal value for obtaining the best woody materials for 

Calabrian pine. Briggs (2007) showed that the tree acoustic velocity measured in Douglas fir increases 

as tree age rises, and decreases with increasing DBH; moreover, it is affected by the initial stand 

density.  

Furthermore, higher values of basal area, when the number of trees and tree age are similar, determine 

lower values of the MOEd. We can then observe that a rapid diameter increment can negatively affect 

the wood quality. 

In Douglas fir forests, Zhang (1995) and Todaro and Macchioni (2011) also reported that large trees 

deriving from higher growth rates would generally produce wood of lower stiffness. Furthermore, 

Chauhan and Walker (2006) showed how, in fast-growing trees of radiata pine, the increased diameter 
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with its larger second moment of inertia induced a lower tendency for high material stiffness; 

moreover, for trees of the same age, slow-growing trees tend to have a high stiffness, helping to 

sustain the trees under various environmental disturbances. Furthermore, Lasserre et al. (2004) have 

observed that outerwood stiffness increases dramatically with stocking (and so with smaller tree 

DBH).  

The low values of MOEd therefore appeared to be associated to a higher growth rate in trees, which 

adversely affects the specific gravity as well as the wood’s strength and stiffness. Younger wood is 

lower in specific gravity and stiffness, while fast-growing wood has a larger diameter core of juvenile 

wood (Clark and Daniels, 2002). 

The moderate thinnings not only increase the biomass production of trees (Marziliano et al., 2015, 

Coletta et al., 2016, Marziliano et al., 2017), but also improve the wood quality in trees, as highlighted 

in this study. However, Nakamura (1996), using ultrasonically induced waves to assess the wood 

quality in larch trees, had already observed significant differences in the wave velocity and in MOEd 

values for forest stands characterized by different density some decades ago. In addition, Wang 

(1999), assessing the effect of thinning treatments on the technological properties of Sitka spruce 

trees in southeast Alaska, showed that trees with higher acoustic velocity and stiffness were mostly 

found in forest stands that were uncut and/or slightly thinned, while the lowest values were found in 

stands subjected to high intensity thinning.  

These results are encouraging, and indicate that the time of flight in the acoustic technologies may be 

applied, in the future, to monitor the wood property changes in forest stands. The technology can also 

be used to determine how silvicultural treatments affect the wood and fiber properties; consequently, 

the most effective treatment can be selected for maximizing the wood value, improving the timber 

quality of future plantations (Krajnc et al., 2019). Finally, the precision of the acoustic technology 

has been strongly improved: nowadays, the tree quality, but also the intrinsic wood properties, can be 

predicted and correlated with the economic value of the final products (Wang, 2012).  
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In this study, the model developed can be used as a decision support system useful for the woody 

supply chain: the determination of the MOEd is fundamental for the final end uses of the woody 

products.  

However, even if many studies have been carried out for estimating the MOEd through various non-

destructive tests (Sandoz, 1996, Zhang et al., 2002), few of them have, in any case, examined the 

relationships between MOEd and the stand structural features (e.g., stand density, DBH, total tree 

height, tree taper). Gorman et al. (2002) confirmed that the stress wave velocity is not affected by 

knots and other defects; nevertheless, it is important to underline that this method only measures the 

sound velocity within the outermost growth tree rings. 

Furthermore, we identified, here, the most useful variables for predicting the MOEd, based on stand 

and tree characteristics in Calabrian pine. 

In accordance with other studies (Proto et al., 2017, Castera et al., 1996, Lei et al., 2005), significant 

relationships between the dendrometric parameters and MOEd values were found. However, the 

relationships between MOEd and stand density, which showed a decrease in MOEd at high stand 

density, have not been previously described. While the MOEd always decreased with higher basal 

area, MOEd only decreased from a certain number of trees per hectare. However, in addition to the 

stand density (number of trees per hectare and basal area), the tree diameter classes could be 

considered for explaining the MOEd values in trees, as also already highlighted by Lei et al. (2005). 

Finally, as some of these stand structural features are commonly measured in forest inventories we 

provide, here, a useful tool for predicting the wood stiffness in relation to the tree and stand 

characteristics measured in the field. This approach allows for determination of the wood quality 

directly from inventory data.  

However, the model used is site- and species-specific since, in other silvicultural systems, the 

implemented equation can differ. In any case, a pioneer of forest modeling (Burkhart, 1997) 

confirmed that no single model can be expected to be the ‘‘best’’ for all the conditions which are 

common in forest prediction. 
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5. Conclusions 

This study showed that silvicultural practices might not only increase biomass production, but also 

improve the wood quality in trees. We verified here, through innovative and non-destructive methods, 

that different intensities of thinning can influence the wood quality of Calabrian pine trees in Southern 

Italy. Our results demonstrated that the effect of silvicultural practices on the properties of wood can 

be successfully identified by stress wave MOEd. Furthermore, we proved that MOEd values may be 

predicted by easily recordable variables in the field. 

More specifically, for Calabrian pine, different intensities of thinning can affect the wood quality and, 

therefore, the final obtainable woody products. We also demonstrated that using a low intensity of 

thinning could be the best option for obtaining woody materials of good quality, regardless of the tree 

size from which the assortments derive. The results obtained are encouraging, since they demonstrate 

the potential of the non-destructive acoustic technique to determine the influence of thinning 

treatments performed on Calabrian pine. However, it could be interesting to also test the same 

methodological approach on other tree species and in different ecological contexts.  

Finally, we tested a useful tool for predicting the wood stiffness in relation to tree and stand 

characteristics commonly measured in the field. This approach allows for determination of the wood 

quality directly from inventory data, even if the model used is site- and species-specific and the 

implemented equation can differ in other silvicultural systems. 
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Chapter 3 

Tree growth and wood quality in pure vs. mixed-species stands of European beech and 

Calabrian pine in Mediterranean mountain forests 

1. Introduction 

Mixed-species forests may deliver forest functions and services more effectively than monocultures 

(Gamfeldt et al., 2013, van der Plas et al., 2016), particularly in threatened mountain environments 

(Cudlín et al., 2017) and in man-made mixed-species forests. Therefore, their spread is an important 

option to adapt European mountain forests and forestry to future disturbances and extreme events 

(Pretzsch et al., 2013). Mixed-species forests may show less temporal variation in growth and more 

stable productivity in comparison with pure stands, due to reduced tree species competition for 

resources (Yachi et al., 2007, Piotto et al., 2008, Morin et al., 2011, Paquette et al., 2011, Pretzsch et 

al., 2013, Pretzsch and Schütze, 2015, Jucker et al., 2014, Metz et al., 2016, Liang et al., 2016). 

Nevertheless, contradictory mixed-species effects on tree growth have been found under conditions 

favouring drought stress or in dry years (Grossiord et al., 2014, Merlin et al., 2015, Conte et al., 

2018). Gebauer et al. (2012) observed that stand-level canopy transpiration was not higher in mixed 

broad-leaved forests than in pure European beech stands and that the spatial complementarity in root 

water uptake of mixed-species stands could be masked by edaphic conditions preventing the vertical 

stratification of species-specific root systems. An increase in the frequency and severity of drought 

events, as predicted for the coming decades (IPCC, 2017, Hanewinkel et al., 2013), will have dramatic 

implications for the resilience of Mediterranean mountain ecosystems, particularly in the case of 

forest stands with a simplified vertical structure (Altieri et al., 2018). Indeed, species-specific 

functional traits and allometric relations can be more important for stand water use than tree species 

diversity per se. Therefore, more insight into species mixing, structural diversity and forest dynamics 

is essential for modeling risk assessment and forest functions aimed at fostering alternative 

silvicultural practices in harsh environments. 
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Although mixed-species stands can be more productive in comparison with monocultures (Zhang, et 

al., 2012, Kanowski et al., 2005, Petit and Montagnini, 2006, Richards et al., 2010) up to 30% (Bielak 

et al., 2014), site conditions, stand age, and tree species interactions affect these responses (Forrester, 

2014, Petráš et al., 2016). Focusing on the causes of differences in tree growth and stand productivity 

between mixed-species and pure forests, most research addressed environmental settings and 

relationships with climatic conditions, species composition, mixture type, and stand age (Magin 1954, 

Kennel 1965, 1966, Hausser et al., 1967, Mitscherlich, 1967, Hink 1972, Mettin, 1985, Kramer, 1988, 

Pretzsch, 2010). Indeed, few studies exist on the quality and value of wood produced in mixed-species 

vs. corresponding pure stands (Saha et al., 2012). Information on how wood quality can be affected 

in relation to tree species composition is essential for decision making in adaptive forestry, especially 

where forest planning and thinning activities favour the occurrence of mixed-species stands (Petráš 

et al., 2016). 

Liu et al. (2018) showed that spacing and thinning experiments in pure stands highlighted the strong 

effect of the surrounding spatial stand structure on tree growth and morphology and, ultimately, wood 

structure and timber quality. Chomel et al. (2014) demonstrated that, in mixed-species plantations, 

mixing hybrid poplar and white spruce might increase the wood production of poplar in comparison 

with monocultures of either poplar or white spruce. Battipaglia et al. (2017) showed a considerable 

increase in cumulative basal area and in intrinsic water use efficiency in mixed-species stands of 

pedunculate oak and Italian alder, largely resulting from an increase in N fixation, which levelled off, 

when natural mortality or management practices decreased the competitive ability of Italian alder. In 

addition to stand productivity and water use efficiency, species mixtures with structural stratification 

may also enhance individual-tree growth rates and stem quality of species in the upper canopies, 

minimizing the proportion of taller species that reach the highest production (Piotto, 2008, Kelty, 

2006). 

Forest management practices oriented to obtain mixed-species stands potentially determine variation 

in the physical and mechanical properties of the harvested wood, both at stand and tree level 
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(Machado et al., 2014). Nevertheless, although mixed-species forestry is gaining popularity in Europe 

(Pretzsch and Schütze, 2009, 2015), a greater understanding of the differences in wood quality 

between mixed-species vs. corresponding pure stands is needed. In the last decades, the evaluation of 

wood quality has been preferentially based on non-destructive technologies (NDTs) (Russo et al., 

2019). More specifically, stress wave-based non-destructive acoustic techniques resulted in very 

useful methods for predicting the mechanical properties of woody materials (Guntekin et al., 2013). 

Nowadays, acoustic sensing technology allows for the estimation of wood quality and intrinsic woody 

properties for standing trees, stems and logs. Among the parameters measurable by acoustic methods, 

the most important is the dynamic modulus of elasticity (MOEd), being related to wood anatomy and 

tree physiology. This parameter can be used for the evaluation of wood quality, providing information 

on the stiffness of material (Teder et al., 2011, Wessels et al., 2011). 

In this study, the wood quality term refers to the use of wood in the field of construction. The wood 

properties that determine the structural requirements are defined by indicators, such as strength 

grades, that depend on knottiness, stiffness and density of the wood (Bacher and Krosek, 2014). These 

parameters are commonly used worldwide to define strength grades (Pretzsch and Rais, 2016). With 

reference to stiffness, the dynamic modulus of elasticity (MOEd) is considered a good predictor, so 

as to be used as a proxy variable for assessing the wood quality and, in particular, its stiffness (Rais 

and Van de Kuilen, 2015). As a matter of fact, profound implications for wood properties and 

utilization derive from the growth and ecophysiological responses of trees to environmental 

conditions. 

We focused on two important tree species, European beech and Calabrian pine, widespread in 

mountainous forest ecosystems of Southern Italy; European beech is a late-successional broadleaved 

tree species, here occurring in its southernmost ecological limit, whereas Calabrian pine is an early-

successional conifer, providing timber of high quality. In the Calabrian Apennines, these species 

occur in both pure and corresponding mixed-species stands, which may help test the effects of mixture 

on tree growth and wood quality in a drought-prone environment. Our study comprises nine plots 
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grouped into three triplets of pure and mixed-species stands of European beech and Calabrian pine 

(three dominated by European beech, BP, three dominated by Calabrian pine, PP, and three mixed-

species plots, MBP), in the Aspromonte National Park. The three stands grow in the same 

environmental conditions and show similar structural traits. We hypothesized that the mixture effect 

may improve the physiological fitness of each species and, thus, the wood quality. The specific 

objectives of the study were to: (Q1) evaluate the wood quality (MOEd), (Q2) analyse tree growth 

patterns through the basal area index (BAI), and (Q3) highlight potential relationships between wood 

quality and tree growth, in mixture vs. monocultures. In particular, we tested whether 

(i) the mean wood quality in mixed-species and corresponding pure stands are equal, (ii) the mean 

BAI in pure and mixed-species stands are equal, and if (iii) the wood quality and tree growth patterns 

are independent. 

2. Materials and Methods  

2.1. Study Area 

The study area is located in the Aspromonte National Park, Calabria (Southern Italy), near the village 

of Bagaladi (RC). The climate is temperate, with an annual mean temperature of around 8 ◦C and 

minimum and maximum monthly means of 0.5 ◦C (coldest month) and 16 ◦C (warmest month), 

respectively. Annual precipitation is 1611 mm unevenly distributed over the year (Meteorological 

station of Gambarie d’Aspromonte—1187 m above sea level (a.s.l.). 

The study is based on nine plots (each with an extension of 5000 m2 and square shape), grouped into 

three triplets of pure and mixed-species stands of European beech and Calabrian pine, using a 

randomized block design. Plots within each block were randomly assigned to the units. Each triplet, 

extended over 1.5 ha, contains two monospecific plots, dominated by European beech (BP) or 

Calabrian pine (PP), and one mixed-species European beech-Calabrian pine stand (MBP). The pure 

stands were selected if the target species represented ~90% of the stand basal area. The mixed-species 

stand was defined as the stand in which the two species together represented at least ~80% of the total 

stand basal area and the sum of the basal area of other species was lower than that of each of the two 
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studied species. In order to quantify the mixing effects, the pure stands were used as reference for the 

mixed-species stand. 

Plots are located in similar environmental conditions in terms of environmental settings (topography, 

slope, substrate) and climatic conditions. Soils developed from igneous and metamorphic rocks and 

are classified as Umbrisols, Cambisols and Leptosols (FAO, 2014), with an udic soil regime moisture. 

Further details on the main environmental conditions characterizing the study site are reported in 

Table 1. 

These forest stands are of natural origin, with a dominant age ranging from 70 to 120 years old. They 

evolved naturally in the last 70 years. However, these forests (approximately until the Second World 

War) were cut following a management approach based on the “selection cutting” criteria, in which 

few trees were cut approximately every 20 years in the same forest section (Ciancio et al., 2016). 

This type of management has preserved the typical forest landscape by maintaining a continuous 

forest cover, determining a stand structure consisting of clusters of trees in different age classes. These 

clusters are the result of the natural regeneration occurring in the gaps opened by the selection cutting 

previously applied (Ciancio et al., 2016). 

Table 1. The main geographical features of the investigated triplets located nearby the village of Bagaladi, RC 

(Aspromonte National Park). 

 Triplet 1 Triplet 2 Triplet 3 

Latitude (N) 38°06’50.53’’ 38°05’54.59’’ 38°06’15.69’’ 

Longitude (E) 15°51’53.25’’ 15°50’37.72’’ 15°51’23.37’’ 

Exposure (°) 59 59 59 

Altitude (m a.s.l.) 1521 1511 1497 

Slope (°) 28 30 34 

2.2. Tree sampling and BAI analyses 

In 2017, in order to derive the dendrometric variables at the stand level, the nine plots were fully 

inventoried. The diameters at breast height (DBH) and the total heights (Ht) of all trees were 

measured. Tree volume was calculated using the equations derived for the prediction of the 

aboveground tree volume (Tabacchi et al., 2011). Canopy dominant/co-dominant trees were targeted 

for sampling (coring and measuring MOEd) and were selected through a stratified random sampling, 

in relation to the frequency of the diameter classes at the plot level. In detail, in each monospecific 
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stand (BP and PP), 30 dominant trees per species were cored, while 60 dominant trees were cored (30 

for European beech and 30 for Calabrian pine) in MBP. For each selected tree, two increment cores 

were collected at breast height and at an angle of 120◦ to each other. Particular care was taken to 

select trees with canopies well separated from each other. Moreover, to avoid the effect of wood 

alteration and exogenous disturbances on tree ring growth, only trees without abrasion scars or other 

visible evidence of injury were selected. Cores were then mounted on channeled wood, seasoned in 

a fresh-air dry store and sanded a few weeks later. Ring widths were measured with a resolution of 

0.01 mm using the LINTAB measurement equipment (Frank Rinn, Heidelberg, Germany) fitted with 

a Leica MS5 stereoscope (Leica Microsystems, Wetzlar, Germany). Tree ring widths were then 

statistically cross-dated and verified with the software TSAP software package (version 4.81c) and 

COFECHA (version 6.06) (Holmes, 1983). Once all measurement series were validated, tree-ring 

chronologies were developed for each species. Subsequently, tree ring widths were converted into 

tree basal area increment (BAI), according to the following standard formula: 

𝐵𝐴𝐼 =  𝜋(𝑟𝑛
2 − 𝑟(𝑛−1)

2 ) 

where r is the radius of the stem at breast height and n is the year of tree-ring formation. In order to 

examine the mean growth trend for the sampled trees, BAI for each year was averaged over all the 

individuals for removing the variation in radial growth attributable to the increasing tree 

circumference. 

The latest fully built tree ring valid for our analysis was related to 2016. We considered only the tree-

ring chronologies starting from 1900, because few trees had rings formed before the year 1900. 

2.3. Wood quality 

In order to evaluate the wood quality, acoustic wave tests were conducted at breast height on the same 

120 trees from which the woody cores were collected. In order to reduce the effect of air humidity 

(Wang, 2013), the tests were carried out in the summer of 2017, from June to July. 

TreeSonic (FAKOPP TreeSonic™ Fakopp Enterprise, Agfalva, Hungary) (Russo et al., 2019, 

Vanninen et al., 1996) was used for measuring the acoustic velocity. It is characterized by a hand-
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held hammer and two probes, a transmitting accelerometer and a receiving accelerometer. The system 

consists in the insertion of two sensor probes (a transmitting probe and a receiving one) into the 

sapwood, applying acoustic energy into the tree stem through hammer impact. The probes were 

aligned within a vertical plane on the same face. In our study, a 1.00-m testing span was roughly 

centered at breast height. The lowest probe 

was placed about 60–70 cm above the forest floor. Three measurements were realized for each 

selected tree and the average of the three recordings was used as final transit time. In order to measure 

the acoustic velocity wave, the start and stop sensors were driven at a 45◦ angle through the bark into 

the wood of the standing tree (Vargas-Hernandez and Adams, 1994). Acoustic velocity was 

determined on the upstream side of the tree (according to standard procedure), the same side where 

the stem diameter was measured. The acoustic velocity (CT) was then calculated from the span 

between the two sensor probes and the time-of-flight (TOF) data, using the following formula: 

CT = S/TOF 
(1) 

where CT = tree acoustic velocity (m/s), S = distance between the two probes (sensors) (m), TOF = 

time-of-flight (s). 

The wood density of each measured tree was also determined on the woody cores. The fresh weight 

and volume of the tree cores were measured in the laboratory. Woody samples were weighed to the 

nearest 0.01 g with an electronic scale. After ring width measurements, the woody cores were dried 

in oven at 105 ◦C, to constant weight. Density (kg m−3) was calculated by dividing the dry weight by 

the fresh volume. 

Afterwards, it was possible to calculate the modulus of elasticity (MOE), according to the following 

equation: 

MOEd = WDi x CT² (2) 

where WDi = tree wood density i (kg m−3) and CT =velocity (km s−1). 
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When MOE is estimated using the above formula, it is termed dynamic modulus of elasticity (MOEd) 

(Zhembo et al., 2006), as the stress wave propagation in wood is a dynamic process, internally related 

to the physical and mechanical properties of wood (Todaro and Macchioni, 2011). 

2.4. Relationship between Wood Quality and Tree Growth 

In standing trees, the stress wave propagation is affected by tree stem diameter, wood travel distance 

and internal wood conditions (Zhang et al., 2011). Furthermore, the mean tree values of timber grade-

determining properties (elastic modulus, bending strength, and wood density) are related to the 

acoustic velocity and tree slenderness. Signals are transferred through the whole stem, depending on 

stem diameter: when smaller is the diameter, then the signal is more transferred inside the stem 

(Krajnc et al., 2019). In this study, we used the tree final growth time to evaluate the relationship 

between wood quality and tree growth, in order to verify if the wood quality was independent from 

tree growth. In detail, the final growth time is given by the number of radial rings included in the 

outermost 2.5 cm of the sampled trees. This parameter is called “recruitment period” (RP), which 

indicates the number of years needed to pass from a diameter class xi to the largest class xi + 5, 

assuming classes of 5 cm (Marziliano et al., 2012). Therefore, for each sampled tree, we counted the 

number of rings contained in the last 2.5 cm. 

2.5. Statistical analysis 

The data collected were characterized by a nested structure and they were not independent from each 

other: in detail, an inter-correlation among samples occurred, since they were referred to the same 

triplets, and the single tree ring chronologies belonged to one single tree. Therefore, an analysis based 

on a linear mixed model was used, including both fixed and random effects. We then set up the model 

functions to test the effect of mixing on tree ring width (expressed as BAI) and on the MOEd. The 

linear mixed models incorporated the triplet identifier as a random effect, thus considering both the 

mixing effect (expressed as percentage of basal area of the examined species of beech or pine, 

compared to the total area) and the nested structure of the data. The initial model included the 

following independent variables: basal area, stem DBH, tree height, tree age. A stepwise procedure 



51 

 

(in each step, a variable was considered for addition to or subtraction from the set of explanatory 

variables based on F-tests) eliminated all variables, except for the basal area, the only variable that 

had a significant effect on the dependent variable. Therefore, the below model, based only on mixing 

effect and the nested design of data, was applied to evaluate if significant differences on BAI between 

mixed-species and corresponding pure stands occurred: 

𝐵𝐴𝐼𝑖𝑗 = 𝛽0 + 𝛽1 ∙ 𝑀𝑖𝑥𝑖𝑗 + 𝑢𝑗 + 𝜀𝑖𝑗 

where BAIij is the mean of the basal area increment per tree i on triplet j, β0 is the intercept, Mixij is 

the fixed effect describing the quantification of the mixing effect (expressed as % basal area) on tree 

BAI for tree i on triplet j, uj is the random effect for triplet j and εij is the error term. Moreover, the 

following model was used to analyse the effect of both mixture and tree ring width (expressed as 

recruitment period) on wood quality (MOEd values), incorporating the triplet identifier as a random 

effect: 

𝑀𝑂𝐸𝑑𝑖𝑗 = 𝛽2 + 𝛽3 ∙ 𝑀𝑖𝑥𝑖𝑗 + 𝛽4 ∙ 𝑅𝑃𝑖𝑗 + 𝑢𝑗 + 𝜀𝑖𝑗 

where MOEdij is the wood quality of tree i on triplet j, RPij is the recruitment period of tree i on triplet 

j, examined as the main effect. For the linear mixed-effect model analysis, the nlme package for the 

R programming language (Team, 2016) was used. In addition to the linear mixed-effect models, the 

Mann-Whitney Test for independent-sample (U-Test) was also used to compare the average MOEd 

values and the average BAI values between mixed-species and pure stands. More specifically, the U-

test is a non-parametric test and requires no assumptions. 

3. Results 

Table 2 shows the main structural and dendrometric characteristics of the studied stands, while in 

Table 3, the age, the wood density, the acoustic velocity and the MOEd for the sampled trees are 

reported. Forest structure did not differ markedly among the studied stands. Analysis of variance 

(ANOVA) showed no significant differences among plots in stand density (F3/6 = 1.020; p = 0.447), 

tree DBH (F3/6 = 0.329; p = 0.805), basal area (F3/6 = 2.104; p = 0.201) and stand volume (F3/6 = 

2.208; p = 0.188). The number of trees per hectare varied from 743 in the pure European beech plots 
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to 873 in the mixed-species plots. The tree volume ranged between 773 m3 ha−1 in the pure European 

beech plots and 876 m3 ha−1 in the mixed-species plots. 

Table 2. Structural traits obtained for the investigated triplets. Mean values and the related standard deviation (in bracket) 

are reported. 

 Stand density 

(N. trees ha-1) 

DBH  

(cm) 

Tree height 

(m) 

Basal area 

(m2 h-1) 

Volume 

(m3 ha-1) 

Beech pure 743 (155.7) 33.2 (2.8) 24.2 (2.2) 64.3 (4.6) 772.7 (41.5) 

Pine pure 754 (96.3) 35.6 (4.4) 23.1 (0.8) 75.1 (10.4) 857.6 (160.9) 

MBP-B 470 (75.9) 28.3 (2.3) 18.8 (1.3) 29.6 (6.3) 277.0 (31.1) 

MBP-P 403 (74.1) 40.3 (9.6) 23.6 (5.1) 51.4 (14.1) 599.1 (90.7) 
 

Table 3. Tree age, wood density, acoustic velocity, and MOEd values obtained for the two studied species in the pure and 

mixed-species stands (SD: standard deviation; MOEd: dynamic modulus of elasticity). 

 

Stands 

      Tree Age  

        (Years) 

   Wood Density  

        (kg m−3) 

Wave Velocity  

(m s−1) 

    MOEd 

    (MPa) 

Mean SD Mean   SD   Mean   SD  Mean    SD 

Beech pure 69 41 658 28.4 3841.7 382.4 9523.2 1738.1 
Pine pure 97 38 562 27.6 3823.4 427.5 8056.6 1358.2 
MBP-B 127 33 653 30.1 4253.0 349.3 11583.0 2212.6 
MBP-P 103 21 555 25.2 4066.4 370.6 8999.8 2132.6 

 

Tree age differed between the pure European beech plots (on average 69 years) and the European 

beech trees sampled in the mixed-species plots (on average 127 years) (Table 3). By contrast, 

Calabrian pines occurring in the pure and mixed-species plots revealed no significant differences in 

tree age (on average 100 years). 

For both tree species, MOEd values were significantly higher in MBP than in BP and PP, as confirmed 

by the Mann-Whitney test applied for independent-samples (Figure 1). MOEd was 21.6% and 10.7% 

higher in MBP than in BP and PP, respectively. Further, considering the different diameter classes 

investigated, MOEd values were always higher in MBP than in BP and PP. 
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Figure 1. MOEd values in pure and mixed-species stands for European beech (Mann-Whitney Test, Z=-6.491, 

p<0.001) and Calabrian Pine (Mann-Whitney Test, Z=-3.134, p<0.010).  

Analysis of variance (ANOVA) showed a significant effect of the diameter classes on MOEd for BP 

and PP. As the diameter classes are not independent, the Kruskal–Wallis test was also used (Zar, 

1999), which confirmed the significant effect of the diameter classes on MOEd. MOEd decreased as 

tree DBH increased, with significant differences observed between the smallest and the largest 

diameter classes. On the contrary, no significant differences were observed in MBP (Figure 2). The 

mixture of species had the effect of aligning MOEd values, both for European beech and Calabrian 

pine, making wood quality more uniform for each diameter class. In contrast, in the pure stands, 

MOEd values were significantly lower than in MBP, also varying significantly as tree DBH increased. 
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Figure 2. Dynamic modulus of elasticity (MOEd) in relation to the diameter classes for European beech and Calabrian 

pine growing in pure and mixed-species stands. European beech in the mixed-species stands: F12;18= 1.255, p<0.322; 

for European beech in the pure stands: F12;18= 2.461, p<0.050; Calabrian pine in the mixed-species stands: F12;18= 0.774, 

p<0.669; Calabrian pine in the pure stands: F11;19= 2.621, p<0.050. 

Figure 3 shows the BAI values obtained for European beech and Calabrian pine. In general, BAI 

increased over time (at least up to a determined year) in both species. Overall, trees revealed higher 

BAI in MBP than in BP and PP. However, until 1980, BAI values of European beech growing in 

mixture were always higher than in BP. Later, a similar trend was observed, until 1990. In the last 

period (1990-2016), BAI values were again higher in MBP. In the period 1900-2016, BAI always 

increased in MBP, while it gradually decreased in BP, from 1990. For Calabrian pine, BAI values 

were higher in MBP than in PP, considering the period 1900-1960. Later, for about 20 years (1960-

1980), an opposite trend was observed, with higher BAI in PP. Furthermore, for 1980-2016, a 

consistent decrease of BAI values was observed for Calabrian pine both in MBP and PP. 
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Figure 3. BAI values for European beech and Calabria pine growing in pure and mixed-species stands. Values were 

considered starting from 1900. 

Figure 4 reports both the variability and the average of BAI values for European beech and Calabrian 

pine growing in mixed-species and pure stands. For European beech, the BAI variability was higher 

in MBP, while for Calabrian pine in PP. European beech growing in mixture had a significantly higher 

BAI values than in BP (+65%, 30.6 vs. 18.5 cm2, on average, p-value < 0.001). Yet, Calabrian pine 

growing in mixture revealed higher BAI values than in PP, although not significantly (+11%, 21.1 

vs. 19.1 cm2, on average, p-value = 0.0563). 

 

Figure 4. BAI values (mean values) in the pure and mixed-species stands for European beech (linear mixed-effect, p 

< 0.05, R2 = 0.437; Mann-Whitney Test, Z=-4.345, p<0.0001) and Calabrian pine (linear mixed-effect, p =0.271, R2 = 

0.078; Mann-Whitney Test, Z=-1.928, p=0.0563). 

In Table 4, results obtained through the application of the linear mixed model are shown; the site 

identifier was considered as random effect. The mixture significantly influenced European beech 

(p=0.015), but not Calabrian pine (p=0.601). 
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Table 4. Values achieved with the application of the linear mixed-effect model, considering the “Triplet” as random 

effect. The influences of the fixed effects (BA%, RP) on the response variables “dasal area increment” (BAI) and 

“dynamic modulus of elasticity” (MOEd) were examined. Significant variables are reported in bold. 

 

Model Value t-value p-value R2 

European beech (BAI)     0.502 

Intercept 17.623 7.720 <0.0001  

Mix (BA) 0.358 4.047 0.0155  

Calabrian pine (BAI)    0.015 

Intercept 19.299 8.126 <0.0001  

Mix (BA) 0.028 0.567 0.6009  

European beech (MOEd)    0.278 

Intercept 5114.401 4.191 0.0000  

TP 210.252 4.119 0.0001  

Mix (BA) 76.434 3.353 0.0285  

Calabrian pine (MOEd)    0.045 

Intercept 6487.034 6.291 <0.0001  

TP 83.52 1.833 0.0684  

Mix (BA) 23.23 2.079 0.1061  

 

Figure 5 shows the values of the recruitment period (RP) for European beech and Calabrian pine, 

which invariably decreased as DBH increased. For European beech, RP was lower in MBP than in 

BP, though with lessening differences as DBH increased. Calabrian pine growing in PP had, for the 

first diameter classes, a slightly lower RP than in MBP, at least for the first diameter classes. Then, 

the trend was opposite and the differences tended to increase, though not for DBH of about 90 cm. 

 

Figure 5. Recruitment period obtained for European beech and Calabrian pine growing in the pure and mixed-species 

stands. It indicates the number of years needed to pass from a diameter class xi to the largest class xi + 5cm.  

 

Finally, in Figure 6, variations of MOEd as RP changes are shown. In each stand, MOEd tended to 

rise as RP increased, even if it revealed higher values in MBP than in BP and PP. In addition, the 

relationship between MOEd and RP was stronger in MBP, for both species. However, the analyses 

of the linear mixed-effects model underlined that only for European beech, RP (p<0.0001) and the 
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mixing effect (p=0.0285) had a significant role, explaining the largest proportion of MOEd variation 

(Table 3). On the contrary, for Calabrian pine, RP (p= 0.0684) and the mixing effect (p = 0.1061) had 

marginal effects on MOEd. 

 

Figure 6. Dynamic modulus of elasticity (MOEd) in relation to the recruitment period for European beech and 

Calabrian pine growing in pure and mixed-species stands. 

4. Discussion 

Results demonstrated how the mixture effect influenced both wood quality and tree ring widths. In 

both the pure and mixed-species stands, MOEd values were above the minimum quality threshold 

(MOEd > 9000 MPa) (Detters, et al., 2011). However, in the mixed-species plots, MOEd values were 

always higher than in the corresponding pure plots. This difference was more evident for European 

beech (11583 vs. 9523) than for Calabrian pine (8999 vs. 8056). Tree age differed between European 

beech trees sampled in the pure and mixed species plots, which might have played a role in 

determining differences in MOEd values. In the case of Calabrian pine, the differences in MOEd 

values are less evident, though significant. 

As a matter of fact, tree age did not differ between trees sampled in the pure and mixed-species plots. 
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Eventually, effects on MOEd exerted by the other parameters related to the stand structure (stand 

density, basal area, stand volume) could be excluded, since the parameters did not differ significantly 

between the pure and mixed-species stands.  

Several studies showed that, considering other variables being equal (stand density, stand volume, 

etc.), the mixture effect could have a role in improving the resistance and resilience of trees in 

comparison with the corresponding monocultures (Zhang et al., 2012, Kanowski et al., 2005, Petit 

and Montagnini, 2006, Richards et al., 2010). Yet, the mixed-species stands could also be more 

productive than the corresponding monocultures (Forrester, 2014). 

 Therefore, even with some limitations, a mixture of European beech and Calabrian pine might have 

a positive effect on MOEd, not only at the stand level, but also considering the different diameter 

classes. In fact, in the mixed stands, the MOEd values were similar for all the diameter classes, in 

both species. On the contrary, in the pure stands, we observed a decrease in wood quality as the tree 

DBH increased. A combination of a light demanding tree species with one more shade tolerant was 

probably the foundation of these results. In other studies, mixed-species stands were found to show 

higher light interception and light-use efficiency in comparison with monocultures (Pretzsch and 

Schütze, 2015, Binkley et al., 1992, Kelty, 1992, Forrester et al., 2012).  

Promoting the coexistence of these two species in the present environmental conditions might 

improve the quality of wood materials, regardless of the size of trees from which the assortments are 

obtained.  

The MOEd values, strongly related to wood density and acoustic velocity, indicated an overall higher 

mechanical stability attained in the mixed-species stands. In fact, wood density is correlated with 

timber strength (Saranpää, 2003), hardness and abrasiveness (Bacher and Krosek, 2014). 

Therefore, mixing these species might provide higher mechanical resistance to natural disturbances, 

such as windstorms, and higher carbon sequestration potential in these Mediterranean mountain forest 

ecosystems. It must be pointed out that Pretzsch and Rais (2016) observed that the wood strength and 

stiffness could be lower in complex forests than in homogeneous monocultures, where tree size and 
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shape development progress more continuously. Yet, Torquato et al. (2014), in black spruce forests 

in Canada, detected lower strength and stiffness properties in complex stands. 

Growing in mixtures induced an increase in tree biomass production, particularly for European beech, 

while differences between the pure and mixed-species stands were not significant for Calabrian pine. 

In European beech, although environmental conditions did not differ between stands, BAI was 

significantly higher in mixture than in monoculture. However, differences between the pure and 

mixed-species stands in tree age might also have affected BAI trends. The identification of growth 

trends and attribution of their drivers are not easy tasks, and require long-term and spatially-

representative experiments to control the effect of tree size and age, avoiding sampling biases at the 

various scales. Indeed, heterogeneous crown structures and the tree size of mixed-species stands 

might facilitate the penetration of light into the lower canopy layers (Pretzsch and Schütze, 2015). 

In the studied stands, European beech could take advantage of growing underneath the relatively 

transparent canopy of Calabrian pine. On the other hand, European beech in pure and dense stands 

develops homogeneous canopy cover, having high shade tolerance and large canopy expansion. 

Indeed, European beech growing in monocultures showed low self-tolerance (Metz et al., 2013, 

Pretzsch and Biber, 2005), resulting in severe intraspecific competition due to high lateral canopy 

expansion (Pretzsch, 2006). Moreover, other studies reported beneficial effects on European beech 

productivity from growing in mixture (Pretzsch et al., 2010, 2013). Condes et al. (2013) reported that 

the productivity of pine-beech admixtures was generally greater than in the corresponding pure 

stands. In light of this, admixture of European beech with Calabrian pine might, therefore, reduce 

competition or even increase facilitation processes in this Mediterranean mountain environment. 

Nevertheless, Conte et al. (2018) observed higher productivity in the pure than mixed-species stands 

of European beech and Scots pine, in Alpine environmental conditions. These discrepancies suggest 

caution in generalizing the positive effects on European beech productivity from growing admixed 

with pine species.  
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However, the complexity of the species interactions, which depends on stand development stage, 

stand density and site conditions (Forrester, 2014), suggests caution in generalizing these results, 

since other studies reported opposite patterns (Zeller et al., 2017). Equal productivity at the stand 

level might not necessarily indicate a neutral behaviour of the two species co-occurring in the mixed-

species stands. In fact, species-specific reactions, at individual or stand level, might counteract and 

cancel each other with respect to the stand level productivity (Pretzsch et al., 2013). Behind 

overyielding or underyielding of mixed-species in comparison with nearby pure stands, as revealed 

in this study for Calabrian pine and European beech, there is always a modified supply and uptake, 

or different use-efficiency, of available resources (Richards et al., 2010, Forrester, 2014, Binkley et 

al., 2004). Zhang et al. (2012) reported that beneficial effects of admixing provided an overall 25% 

increase in productivity across forest types and a 12% increase at European scale in Scots pine—

European beech mixtures (Pretzsch and Schütze, 2015). Nevertheless, the mechanisms that might 

promote complementarity effects, leading to increased productivity in pine-beech mixtures, are 

poorly understood, despite the frequent occurrence and economic importance of these forest types 

(Pretzsch and Schütze, 2015). 

Values of BAI in Calabrian pine and European beech mixtures, of both species, were generally greater 

than in the corresponding pure stands, although significant only in the case of European beech. 

European beech, especially in the mixed-species stands, had a constantly increasing BAI in the 

investigated time-span, although alternating years of little stem radial growth and years of great stem 

radial growth.  

On the contrary, Calabrian pine revealed a decrease in BAI values in the last 30–40 years. 

Several studies reported that the inter-annual tree growth variability and its dependence on climatic 

conditions might be modulated by species composition (Pretzsch et al., 2013, Lebourgeois et al., 

2013, Del Río et al., 2014, 2017). A positive effect of species diversity on stand productivity, due to 

complementarity effects, might result in a greater size heterogeneity, with unknown consequences on 

the provision of goods and services in pure vs. mixed-species forests. A reduction in size asymmetry 
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and growth inequality for European beech in mixture with Scots pine was related to the 

complementary light ecology of the associated species (Pretzsch and Schütze, 2015). At the stand 

level, light absorption of admixed light demanding and shade tolerant species might benefit from 

light-related interactions, including canopy structure, stand density, tree size, crown architecture, and 

allometric relationships (Ellenberg and Leuschner, 2010, Pretzsch, 2019). Nevertheless, in the present 

Mediterranean environment, although light-related interactions might contribute to the mixing effect 

on tree growth for Calabrian pine, water- and/or nutrient-related interactions might dominate in the 

mixing effect on tree growth for European beech (Forrester, 2018). Especially for European beech, 

we showed that the variability of BAI was higher in the mixed-species vs. the pure stands. Although 

this variability might have a minor role in determining the strength and stiffness of structural timber 

(Pretzsch and Rais 2019), it might still affect wood properties, such as the dimensional stability. 

Nevertheless, we may confirm that (i) wood quality was higher in the mixed-species than pure stands, 

(ii) wood quality was dependent on tree growth patterns and that (iii) the longer a tree took to pass 

from one diameter class to the next, the better was the wood quality. However, Genet et al. (2012) 

stated that the way in which tree ring widths and ring wood density are related to each other would 

depend on whether the tree is a conifer, ring-porous hardwood, or diffuse-porous hardwood species. 

We found a positive relationship between final growth time and MOEd, in both species. However, 

while for European beech MOEd was significantly dependent on tree growth (expressed as 

recruitment period), this relationship was not significant for Calabrian pine. In these relationships, 

MOEdwas higher in the mixed-species than pure stands, for both species. Again, this might depend 

on species-specific growth patterns, as well as on technological wood features. However, it must be 

pointed out that wood quality of coniferous trees, in comparison with broadleaved species, might be 

strongly influenced by forest management practices. In fact, several studies on conifers (Vanninen et. 

al., 1996, Grammel, 1990, Brazierand Mobbs, 1993, Larocque and Marshall, 1995, Zhang et. al., 

2006, Moore et. al., 2015), including Calabrian pine (Russo et. al., 2019), showed a reduction in wood 

quality with increasing spacing and thinning. 
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Admixture of Calabrian pine and European beech might improve adaptation to rainy winters and dry 

summers of the Mediterranean climate, increasing both tree growth and wood quality, especially for 

European beech. Several studies showed that mixed-species forests might be more productive and 

resistant to disturbances, including drought, than corresponding pure stands (Pretzsch et. al., 2013, 

Lebourgeois et. al., 2003), though contrasting evidence was also reported (Grossiord et. al., 2014, 

Conte et. al., 2018). In particular, European beech populations from marginal ecological conditions 

were found more resistant to drought than those from the core of the distribution range (Tognetti et. 

al., 1995, Bolte et. al., 2016, Cocozza et. al., 2016), and their admixture with co-occurring drought-

tolerant conifers might serve as benchmark for selecting resilient tree species combinations. 

Additional insight into the effect of tree species mixture on wood quality is required to support the 

entire wood supply chain, from the integration of wood quality in forest inventories to silvicultural 

guidelines for decision support tools. In fact, although structure and function of mixed-species stands 

are relevant for their role as supporting services in Mediterranean mountain forests, such as 

biodiversity conservation and soil protection, the consequence of structural heterogeneity in 

admixture on wood quality requires greater consideration in the future. 

5. Conclusions 

In the present study, the admixture of Calabrian pine and European beech increased stand 

productivity, particularly for European beech, and improved wood quality. Nevertheless, caution is 

still needed in drawing general conclusions on the mixture effect on wood quality and stand 

productivity, in marginal environmental conditions. Nevertheless, European beech and Calabrian 

pine co-occurring in forest stands of Southern Italy should be managed with the aim of improving the 

overall quality of wood, which could be promoted by mixing these species. Although any 

generalization could be misleading, the admixture of tree species in these harsh environments might 

better maintain forest stability, ensuring also woody products of better quality. These results, though 

related to marginal environmental conditions, could be significant to implement and support climate-

smart measures for managing Mediterranean mountain forests. 
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Chapter 4 

Relationships between tree age, growth, yield and wood quality: a chronosequence in a 

chestnut coppice of Southern Italy. 

1. Introduction 

Forests in southern Italy are an important socio-economical context in terms of forest production 

(Scarascia-Mugnozza et al., 2000; Pastorella et al., 2016) and they cover a significant area, especially 

in the mountainous and inner areas. Particularly, forests managed as coppices widely occur in the 

Mediterranean basin (NFI, 2005), usually characterized by a mixture of different broadleaves species, 

but also as monospecific stands.  

Furthermore, in Calabria Region (southern Italy), coppices dominated by chestnut  are widespread. 

For this species, the cutting cycles are usually of 12-18 years. The silvicultural system dominated by 

coppices is an ancient forest management option in which stands are clear-felled at regular intervals 

of approximately 15-30 years (Ford and Newbould, 1970; Rackham, 1980, La Marca et al., 1998). 

The stand regeneration after cut is obtained through the re-sprouting of the stumps thinned, rather 

than from the establishment of new trees from seeds. In order to maintain the re-sprouting capacity 

across the years, frequent cutting interventions are needed. Moreover, the application of the coppice 

management requires usually relatively short rotations time-span (Spinelli et al., 2017). Coppice 

management is extremely efficient, since it offers the benefits of simplified care, prompt regeneration 

and short waiting time (Moscatelli et al., 2007). Coppice woodlands were widespread all over the 

European continent until recent times, when the industrialization transformed both the economy and 

the landscape of many regions (Coppini and Hermanin, 2007). In the post-war years, traditional 

coppice systems have suffered from the competition of oil and plastic products, which have resulted 

in a decreasing interest towards the active management of traditional coppice stands (Hédl et al., 

2010). 
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Woody materials deriving from coppices are likely used for bio-energetic purposes, but also for 

providing firewood and pulpwood (Leonardi et al., 1996; Lancho and Gonzales 2005; Patricio et al., 

2005). However, coppices are also a main source of posts, tool handles and fencing materials 

(Buckley, 1992). Furthermore, these sylvicultural systems are very important for the economic 

incomes in the rural communities and inner areas, representing a further production support to the 

conventional agricultural systems. 

Recently, a renewed interest in coppicing has developed in many European countries (Rydberg, 2000) 

for two major reasons: (1) the increasing importance of renewable energy sources as a substitute for 

fossil fuels (BMU 2011, European Parliament 2009: directive 2009/28/EG) and (2) the preservation 

of coppice forests as an historical landscape element (Buckley, 1992; Lanuv, 2007; Scherzinger, 

1996). These reasons may lead to a new interest in managing the abandoned coppices occurring in 

many areas of southern Europe, especially for chestnut forests in the Mediterranean context.  

Chestnut coppices were used and promoted for a variety of reasons, including: (a) the re-sprouting 

ability of stumps practically unlimited; (b) the fast early growth trends; (c) the multiplicity of 

assortments that can be derived; (d) the versatility of the chestnut wood, lending itself to many 

different uses, often also valuable; (e) the possibility to modify the cutting cycles in relation to the 

market requirements, without compromising the coppice vitality (Manetti et al., 2006).  

Furthermore, the effects of thinning on yield, tree diameter distribution and height, but also on tree 

diameter increment have been widely studied for chestnut coppices (Kneifl et al., 2015). However, 

although studies have been recently carried out on the effect of coppicing on forest productivity 

(Manetti et al., 2016; Esteban et al., 2018), researches based on chronosequences are not as well 

documented, even if they are very useful for evaluating the biological responses to the applied 

silviculture. 

In detail, several researchers tried to obtain information about temporal trends using chronosequences 

(space for time substitution) (Aide et al., 2000; Hedde et al., 2008; Pawson et al., 2009). Even though 

this approach has been criticized because chronosequences are subject to errors if sites differ in 
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respects other than their age (Yanai et al., 2003), there is not another way to collect field data about 

forest ecosystem development in the short term. 

In forest sciences, a chronosequence is a set of forested sites that share similar attributes but are of 

different ages (Johnson and Miyanishi 2007) and can be considered a time sequence (Salisbury 1952, 

Pickett 1989). The key assumptions of chronosequences are that each of the sites representing 

different developmental stages had the same initial conditions and has traced the same sequence of 

changes. However, when there are demonstrable linkages between stages (i.e. the successional 

trajectory is predictable), chronosequences provide a useful approach to study temporal changes with 

time frames of 1-100 years (Walker et al., 2010).  

In the last decades, the evaluation of wood quality has been preferentially based on non-destructive 

technologies (NDTs) (Russo et al., 2019). More specifically, stress wave-based non-destructive 

acoustic techniques resulted in very useful methods for predicting the mechanical properties of woody 

materials (Guntekin et al., 2013). Nowadays, the acoustic sensing technology allows the estimation 

of wood quality and intrinsic woody properties for standing trees, stems and logs. Among the 

parameters measurable by acoustic methods, the most important are the modulus of elasticity of wood 

(MOE) and the dynamic modulus of elasticity (MOEd), being related to wood anatomy and tree 

physiology. These parameters are fundamental for the evaluation of wood quality, providing 

information on the resistance to deflection and the stiffness of material (Teder et al., 2011, Wessels 

et al., 2011).  

Here we focused on coppices dominated by chestnut, widespread in mountainous forest ecosystems 

of Southern Italy.  

A growth and yield model, specific for chestnut coppices located in the “Aspromonte” National Park, 

was developed and implemented in order to verify if the quality of the woody materials obtainable at 

different ages of the coppice can vary if the cutting cycles are modified.  

We then analysed the wood quality and productivity deriving from stands characterized by four 

different cutting cycles (15, 25, 30 and 50 years) using a chronosequence approach.  
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Our study was aimed to answer to the following questions: (1) Could the increase of the cutting cycles 

duration in chestnut coppices induce a higher wood quality production? (2) If a greater wood 

production is hypothesized, due to the increase of the cutting cycle time-span, is the wood quality 

altered? 

2. Materials and Methods 

2.1 Study area 

The study area is located near the village of Santo Stefano d’Aspromonte (Reggio Calabria, southern 

Italy), in the context of the “Aspromonte” National Park, (570304.25 E; 4226245.48 N) at an altitude 

of about 900 m a.s.l.. The site morphology is gently sloping with a northern exposure. The occurring 

soils developed from igneous and metamorphic rocks and are classified as Umbrisols, Cambisols and 

Leptosols (FAO, 2014), with an udic soil regime moisture. The average annual rainfall is 1.605 mm, 

with the lowest monthly average precipitation occurring in July (29.2 mm) and the highest in January 

(245.4 mm). The mean annual temperature is 10.6°C, with the lowest values in January (2.4°C).  

The studied forest stands were characterized by monospecific coppices dominated by chestnut, 

extending on 228 ha. The analysed stands, growing in the same environmental conditions, represented 

a chronosequence, since their age varied from 5 to 50 years. 

2.2 Data collection and analysis  

Data collection interested 44 plots, positioned through a systematic sampling design, proportionally 

positioned in the different coppice stands in relation to their extent and age. The area of each plot was 

also determined in relation to the stand age and density, extending between 530 and 1200 m2.  

In each plot, the following parameters were recorded: (1) the number of stumps, (2) number of shoots 

per stump, (3) the diameter at breast height (DBH) of all the shoots and (4) the total height of the 20% 

of the occurring shoots, homogeneously distributed in the different diameter classes.  

https://dictionary.cambridge.org/it/dizionario/inglese-italiano/january
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Furthermore, in the coppices stands characterized by an age of 15, 25, 35 and 50 years, the dynamic 

modulus of elasticity (MOEd) was also measured, recording its value for each shoot occurring in 4 

plots per stand, for a total of 16 plots. 

In order to measure the acoustic velocity, the TreeSonic™(Fakopp Enterprise, Agfalva, Hungary) 

was used inserting two sensor probes (a transmit probe and a receiver probe) into the sapwood, then 

introducing the acoustic energy into the tree through a hammer impact (for further details, see the 

previous chapters of this thesis, but also Vanninen et al., 1996, Divos 2010, Russo et al., 2019).  

Three measurements were realized for each selected tree and the average of the three recordings was 

used as the final transit time. The acoustic velocity was then calculated considering the span between 

the two sensor probes and the time-of-flight (TOF) data using the following formula (Equation (1)): 

CT = S/TOF (1) 

where CT = tree acoustic velocity (m/s), S = distance between the two probes (sensors) (m), TOF = 

time of flight (s). 

Afterwards, the dynamic modulus of elasticity (MOEd) was calculated, according to the following 

equation (Equation (2)): 

MOEd = WDij * CT2 (2) 

where WDij = tree wood density (kg m-3), shared by diameter class (i) and age (j); and CT = velocity 

(m s-1). 

The wood density was determined on a subsample of trees, considering trees where the TOF was also 

measured. In detail, woody cores were extracted, bark to bark, at breast height (1.30 m) with a Pressler 

borer from trees, referring to each of the diameter classes occurring in the different ages. The fresh 

weight and volume of the tree ores were measured in the laboratory. Samples were then weighed to 

the nearest 0.01 gram with an electronic scale. Oven drying of all samples was done at 105 °C to 

constant weight. Density (kg m-3) was calculated by dividing the dry weight with the fresh sample 

volume. 
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Furthermore, the structural traits of each selected stand were then detailed. In detail, a growth and 

yield table, with a projection up to 50 years, was implemented. The table was modelled basing on the 

average number of shoots occurring per hectare, but also considering the relationship diameters-

heights and the average values of the basal area. 

Moreover, in order to estimate the number of shoots per hectare (NS) in relation to the tree age (Age), 

the following hyperbole function was used: 

𝑁𝑆 = 𝛽0 ∙ 𝐴𝐺𝐸𝛽1 

The equation coefficients were determined analytically after a logarithmic linearization: 

𝐿𝑛(𝑁𝑆) = 𝛽0 + 𝛽1 ∙ ln (𝐴𝐺𝐸)  (3) 

where NS is the number of shoots per hectare and AGE represents the stand age (years). 

The diameter-height-age model, according to the approach already used by Clutter et al. (1983), was 

estimated using the following Equation (4): 

ln(𝐻𝑡) =  𝛽2 + 𝛽3 ∙ 𝑁𝑆 + 𝛽4 ∙
1

𝐴𝑔𝑒
+ 𝛽5 ∙

1

𝑑𝑏ℎ
+ 𝛽6 ∙

1

𝑑𝑏ℎ ∙ 𝐴𝑔𝑒
 (4) 

where: Ht = total shoot height (m); NS = number of shoots per hectare; dbh = diameter at breast height 

(cm); AGE = Stand age (years). 

In order to estimate the basal area development, we used the average basal area (g) as dependent 

variable, since the number of shoots (NS) (density expression) is structurally included in the stand 

basal area (G). Considering several combinations of variables realized through stepwise procedures, 

the best model resulted the following (Equation (5)): 

ln(𝑔) =  𝛽7 + 𝛽8 ∙
1

𝐴𝑔𝑒2
+ 𝛽9 ∙ 𝑁𝑆 (5) 

where: g = average basal area (m2); Age = Age (years); NS = number of shoots per hectare. 

In the simulation of the growth and yield development, once identified the initial conditions of the 

stand (NS, Age, G, H), the stand volumes were estimated using the equations reported for chestnut 

coppices in the INFC 2005 (Tabacchi et al., 2011). Finally, the mean annual increment (MAI), the 
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current annual increment (CAI) and percentage of current annual increment (PCAI) were calculated 

basing on the estimates of tree volumes at the different ages. Finally, the basal area (G) per hectare 

was obtained multiplying the average basal area (g) estimated with the Equation (5) and the number 

of shoots occurring at each specific age.  

3. Results and Discussion 

The analyses here carried out allowed the implementation of a growth and yield model useful for 

simulating the temporal development of the main structural traits. These models, based on similar 

methodological approaches, were already applied by Marziliano et al. (2013 and 2019), even if in 

different silvicultural systems and forest types.  

Figure 1 reports the occurrence of shoots (NS), both observed and estimated, in relation to the stand 

age.  

 

Figure 1. Numbers of shoots per hectare, observed and estimated, in relation to the stand age. 

The number of shoots decreases as tree age increases. More in detail, the amount of shoots is very 

high in the first years after coppicing, then significantly reducing due to the competition between 

shoots occurring on the same stumps. On average, from the occurrence of about 9.000 shoots per 

hectare estimated in the first years after coppicing, their number then significantly decrease, halving 
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ten years after cutting. This trend is also confirmed in the following years, reaching less than 2000 

shoots and 1000 shoots at 25 and 50 years after cutting, respectively. 

 Moreover, Table 1 shows the regression statistics, revealing all the significant parameters. The 

regression coefficients values and their standard errors expressed good levels of confidence.  

Table 1. Estimation of each parameter used for the Equations 3, 4 and 5. The related statistics values for each equation 

are also reported. NS (number of shoots), HT (shoot height), g (average basal area). 

Equations  Parameters S.E. parameters R2 RMSE 

𝐿𝑛(𝑁𝑆) = 𝛽0 + 𝛽1 ∙ ln (𝐴𝐺𝐸)      

(eq. 3)  

0 10.6562 0.1579 
0.8833 0.2217 

1 -0.9514 0.0534 

ln(𝐻𝑡) =  𝛽
2

+ 𝛽
3

∙ 𝑁𝑆 + 𝛽
4

∙
1

𝐴𝑔𝑒
+ 𝛽

5
∙

1

𝑑𝑏ℎ
+ 𝛽

6
∙

1

𝑑𝑏ℎ ∙𝐴𝑔𝑒
                                       

(eq. 4) 

2 3.5479 0.0295 

0.9601 0.1842 

3 0.0002 <0.00001 

4 -22.7110 0.9744 

5 -6.1284 0.3351 

6 10.2808 0.5148 

ln(𝑔) =  𝛽7 + 𝛽8 ∙
1

𝐴𝑔𝑒2 + 𝛽9 ∙ 𝑁𝑆 

(eq. 5) 

7 -2.2932 0.0930 

0.9833 0.1369 
8 47.6108 2.4583 

9 -0.0007 <0.00001 

 

Furthermore, Figure 2 shows the tree height-diameter relationship (i.e. the hypsometric curve) at 

different ages. 

 

Figure 2. Tree height-diameter relationship at different ages, estimated through the equation 4. 
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As expected, a different longitudinal growth of shoots was observed as tree ages vary: the 

hypsometric curve for young shoots (5 years old) appeared steeper than the other curves (e.g., from 

20 to 50 years old). This result suggests that during the earlier stage after coppicing, the shoots are 

characterized by a considerable increase in height. At these stage, a relevant hypsometric 

differentiation occurs, probably due to the strong competition for light between individuals. When 

the coppice reaches an age higher than 10-15 years, the hypsometric curves became more flattened, 

thus indicating a high level of spatial competition between trees. At these ages, the competition is 

mainly affected by diametrical differentiation rather than hypsometric variation: trees grow more in 

diameter than in height. 

Furthermore, Table 2 shows the growth and yield model obtained from the age of 5 years up to 50 

years old. 

Table 2. Main structural characteristics estimated for the investigated stands at different ages (BA: Basal Area; MAI: 

Mean Annual Increment; CAI: Current Annual Increment). 

Ages 

(Years) 

Nr hoots 

(Nr ha-1) 

Diameters 

(cm) 

Heights 

(m) 

BA 

(m2 ha-1) 

Volumes 

(m3 ha-1) 

MAI 

(m3 ha-1 yr-1) 

CAI 

(m3 ha-1 yr-1) 

6 7720 4.7 1.6 13.16 21.68 3.61  
8 5871 6.7 3.2 20.46 47.59 5.95 12.95 

10 4748 8.6 5.1 27.79 88.92 8.89 20.67 

12 3992 10.5 7.0 34.29 139.52 11.63 25.30 

14 3448 12.1 8.8 39.72 193.76 13.84 27.12 

16 3036 13.6 10.3 44.07 247.47 15.47 26.86 

18 2715 14.9 11.7 47.46 298.10 16.56 25.31 

20 2456 16.1 12.9 50.05 344.30 17.22 23.10 

22 2243 17.2 13.9 51.97 385.56 17.53 20.63 

24 2065 18.1 14.9 53.35 421.81 17.58 18.13 

26 1913 19.0 15.7 54.30 453.29 17.43 15.74 

28 1783 19.8 16.5 54.90 480.37 17.16 13.54 

30 1670 20.5 17.2 55.22 503.45 16.78 11.54 

32 1570 21.2 17.8 55.32 522.98 16.34 9.76 

34 1482 21.8 18.3 55.24 539.35 15.86 8.18 

36 1404 22.3 18.8 55.03 552.94 15.36 6.80 

38 1333 22.9 19.3 54.70 564.11 14.84 5.58 

40 1270 23.3 19.7 54.29 573.15 14.33 4.52 

42 1212 23.8 20.1 53.81 580.34 13.82 3.60 

44 1160 24.2 20.5 53.28 585.92 13.32 2.79 

46 1112 24.6 20.8 52.71 590.10 12.83 2.09 

48 1068 24.9 21.1 52.11 593.07 12.36 1.48 

50 1027 25.3 21.4 51.49 594.97 11.90 0.95 
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Furthermore, in Figure 3 the values of the mean volumes, the current annual increments and the 

increments in percent are reported and related to the different tree ages. The culmination of the mean 

annual increment occurs at 28 years, while the current annual increment culminates about 10 years 

earlier.  

 

Figure 3. Trends of the mean volumes, of the current annual increments and of the increment in percentages, in relation 

to the different tree ages. 

 

The results obtained for the MOEd along the chronosequences gave very interesting silvicultural 

indications. We observed how, for the youngest trees (15 years old), the MOEd values were 

significatly higher than in the oldest ones (e.g., 50 years old trees). On the contrary, for trees ranging 

between 25 and 50 years, the values of the MOEd were almost constant, then significantly 

decreasining at the age of 50 years (Figure 4).  
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Figure 4. Variation of the MOEd in relation to the different stand ages. Error bars indicate ± SE. The line through the 

box is the median value. Letters (a, b and c) on the colums refer to the significant difference within the different ages. 

 

The values of the MOEd, even if revealed a negative trend as tree age increases, however suggested 

the occurrence of an overall wood quality across all the life cycle. In fact, the MOEd never fall below 

7200 MPa, the lower threshold for considering the chestnut wood of the good quality (Detter et al., 

2008).  

Furthermore, the MOEd values obtained for all the sampled trees among the different diameter classes 

are reported. 

 

Figure 5. MOEd values at different tree diameters. Error bars indicate ± SE. The line through the box is the median value. 
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The MOEd values tends to decrease as the tree diameters increase; more specifically, with diameters 

over 38 cm, we observed significant lower values when compared to all the other trees with smaller 

diameters. These results demonstrated how the tree age and growth trends directly influenced the 

wood quality. 

The strong diametric increments probably induced the production of a less-stiff mature wood, 

resulting in a significant loss of wood quality. However, there is very little information on the quality 

of wood deriving from chestnut stands managed as coppices (Fioravanti, 1999). Information on the 

influence of silvicultural practices on the technological quality of coppiced trees is also particularly 

sparse. However, for other hardwoods, e.g. Eucalyptus, Sharma et al. (2005) investigated non-

coppiced and coppiced wood of E. tereticornis, concluding that the quality of wood deriving from 

both the management options is comparable. As a consequence, the derived wood can be used for the 

same purposes, however considering the different dimensions of the assortments. Most studies 

conducted on ring-porous hardwoods have shown frequent positive correlations between ring width 

and wood density (Zhang et al. 1993; Zobel and Van Bujten 1989; Guilley et al. 1999).  

Generally, in chestnut stands where the management is not applied for decades, high tree densities 

and strong competition between trees are common, but also lower diametrical increments (Roces-

Díaz et al., 2018). 

Figure 6 reports the MOEd variability at different diameter classes and in relation to the stand age.  
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Figure 6. Variation of the MOEd as diameters increase for the stands at 15, 25, 30 and 50 years old. Error bars indicate 

± SE. The line through the box represents the median value. 

 

In detail, at 15 and 50 years, the MOEd decrease significantly as the tree DBH increases. Generally, 

lower values of MOEd always occurred in trees characterized by larger diameters, while higher values 

occurred in the first years of growing up. Furthermore, at 25 years old, the maximum tree productivity 

was observed. Particularly, at the age of 15 years-old and for trees characterized by diameters higher 

than 15 cm, the velocity of the tree growth induced a significant decrease of the MOEd values.  

Moreover, the MOEd values decreased as the tree diameters increase: this trend is uniform at 15-

years, with significant differences observed between the smallest and largest trees. 

Similar results were obtained in the stand of 50-years, but without a uniform trend: the MOEd values 

decreased with significant differences in trees for diameters lower than 20 cm and higher than 35 cm. 

According to Romagnoli et al. (2014), a threshold was observed near the diameter 35 cm, where a 

decrease in the mechanical performance occurred if compared with trees of 25 to 30 years.  
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Our results demonstrated that in the stand of 25 years-old and, to a lesser extent, in the coppice of 30 

years-old, the MOEd values aligned, making the wood quality almost uniform.   

Furthermore, in this study has been shown that tree age plays an important role in ring-porous species 

such as chestnut, affecting the relationship between ring width and density, as already demonstrated 

by Adamopoulos et al., (2010). 

We can then underline that, even if chestnut coppices are harvested at a specific and fixed age, the 

tree diameters are often site-specific. Therefore, implications on the overall wood quality (i.e., density 

and mechanical properties) can be also significant. For this reason,  the coppicing should be discussed 

and revised in order to maximize the wood quality, taking into account not only the tree age, but also 

the diameters at harvest (Genet et al, 2013). 

4. Conclusions 

In chestnut coppices, the main aim of the silvicultural practices applied is linked to the improvement 

of the overall wood quality, obtaining materials in a reasonable time-span.  

This study proved that the silvicultural practices applied to coppice stands can affect the wood quality 

of chestnut: higher tree age often mean less wood quality. We verified, through innovative and non-

destructive methods, that different tree ages can affect the wood quality, demonstrating that the 

differences occurring across the years can be successfully identified by the MOEd.  

The obtained results can give a valid decision support system for stakeholders, since they often 

require quick and effective predictors for assessing the wood quality. Therefore, postponing the 

cutting cycles with regards to the ongoing cycles prescribed by the low, would have benefits both in 

terms of productivity, wood quality and landscape conservation. 
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Chapter 5 

5.1 Conclusions and Future Perspectives 

This study provided interesting information useful to highlight the importance of the non-distructive 

methods for the evaluation of the wood quality. Our results demonstrated that, for Calabrian pine 

stands, the effect of silvicultural practices on the properties of wood can be successfully identified by 

the stress wave tecqniques that give as output the MOEd values. Furthermore, here it was proved that 

MOEd values may be predicted by easily recordable variables in the field. More specifically, for 

Calabrian pine, different intensities of thinning can affect the wood quality and, therefore, the final 

obtainable woody products. Furthermore, it was found that mixed-species stands of Beech and 

Calabrian pine in Southern Italy might represent a positive example for improving the overall wood 

quality of both the species, at least in Mediterranean mountainous forest ecosystems. It could be 

interesting deeply verify if, in these harsh environments, the mixture could also increase the overall 

forest stand stability and the efficiency in the resources use. 

Moreover, the dendrometric approaches, combined with the use of the acoustic measurements (wood 

quality), allowed also to verify if significant variations on the length of the cutting cycle could alter 

and / or modify the wood quality in chestnut forests, with significant consequences on the final market 

value. This approach was then implemented, also evaluating the final quality of the retractable 

assortments, in relation to the different size classes and the cutting cycle.  

Finally, this study implemented a predictive model useful for determine the wood quality through dat 

sampling easily recordable in the field. In detail, it permitted to verify if the tree age classes and 

assortments could give the best possible quality to the final product.  

Further investigation could be planned in the future, focusing also on other tree species, typical of the 

mountainous Mediterranean forest ecosystems. These approaches might permit the implementatation 

of more accurate models, useful to further improve the woody supply chain and the related 

economical incomes in the inner areas. 
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5.2 Factors affecting the research performance 

This research, however, is subject to several limitations. The first is the experimental design, while, 

the second limitation concerns the instruments utilized and the characteristics of the tree sampled. 

The research was conducted in a geographic area with omogenous caracteristics (slope, esposition, 

altitudine and climate). The geographic location plays a role in the properties of wood. For example, 

Palmer et al. provide a map of the variation in density (related to stiffness) of radiata pine in New 

Zealand, where large differences can be observed with geographic location (Palmer at al., 2013). This 

variation has been suggested to be related to factors such as mean air temperature, rainfall, and soil 

chemistry such as total soil phosphorus (Watt et al., 2008). 

This study was focused on the measure of wood stiffness on different forest species, by using the 

speed of sound based on timeofflight (TOF) method. The speed of sound in wood is related to a 

number of factors including mechanical properties, moisture content, temperature, and variations in 

grain angle. It has been reported that TOF methods sometimes overestimate the stiffness when 

compared to bending and resonance techniques. Few studies have used the TOF technique to measure 

the stiffness on logs (Legg and Bradley, 2016). However, this technique is rarely used for measuring 

the stiffness of logs since it is considered to be less accurate than the acoustic resonance techniques, 

leading to an overestimation of stiffness (Legg and Bradley, 2016). TOF acoustic velocity tools have 

also been developed for measurements of the stiffness of seedlings and juvenile trees in breeding 

studies (Matheson et al., 2008; Divos, 2010) 

The longitudinal MOE and the density of a log, when dried, increases from pith outward toward the 

bark (Grabianowski et al., 2006). However, this effect is offset to some degree by the higher moisture 

content at the core of the log than in the outerwood. The results in the longitudinal wave velocity 

increasing from pith to bark (Grabianowski et al., 2006; Krauss and Kúdela, 2011), though not as 

much as might be expected from dry wood density alone (Andrews, 2000). The acoustic velocity is 

also reported to decrease with height up the tree stem (Chiu et al., 2012; Wang et al., 2013). However, 

some studies have reported that the longitudinal acoustic velocity in radiata pine initially increased 
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to a maximum a few meters up the tree and then decreased with height (Andrews, 2000; Waghorn et 

al., 2007). 

Reaction wood within the tree stem can also cause variations in acoustic velocity measurements 

(Cown and McConchie, 1980). Moreover, variations in the occurrence of knots/branches and spiral 

grain, can also reduce the measured velocity in the sampled trees (Jones and Emms, 2010; Searles, 

2012). 

Gerhards (1982) showed that the wave front of an acoustic signal tends to follow the grain and flow 

around knots, potentially resulting in measurements of reduced acoustic velocity. The acoustic 

velocity has also been reported to have a negative correlation with diameter at breast height (DBH), 

when tree age is the same (Lasserre et al., 2004). Other studies showed that this correlation of DBH 

and stiffness, and hence velocity, can be inconsistent due to variations in growth rates between 

different locations (Legg and Bradley, 2016). Wind exposure appears to have an effect on the stiffness 

of trees (Grabianowski et al., 2004). Also, the acoustic velocity increases with tree age. Studies have 

shown that there is a good correlation of stiffness measurements made using the TOF technique and 

other methods, such as bending and resonance (Mahon et al., 2009). TOF velocity measurements, 

however, are considered less accurate than those obtained using the acoustic resonance technique 

(Chiu et al., 2012). TOF techniques produce stiffness measurements that are overestimated compared 

to those obtained using acoustic resonance and bending techniques. Furthermore, the fact that the 

signal used in the TOF technique propagated to a relatively short distance (about a meter) compared 

to that used for resonance (many reflections from the ends of log), has been attributed to TOF 

measurements being more sensitive to errors resulting from local inhomogeneousness in the wood 

properties and measurement errors (Legg and Bradley, 2016).  Variations in results have also been 

reported with individual hammer hits. In this study, this limit is compensated for by averaging over 

multiple measurements, as reported by Wang, 2013. 

Several studies provided data indicating that TOF velocity measurements are more closely correlated 

with outerwood MOE than that of the corewood. Grabianowski et al. (2006) made TOF 
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measurements of lumber at different positions in logs. They found that TOF acoustic velocity 

measurements had a higher correlation to resonance velocities in the outerwood than in the corewood.  

Studies have found that the TOF method provides measured values of MOE which are higher than 

those obtained using resonance for standing trees and logs (Grabianowski et al., 2006; Gonçalves et 

al., 2011; Chiu et al., 2012). The overestimation of TOF, when compared to the resonance velocity, 

has also been reported to occur even if the TOF velocity measurements were made from pith to pith 

at each end of the measured log (Dickson et al., 2004). Yin et al. (2010) and Chiu et al. (2012) 

reported that dynamic MOE values obtained using both TOF and resonance were higher than static 

MOE calculated using bending tests, though the resonance value was closer to the static values. 

Several papers have stated that the presence of bark on a tree stem can cause the measured resonance 

velocity on a log to be lower than it would be without bark and thereby cause an underestimation of 

the MOE of a log. As example, Lasserre et al. (2007) showed that the values of MOE obtained using 

resonance measurements with and without bark were, respectively, on average 38% and 33% lower 

than MOE values obtained using TOF with the bark on the tree stem. 

Legg and Bradley (2016) have reported that MOE values obtained using TOF techniques have higher 

correlation with outerwood MOE than that closer to the.  However, other studies have reported that 

the overestimation also occurs in thin timber samples (Legg and Bradley, 2016). 

Furthermore, silvicultural practices or environmental conditions could affect the wood stiffness 

(Lasserre et al., 2004; Watson, 2013).  

Several study mention the use of acoustic methods for stiffness measurements of tree stems; however, 

they do not focus in any great detail on this topic and may be in need of updating. Literature reviews 

have been published on the stiffness of wood (e.g. Bailleres et al., 2009), but they have not specifically 

focused on the use of acoustics. Wang (2013) reviewed studies relating to differences in measured 

stiffness that were obtained for acoustic velocity measurements made on standing trees and logs. 

However, no papers and books are available to have a full/extensive review specifically on the use of 

acoustics for measuring the stiffness of wood: so that, many doubts still remain. 
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Abstract: In the middle of XIX century, Calabrian pine was planted in southern Italy to increase the
forest cover in mountainous areas. Many of these forest stands were never managed, since they
were considered non-profitable for wood production. Therefore, in order to promote timber value, it
is fundamental to study, more deeply, the characteristics and management options for this species.
The acoustic technologies applied to predict the mechanical and physical properties of timber are
well-established practices in forest research. In this study, we hypothesized that the tree stand density
could influence the dynamic modulus of elasticity (MOEd) and, therefore, the future wood quality.
We specifically aimed to verify if different management options, when applied, could influence
the timber quality of Calabrian pine growing in similar environmental conditions. The study was
conducted in the Aspromonte National Park (Calabria, Southern Italy). We derived the MOEd values
from data obtained by the acoustic velocity measured through the TreeSonic™ timer. Calabrian
pine trees were selected in stands where different intensities of thinning were applied eleven years
before this study began (no thinning, thinning 25%, thinning 50%, and thinning 75%). The percentage
refers to the number of trees cut with respect to the total number of occurring trees. The analyses
were conducted on a total of 804 trees (201 trees for each intensity of thinning). A strong positive
correlation was observed between the acoustic velocity, the thinning treatments and diameter at
breast height (DBH). The thinning realized at 25% induced better tree wood quality. We also analyzed
the best predictors for MOEd estimation, using variables easily measurable in the field, such as tree
diameter, tree height, or their transformations (number of trees per hectare, basal area per hectare).
We provide, here, a useful tool for predicting the wood stiffness in relation to stand parameters easily
measurable in forest inventories.

Keywords: Pinus nigra Arnold subsp. calabrica; thinning intensity; Mediterranean mountain forests;
acoustic velocity; modulus of elasticity; predictors for wood quality

1. Introduction

In Southern Europe, the Calabrian pine (Pinus nigra Arnold subsp. calabrica) occurs mainly in Italy
(Calabria and Sicilia) and in France (Corsica). In Southern Italy, Calabrian pine forests are strongly
related to the complex geological history, lithological and climatic characteristics, and also to the long
history of human exploitation of the related forest stands [1]. In the past, Calabrian pine has provided
valuable timber useful for building houses and vessels, as well as offering resinous substances (pitch)
employed for a variety of purposes [2].
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This species is particularly common in Sicily and on the Etna Volcano, but is mainly found
in the Sila and Aspromonte National Parks in Calabria Region. Calabrian pine covers an area of
approximately 114,000 ha, mostly characterized by pure stands of natural origin and plantations.
The latter originated from extensive reforestation projects carried out between 1950 and 1970 on the
basis of a specific Italian state law [3]. These plantations were realized with the aim of reducing
the hydrological risk in mountainous areas, but also for facilitating the natural succession toward
mixed forests with a significant component of deciduous species [4]. Together with soil and watershed
protection, Calabrian pine has an important role in the local forest economy. In order to increase
the economic value of these forests, the best silvicultural options should be selected and adopted
at stand level, to achieve specific objectives. Therefore, different management practices and related
intensities can change the tree species composition and richness and, also, the stand density and
tree age distribution [5]. Moreover, management practices can increase the quality and quantity
of merchantable timber, reducing also the risks derived from diseases and forest fires [6,7]. Forest
management is aimed to create a vigorous stand, increasing tree growth and developing structural
characteristics useful for timber production. Furthermore, thinning activities can also favor the creation
of new habitats for wildlife, favoring the occurrence of healthy and vigorous forests [8].

Thinning activities control the forest stand density, improving the growth of the remaining trees [9]
based on sustainable approaches [10], and decreasing, also, the tree mortality rates from a long-term
perspective [11]. Thus, selective thinning should be encouraged for proper and sustainable forest
management, supporting the forest stability, productivity, and quality.

Furthermore, forest management can determine variation in the physical and mechanical
properties of harvested wood, both at stand and tree level [12]. For this reason, the identification of
certain wood properties that can increase timber quality is essential, as it is important to select the best
forest management options to improve wood quality.

Wood quality can be described as a set of characteristics that make woody materials economically
valuable for their end uses [13]. Briggs and Smith [14] defined wood quality as “a measure of the
aptness of wood for a given use”. These properties can include, for example, the wood density, the
uniformity in tree ring size, the percent of knot-free wood, and the proportion between early wood
and late wood.

The objective evaluation of the wood quality and quantity is then critical for quantifying the
productive value of a forest [15,16]. For this purpose, several non-destructive technologies (NDTs)
have been developed in the past years to evaluate the quality of woody materials. For example,
at belowground level, (mini) rhizotrons and ground-penetrating radar allows for evaluating tree
rooting distribution and growth [17,18]. Moreover, at aboveground level, NDT measures allow for
evaluation of the mechanical and technological properties of standing trees [19–22]. More specifically,
stress wave-based non-destructive acoustic techniques have been extensively investigated during the
past few decades [23], resulting in very useful methods for predicting the mechanical properties of
woody materials.

The use of stress wave-based non-destructive tests is relatively common in the forest-to-mill
woody supply chain in Australia [24] and in North America [25,26], while it is less common in
Europe. Specifically, research developments [27] in acoustic sensing technology can, nowadays, permit
the estimation of wood quality and intrinsic woody properties for standing trees, stems, and logs.
The information derived from NDT measures could be used to sort and grade trees and logs according
to their suitability for different end uses, such as structural products, advanced composites, pulp, and
paper, and also for bioenergetics purposes.

Among the parameters measurable by acoustic methods, one of the most important is the
modulus of elasticity of wood (MOE). The MOE, also known as wood stiffness, is essentially one of the
fundamental wood quality parameters and measures the resistance to deflection [28]. For example, it
is important since some woody products, such as laminated veneer and dimension lumber, require
stiff and strong woody properties [29].
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The recent literature has focused on determining whether stress wave techniques could be used to
determine wood quality [30]. Several studies shown a good relationship between the stress wave-based
modulus of elasticity (MOE) and the static MOE of lumber cut from logs [31,32]. This methodological
approach is also applied to determine the relationships between the environmental conditions,
silvicultural practices, and wood fiber properties [33]. The modulus of elasticity and the density
of the woody materials strongly affect the acoustic properties of wood [34]. One of the most important
mechanical properties, measurable by NDT methods, is Young’s modulus, i.e., the modulus of elasticity
(MOEd), which describes the material’s stiffness.

Many portable instruments have been developed to measure the wood stiffness of standing trees,
logs, and sawn timber using acoustic technology [35]. These instruments are able to measure the speed
at which an induced sound (stress) wave propagates through a woody sample, which is proportional to
its stiffness [36]. When the stress is applied to the wood surface, the generated disturbance propagates
through the wood as stress wave. Several studies have hypothesized that the characteristics of the
resulting wave are related to the mechanical properties of the wood [37,38].

Stress wave propagation in wood is a dynamic process correlated to several factors, such as the
stand developmental stage [39], genetic characteristics [40,41], and also the silvicultural activities and
their intensities [42]. More specifically, the quality and properties of wood are generally affected by
silvicultural practices, especially the anthropic control of stand density. Silvicultural practices might
not only increase the biomass production of trees, but also improve the quality and the related physical
and mechanical characteristics of the wood in trees [43,44].

Furthermore, some authors have reported how high thinning intensities adversely influence the
patterns of tree ring width and the tree competitive position within a forest stand [45–47].

Wang [48], examining the effect of thinning treatments on the wood quality of radiata pine, found
that trees were characterized by higher acoustic velocity and stiffness mostly occurred in uncut stands
and in forests characterized by light and medium intensities of thinning, whereas the lowest values
occurred in stands that received the most intensive thinning approaches.

In Southern Italy, Todaro and Macchioni [43] and Proto et al. [16] showed a significant
improvement of wood properties induced by a medium thinning operation for Douglas fir and
Calabrian pine trees, respectively. Moreover, Cown et al. [49] and Barbour et al. [50] reported that
heavy thinning approaches caused a slight decrease in wood density for radiata pine and Douglas fir.
Finally, Wang et al. [51] indicated that heavy thinning induced the creation of more woody knots and
larger-diameter knots than the medium thinning, or where no thinning had been applied.

The general objective of this study was the evaluation of the wood mechanical properties for
Calabrian pine trees occurring in a forest stand located in the “Aspromonte” National Park (Calabria,
Southern Italy) using innovative non-destructive methods (stress wave techniques). In detail, the
evaluation of wood quality was carried out through acoustic measurements useful for assessing the
MOE. Specifically, we hypothesized that different intensities of thinning can influence the wood
quality of Calabrian pine trees. Three areas characterized by different management options as well
as a no-thinning area, as control, were assessed. They were characterized by similar environmental
conditions, such that the only discriminating parameter was the applied silviculture.

Furthermore, we also verified if the MOEd values may be predicted by easily recordable variables
such as tree diameter (D), height (H), H/D ratio, or their transformations (number of trees per hectare,
basal area per hectare).

2. Materials and Methods

2.1. Study Area and Experimental Design

The study area was located in Zervò (Municipality of Santa Cristina d’Aspromonte), in the context
of the Aspromonte National Park (Calabria Region—38◦14′30” N; 16◦01’09” E), at an elevation of
1100 m a.s.l. The climate is temperate, with an annual mean temperature of around 10 ◦C and minimum
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monthly means of 3 ◦C (coldest month) and 17 ◦C (warmest month), respectively. The annual rainfall is
1508 mm, with minimum precipitation occurring in summer, but is, however, unevenly distributed over
the year (Meteorological station of Santa Cristina d’Aspromonte—980 m a.s.l.). According to Pavari’s
phytoclimatic classification [52] the study area belongs to the Castanetum/Fagetum zone. The whole
area is characterized by gently undulating slopes with northeast exposure and soils developed from
high-rank metamorphic rocks, such as schist and biotitic gneisses, and classified according to the IUSS
WRB [53].

The investigated forest stands are plantations of Calabrian pine which were established in 1968,
with a planting density of 2000 trees per hectare (2.0 m × 2.5 m). In 2007, at the age of 39 years, the
whole plantation has been subject to different intensities of thinning, following a randomized block
experimental design with three intensities of thinning repeated three times. Moreover, a portion of the
stand was not characterized by cutting and considered as control. Then, twelve plots in total were
considered in the field measurements. Each block had an extension of 5 hectares (Figure 1).
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Figure 1. Location of the study area in Southern Italy (Calabrian Region) and the applied
experimental design.

The treatments (intensity of thinning) can be described as follows: (1) No thinning (T0—Control);
(2) Thinning where the 25% of the occurring trees were cut (T25); (3) Thinning where the 50% of the
occurring trees were cut (T50); (4) Thinning where the 75% of the occurring trees were cut (T75).

2.2. Field and Laboratory Activity

In 2018, eleven years after the thinning operation (age of the plantation: 50 years), 804 trees were
selected in total. Particular care was taken to select trees in good vegetative conditions, with canopies
well separated from each other and referring to the dominant tree layer. The 804 trees were distributed
between three blocks containing the four treatments, containing 201 trees for each treatment (67 trees
for each replicate).

The diameter at breast height (DBH) and height of trees were measured. Moreover, for each tree,
the acoustic wave tests were conducted at breast height. The measurements were conducted from June
to July 2018, in order to reduce the effect of air humidity which could affect the obtained results [54].
More specifically, the relative air humidity was measured in the study area during the sampling period
1 m above the ground, using a HOBO1 Pro RH/Temp Data Logger (Onset Computer Corporation,
Pocasset, MA, USA).

The system used for measuring acoustic velocity was the TreeSonic™ (Fakopp Enterprise, Agfalva,
Hungary), a tool which has already applied in other studies [55]. This tool is characterized by an
handheld hammer and two probes, a transmitting accelerometer, and a receiving accelerometer.
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The operation consists in the insertion of two sensor probes (a transmit probe and a receiver probe)
into the sapwood, introducing, then, the acoustic energy into the tree through a hammer impact.
The probes were aligned within a vertical plane on the same face. In our study, a 1.00 m testing span
was roughly centered at breast height. The lower probes were placed about 60 – 70 cm above the forest
floor. Three measurements were realized for each selected tree and the average of the three recordings
was used as the final transit time. In order to measure the acoustic velocity wave, the start and stop
sensors were driven at a 45◦ angle through the bark and into the wood of the standing tree [56]. Indeed,
the TreeSonic™ was developed to operate in the longitudinal direction of the tree. The acoustic velocity
was then calculated from the span between the two sensor probes and the time-of-flight (TOF) data
using the following formula (Equation (1)):

CT = S/TOF, (1)

where CT = tree acoustic velocity (m/s), S = distance between the two probes (sensors) (m), TOF = time
of flight (s).

For determination of the MOEd, it was necessary to determine the wood density. A subsample of
trees was selected, considering trees where the TOF was also measured. In detail, woody cores were
extracted, bark to bark, at breast height (1.30 m) with a Pressler borer from trees, referring to each of
the diameter classes occurring in the different treatments (three cores for each treatment and diameter
class). The fresh weight and volume of the tree cores were measured in the laboratory. Samples were
then weighed to the nearest 0.01 gram with an electronic scale. Oven drying of all samples was done
at 105 ◦C to constant weight. Density (kg m−3) was calculated by dividing the dry weight with the
fresh sample volume.

Afterwards, it was possible to calculate the modulus of elasticity (MOE), according to the following
equation (Equation (2)):

MOEd = WDij · CT2, (2)

where WDij = tree wood density (kg m−3), shared by diameter class (i) and treatment (j); and
CT = velocity (m s−1).

The MOE estimated using the above cited formula [57] is called the dynamic modulus of elasticity
(MOEd) [58], since the stress wave propagation in wood is a dynamic process and internally related to
the physical and mechanical properties of the wood [51].

2.3. Statistical Analysis

The preliminary shape indexes (skewness and kurtosis) were calculated, and the Shapiro–Wilk
test was performed to evaluate the distribution of the acquired data. Afterwards, the analysis of
variance (ANOVA), based on a scheme of randomized blocks (four treatments repeated three times),
was carried out to test the differences in MOEd values obtained among the four treatments and in
relation to the occurring diameter classes. The significance level of the differences was tested using
Tukey’s method. When the significance level (p-value) was ≤ 0.05, the null hypothesis was rejected
and significant differences in the means were accepted.

For the estimation of the MOEd, the following parameters (easily measurable in the field) were
considered as predictors: diameter at breast height (DBH), height (H), height/diameter ratio (H/DBH),
basal area (BA), stand density (number of trees per hectare) and their mutual interactions.

As a preliminary analysis, the correlations between these variables and the MOEd were analyzed
using the Spearman correlation coefficient (r). Subsequently, the analysis was carried out by comparing
different transformations and combinations of the variables correlated with the MOEd, suitable for
expressing the relationship between MOEd and the above cited variables. The process involved
regression analysis with a stepwise procedure (in each step, a variable was considered for addition
to or subtraction from the set of explanatory variables based on F-tests). We then evaluated the fit of
the final model using and analyzing the value of root mean square error (RMSE) and the coefficient
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of determination (R2) value. Finally, the Shapiro–Wilk test was used to verify the normality of the
error distribution.

Data analysis were carried out using the statistical software R version 3.2.5 [59].

3. Results

The relative air humidity measured in the study area during the sampling period ranged from
39% to 56%. For each treatment, the main measured structural parameters and the derived values of
stand density and basal area are reported in Table 1. The skewness and kurtosis values, as well as the
Shapiro–Wilk test (SWT), revealed that all the attributes were characterized by normal distribution.
Tree diameters varied from about 25 to 32 cm, while tree heights showed similar values (19–20 m).

Table 1. The main parameters measured and the related structural characteristics for the four treatments
analyzed (DBH: diameter at breast height; H; total tree height; N ha−1: number of trees per hectare; SD:
standard deviation; SWTsig: p-values of the Shapiro–Wilk Test).

Treatments Parameters Mean SD Skewness Kurtosis SWTsig

T0 DBH (cm) 24.9 6.07 0.228 −0.408 0.106
H (m) 18.84 2.83 0.447 0.483 0.112

Stand density (N ha−1) 1977 134 0.468 −0.62 0.125
Basal area (m2 ha−1) 95.9 7.16 −0.873 0.024 0.095

T25 DBH (cm) 26.7 8.19 0.352 0.242 0.053
H (m) 20.03 2.76 0.298 0.237 0.131

Stand density (N ha−1) 1548 77 0.045 −0.938 0.096
Basal area (m2 ha−1) 86.88 11 0.049 −0.965 0.364

T50 DBH (cm) 26.4 8.73 0.646 1.001 0.064
H (m) 20.05 3.65 −0.326 0.042 0.055

Stand density (N ha−1) 939 49 0.676 1.055 0.118
Basal area (m2 ha−1) 51.45 4.28 −0.451 −0.579 0.247

T75 DBH (cm) 32.5 9.96 0.444 −0.46 0.217
H (m) 21.1 3.68 −0.503 0.399 0.146

Stand density (N ha−1) 514 29 −0.281 −0.684 0.214
Basal area (m2 ha−1) 42.67 3.05 0.194 −0.544 0.079

Figure 2 reports the variability and the distribution of the wood density in relation to the type of
treatment and the different diameter classes.
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Table 2 shows the stress wave times and the related mechanical properties (wave velocity and
MOEd) for the sampled trees in relation to the different silvicultural treatments. Moreover, the tree
wood density (on average) is also shown.

Table 2. Tree wood density, stress wave time, and mechanical properties for the sampled trees among
the different treatments considered (SD: standard deviation; MOEd: dynamic modulus of elasticity).
Means in the same column followed by the same letter are not statistically different at p ≤ 0.05 (Tukey
test).

Treatments
Tree Wood Density

(kg/m3)
Stress Wave Time

(µs)
Wave Velocity

(m s−1) MOEd (MPa)

Mean SD Mean SD Mean SD Mean SD

T0 563 30.2 282.5 b 48.0 3637.9 d 465 7206.2 c 1699.9
T25 550 35.5 257.0 c 27.0 3959.7 ab 397 8487.5 b 1695.4
T50 538 28.2 245.2 cd 22.0 4141.6 a 371 9275.8 a 1717.5
T75 529 27.4 344.5 a 90.8 3090.1 c 681 5371.9 d 2242.2

With reference to the stress wave time, significant differences were recorded among the different
intensities of thinning (F3;794 = 134.24; p ≤ 0.001), while no difference between blocks (F2;794 = 2.012;
p = 0.134) were observed. The treatment characterized by the higher thinning intensity (T75) revealed
a longer stress wave time (344.5 µs), also differing significantly with respect to all other conditions:
T75 was about 22% and 40% higher than T0 and T50, respectively. Moreover, each treatment differs
significantly in stress wave time from all the others, except T25 and T50, which had similar values.

The wave velocity is positively correlated to the thinning intensities, up to the T50 treatment
(Table 2); afterwards, it significantly decreased for the higher thinning intensity (T75) (F3;794 = 174.55;
p ≤ 0.001). No differences between blocks (F2;794 = 1.579; p = 0.207) were observed.

In Figure 3, the variation of the wave velocity in relation to the tree diameter classes is reported
for each treatment.

Forests 2019, 10, x FOR PEER REVIEW 7 of 16 

 

(kg/m3) (m s−1) (MPa) 
Mean SD Mean SD Mean SD Mean SD 

T0 563 30.2 282.5b 48.0 3637.9d 465 7206.2c 1699.9 
T25 550 35.5 257.0c 27.0 3959.7ab 397 8487.5b 1695.4 
T50 538 28.2 245.2cd 22.0 4141.6a 371 9275.8a 1717.5 
T75 529 27.4 344.5a 90.8 3090.1c 681 5371.9d 2242.2 

With reference to the stress wave time, significant differences were recorded among the different 
intensities of thinning (F3;794 = 134.24; p ≤ 0.001), while no difference between blocks (F2;794 = 2.012; p = 
0.134) were observed. The treatment characterized by the higher thinning intensity (T75) revealed a 
longer stress wave time (344.5 μs), also differing significantly with respect to all other conditions: T75 
was about 22% and 40% higher than T0 and T50, respectively. Moreover, each treatment differs 
significantly in stress wave time from all the others, except T25 and T50, which had similar values.  

The wave velocity is positively correlated to the thinning intensities, up to the T50 treatment 
(Table 2); afterwards, it significantly decreased for the higher thinning intensity (T75) (F3;794 = 174.55; 
p ≤ 0.001). No differences between blocks (F2;794 = 1.579; p = 0.207) were observed. 

In Figure 3, the variation of the wave velocity in relation to the tree diameter classes is reported 
for each treatment. 

 

Figure 3. Wave velocity in relation to the diameter classes for each intensity of thinning. DBH: 
diameter at breast height. For Control, F6;191 = 3.371; p = 0.006; for T25, F8;189 = 0.658; p = 0.728; for T50, 
F9;188 = 1.600; p = 0.118; for T75, F8;189 = 2.330; p = 0.021. 

In the control plots, the wave velocity tends to decrease as the tree diameters increase; more 
specifically, the 45 cm diameter class had significant lower values when compared to all other 
diameter classes. No significant differences were observed between diameter classes for T25 and T50. 
On the contrary, the wave velocity values were the lowest for the T75 treatment, revealing significant 
differences also between diameter classes. 

Furthermore, Figure 4 shows the MOEd values obtained for all the sampled trees in each 
intensity of thinning. 

Figure 3. Wave velocity in relation to the diameter classes for each intensity of thinning. DBH: diameter
at breast height. For Control, F6;191 = 3.371; p = 0.006; for T25, F8;189 = 0.658; p = 0.728; for T50,
F9;188 = 1.600; p = 0.118; for T75, F8;189 = 2.330; p = 0.021.

In the control plots, the wave velocity tends to decrease as the tree diameters increase; more
specifically, the 45 cm diameter class had significant lower values when compared to all other
diameter classes. No significant differences were observed between diameter classes for T25 and
T50. On the contrary, the wave velocity values were the lowest for the T75 treatment, revealing
significant differences also between diameter classes.
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Furthermore, Figure 4 shows the MOEd values obtained for all the sampled trees in each intensity
of thinning.Forests 2019, 10, x FOR PEER REVIEW 8 of 16 

 

 
Figure 4. MOEd values obtained for all the sampled trees. Different colors refer to the four intensities 
of thinning. 

Generally, for each tree, lower values always occurred in T75, while higher values occurred in 
T25 and T50. The analysis of variance (ANOVA) showed a significant effect of the thinning intensity 
on MOEd values (F3;794 = 170.82; p ≤ 0.001). Table 2 shows that the MOEd was significantly higher in 
T25 (on average, equal to 8487 MPa) and T50 (on average, 9275 MPa) than in T0 (on average, 7206 
MPa) and T75 (on average 5371 MPa). Furthermore, the MOEd values for treatment T75 were always 
lower than in the T0 (Table 2). No difference between blocks was observed (F2;794 = 1.574; p = 0.208). 
Furthermore, the analysis of variance showed a significant effect of the diameter classes on MOEd 
values for the thinning intensities T0 and T75, while no significant effects were observed in treatments 
T25 and T50 (Figure 5).  

 
Figure 5. Dynamic modulus of elasticity (MOEd) in relation to the diameter classes for each intensity 
of thinning. For Control, F6;191 = 3.371; p = 0.006; for T25, F8;189 = 0.658; p = 0.728; for T50, F9;188 = 1.600; p 
= 0.118; for T75, F8;189 = 2.330; p = 0.021. 

The MOEd values decrease as the diameters for T0 increase, with significant differences 
observed between the smallest and largest diameter classes. On the contrary, for the T25 and T50 
treatments, the MOEd values were not significantly different when the diameter increased (Figure 
5). The thinning, especially in the T25 treatment and, to a lesser extent, in the T50 treatment, had the 
effect of aligning the MOEd values, making the wood quality uniform in each diameter class. On the 

Figure 4. MOEd values obtained for all the sampled trees. Different colors refer to the four intensities
of thinning.

Generally, for each tree, lower values always occurred in T75, while higher values occurred in T25
and T50. The analysis of variance (ANOVA) showed a significant effect of the thinning intensity on
MOEd values (F3;794 = 170.82; p ≤ 0.001). Table 2 shows that the MOEd was significantly higher in T25
(on average, equal to 8487 MPa) and T50 (on average, 9275 MPa) than in T0 (on average, 7206 MPa) and
T75 (on average 5371 MPa). Furthermore, the MOEd values for treatment T75 were always lower than
in the T0 (Table 2). No difference between blocks was observed (F2;794 = 1.574; p = 0.208). Furthermore,
the analysis of variance showed a significant effect of the diameter classes on MOEd values for the
thinning intensities T0 and T75, while no significant effects were observed in treatments T25 and T50
(Figure 5).
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Figure 5. Dynamic modulus of elasticity (MOEd) in relation to the diameter classes for each intensity
of thinning. For Control, F6;191 = 3.371; p = 0.006; for T25, F8;189 = 0.658; p = 0.728; for T50, F9;188 = 1.600;
p = 0.118; for T75, F8;189 = 2.330; p = 0.021.

The MOEd values decrease as the diameters for T0 increase, with significant differences observed
between the smallest and largest diameter classes. On the contrary, for the T25 and T50 treatments, the
MOEd values were not significantly different when the diameter increased (Figure 5). The thinning,
especially in the T25 treatment and, to a lesser extent, in the T50 treatment, had the effect of aligning
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the MOEd values, making the wood quality uniform in each diameter class. On the contrary, for the
T75 treatment, the MOEd values not only were significantly lower than the T0, T25, and T50 treatments,
but they also varied significantly with the increase of diameters.

In analyzing the best predictors for the estimation of MOEd, the applied analysis showed
correlations between MOEd and DBH (r = 0.011), between MOEd and H (r = 0.040) and between MOEd
and H/D (r = 0.033) that were not considered significant. On the contrary, significant correlations
emerged between the MOEd and the stand density (r = 0.474) and basal area (r = 0.217).

Therefore, a model that allows for computing the MOEd as a function of the stand density
(number of trees per hectare) and basal area (m2 per hectare) was applied. According to the stepwise
regression procedure, the variables were combined in the following model (Equation (3)):

MOEd = β0 + β1·
1

BA
+ β2·SD + β3·SD2 + β4·SD3, (3)

where BA = basal area per hectare; SD = number of trees per hectare.
Figure 6 shows the variation of the MOEd in relation to the number of trees per hectare for different

basal areas. The analysis covered a basal area lapse ranging from 40 to 70 m2 ha−1. The MOEd curve
is lower for high values of basal area (70 m2 ha−1) and higher when basal area values decrease
(40 m2 ha−1). The root mean square error (RMSE) was 1850.69 MPa and R2 was 0.368. Moreover, the
Shapiro–Wilk normality test (W = 0.9614; p = 0.096) confirmed the absence of deviation from normality.
Furthermore, Table 3 reports the statistical values obtained by the application of the Equation (3).
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Table 3. Statistical parameters obtained in the model and their significance (BA: basal area; SD: number
of trees per hectare; T: results of the Student t-test).

Model Coefficients Standard Error of
Coefficients T Significance

(Constant) −11895.537 1349.925 −8.782 p < 0.0001
1/BA 227408.509 44672.651 5.068 p < 0.0001

SD 31.669 2.538 12.458 p < 0.0001
SD2 −0.018 0.002 −7.941 p < 0.0001
SD3 0.00000281 0.000 5.371 p < 0.0001

4. Discussion

The obtained results demonstrate how the effect of silvicultural practices on wood quality can be
successfully identified by measurement of MOEd.
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The MOEd values recorded in standing trees were significantly influenced by thinning intensities,
since they determined significant variations in MOEd values with respect to the control. Specifically,
the T25 and T50 treatments produced significant benefits in terms of wood quality, while a higher
thinning intensity (T75) induced a significant decrease of the MOEd, even lower than the control.
The strong diametric increment induced by the intensive thinning probably resulted in a less-stiff
mature wood, resulting in a significant loss of wood quality.

On other hand, many authors confirmed that wood quality and intrinsic wood properties are
generally affected by thinning [16,60,61], especially by stand density [62,63]. In this study, density
values were measured on a subsample, rather than all, of the trees. This could lead to slight variations
in MOEd values, but should not compromise the obtained results. In Southern Italy, Todaro and
Macchioni [43] also found a significant variation of wood properties caused by thinning operations in
a Douglas fir forest.

Generally, in the management of forest stands, it is common to apply a strong intensity of
thinning in order to obtain a high assortment of diameters [64]. However, our results show that these
assortments are of a lower quality compared to those derived from moderate intensities of thinning.

It is also interesting that the increase in the MOEd values from T0 to T25 is more sustained
than the increase in MOEd from T25 to T50. This indicates that light thinning has a significant and
positive effect on the wood quality, while increasing thinning intensities are always less significant.
On the other hand, the T25 treatment had a positive effect on MOEd, both at the stand level and at the
diametric class level, making the MOEd values almost equal for each diameter class. On the contrary,
in the T0 and T75 treatments, we observed a decrease in wood quality when diameters increased.
Other studies conducted on trees of the same age for different conifers (Sitka spruce (Picea sitchensis
Bongard, Carrière, 1855), western hemlock (Tsuga heterophylla (Raf.) Sarg.), jack pine (Pinus banksiana
Lamb.), ponderosa pine (Pinus ponderosa Douglas ex C. Lawson), and radiata pine (Pinus radiata D.
Don) [65,66]) reported that the stress wave velocity was higher for trees with a slower growth rate or
narrower rings.

The results obtained here are interesting on the basis of their practical and scientific applications,
since they can provide useful silvicultural indications: the application of moderate thinning can favor,
at least for the Calabrian pine, the formation of woody materials of good quality, regardless of the tree
size from which the assortments are obtained.

More specifically, the MOEd values increase as the number of trees rise, up to 1200–1500 trees
per hectare: this tree density seems to be the optimal value for obtaining the best woody materials for
Calabrian pine. Briggs [67] showed that the tree acoustic velocity measured in Douglas fir increases as
tree age rises, and decreases with increasing DBH; moreover, it is affected by the initial stand density.

Furthermore, higher values of basal area, when the number of trees and tree age are similar,
determine lower values of the MOEd. We can then observe that a rapid diameter increment can
negatively affect the wood quality.

In Douglas fir forests, Zhang [68] and Todaro and Macchioni [43] also reported that large trees
deriving from higher growth rates would generally produce wood of lower stiffness. Furthermore,
Chauhan and Walker [69] showed how, in fast-growing trees of radiata pine, the increased diameter
with its larger second moment of inertia induced a lower tendency for high material stiffness; moreover,
for trees of the same age, slow-growing trees tend to have a high stiffness, helping to sustain the
trees under various environmental disturbances. Furthermore, Lasserre et al. [70] have observed that
outerwood stiffness increases dramatically with stocking (and so with smaller tree DBH).

The low values of MOEd therefore appeared to be associated to a higher growth rate in trees,
which adversely affects the specific gravity as well as the wood’s strength and stiffness. Younger wood
is lower in specific gravity and stiffness, while fast-growing wood has a larger diameter core of juvenile
wood [71].

The moderate thinnings not only increase the biomass production of trees [72–74], but also
improve the wood quality in trees, as highlighted in this study. However, Nakamura [75], using
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ultrasonically induced waves to assess the wood quality in larch trees, had already observed significant
differences in the wave velocity and in MOEd values for forest stands characterized by different
density some decades ago. In addition, Wang [48], assessing the effect of thinning treatments on
the technological properties of Sitka spruce trees in southeast Alaska, showed that trees with higher
acoustic velocity and stiffness were mostly found in forest stands that were uncut and/or slightly
thinned, while the lowest values were found in stands subjected to high intensity thinning.

These results are encouraging, and indicate that the time of flight in the acoustic technologies
may be applied, in the future, to monitor the wood property changes in forest stands. The technology
can also be used to determine how silvicultural treatments affect the wood and fiber properties;
consequently, the most effective treatment can be selected for maximizing the wood value, improving
the timber quality of future plantations [22]. Finally, the precision of the acoustic technology has been
strongly improved: nowadays, the tree quality, but also the intrinsic wood properties, can be predicted
and correlated with the economic value of the final products [33].

In this study, the model developed can be used as a decision support system useful for the
woody supply chain: the determination of the MOEd is fundamental for the final end uses of the
woody products.

However, even if many studies have been carried out for estimating the MOEd through various
non-destructive tests [76,77], few of them have, in any case, examined the relationships between MOEd
and the stand structural features (e.g., stand density, DBH, total tree height, tree taper).

Gorman et al. [78] confirmed that the stress wave velocity is not affected by knots and other
defects; nevertheless, it is important to underline that this method only measures the sound velocity
within the outermost growth tree rings.

Furthermore, we identified, here, the most useful variables for predicting the MOEd, based on
stand and tree characteristics in Calabrian pine.

In accordance with other studies [16,79–81], significant relationships between the dendrometric
parameters and MOEd values were found. However, the relationships between MOEd and stand
density, which showed a decrease in MOEd at high stand density, have not been previously described.
While the MOEd always decreased with higher basal area, MOEd only decreased from a certain
number of trees per hectare. However, in addition to the stand density (number of trees per hectare
and basal area), the tree diameter classes could be considered for explaining the MOEd values in trees,
as also already highlighted by Lei et al. [81]. Finally, as some of these stand structural features are
commonly measured in forest inventories we provide, here, a useful tool for predicting the wood
stiffness in relation to the tree and stand characteristics measured in the field. This approach allows for
determination of the wood quality directly from inventory data.

However, the model used is site- and species-specific since, in other silvicultural systems, the
implemented equation can differ. In any case, a pioneer of forest modeling [82] confirmed that no single
model can be expected to be the “best” for all the conditions which are common in forest prediction.

5. Conclusions

This study showed that silvicultural practices might not only increase biomass production, but
also improve the wood quality in trees. We verified here, through innovative and non-destructive
methods, that different intensities of thinning can influence the wood quality of Calabrian pine trees in
Southern Italy. Our results demonstrated that the effect of silvicultural practices on the properties of
wood can be successfully identified by stress wave MOEd. Furthermore, we proved that MOEd values
may be predicted by easily recordable variables in the field.

More specifically, for Calabrian pine, different intensities of thinning can affect the wood quality
and, therefore, the final obtainable woody products. We also demonstrated that using a low intensity
of thinning could be the best option for obtaining woody materials of good quality, regardless of
the tree size from which the assortments derive. The results obtained are encouraging, since they
demonstrate the potential of the non-destructive acoustic technique to determine the influence of
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thinning treatments performed on Calabrian pine. However, it could be interesting to also test the
same methodological approach on other tree species and in different ecological contexts.

Finally, we tested a useful tool for predicting the wood stiffness in relation to tree and stand
characteristics commonly measured in the field. This approach allows for determination of the wood
quality directly from inventory data, even if the model used is site- and species-specific and the
implemented equation can differ in other silvicultural systems.
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Abstract: Mixed-species forests may deliver more forest functions and services than monocultures,
as being considered more resistant to disturbances than pure stands. However, information on wood
quality in mixed-species vs. corresponding pure forests is poor. In this study, nine plots grouped
into three triplets of pure and mixed-species stands of European beech and Calabrian pine (three
dominated by European beech, three dominated by Calabrian pine, and three mixed-species plots)
were analysed. We evaluated tree growth and wood quality through dendrochronological approaches
and non-destructive technologies (acoustic detection), respectively, hypothesizing that the mixture
might improve the fitness of each species and its wood quality. A linear mixed model was applied to
test the effects of exogenous influences on the basal area index (BAI) and the dynamic modulus of
elasticity (MOEd). The recruitment period (Rp) was studied to verify whether wood quality was
independent from stem radial growth patterns. Results showed that the mixture effect influenced both
wood quality and BAI. In the mixed-species plots, for each species, MOEd values were significantly
higher than in the corresponding pure stands. The mixture effect aligned MOEd values, making
wood quality uniform across the different diameter classes. In the mixed-species plots, a significant
positive relationship between MOEd and Rp, but also significantly higher BAI values than in the pure
plots, were found for European beech, but not for Calabrian pine. The results suggest the promotion
of mixing of European beech and Calabrian pine in this harsh environment to potentially improve
both tree growth and wood quality.

Keywords: TreeSonic; MOEd; forest productivity; dendrochronology; recruitment period;
Aspromonte National Park

1. Introduction

Mixed-species forests may deliver forest functions and services more effectively than
monocultures [1,2], particularly in threatened mountain environments [3] and in man-made
mixed-species forests. Therefore, their spread is an important option to adapt European mountain
forests and forestry to future disturbances and extreme events [4]. Mixed-species forests may show
less temporal variation in growth and more stable productivity in comparison with pure stands, due to
reduced tree species competition for resources [5–13]. Nevertheless, contradictory mixed-species effects
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on tree growth have been found under conditions favouring drought stress or in dry years [14–16].
Gebauer et al. [17] observed that stand-level canopy transpiration was not higher in mixed broad-leaved
forests than in pure European beech stands and that the spatial complementarity in root water uptake
of mixed-species stands could be masked by edaphic conditions preventing the vertical stratification of
species-specific root systems. An increase in the frequency and severity of drought events, as predicted
for the coming decades [18,19], will have dramatic implications for the resilience of Mediterranean
mountain ecosystems, particularly in the case of forest stands with a simplified vertical structure [20].
Indeed, species-specific functional traits and allometric relations can be more important for stand water
use than tree species diversity per se. Therefore, more insight into species mixing, structural diversity
and forest dynamics is essential for modeling risk assessment and forest functions aimed at fostering
alternative silvicultural practices in harsh environments.

Although mixed-species stands can be more productive in comparison with monocultures [21–24]
up to 30% [25], site conditions, stand age, and tree species interactions affect these responses [26,27].
Focusing on the causes of differences in tree growth and stand productivity between mixed-species and
pure forests, most research addressed environmental settings and relationships with climatic conditions,
species composition, mixture type, and stand age [28–36]. Indeed, few studies exist on the quality and
value of wood produced in mixed-species vs. corresponding pure stands [37]. Information on how
wood quality can be affected in relation to tree species composition is essential for decision making in
adaptive forestry, especially where forest planning and thinning activities favour the occurrence of
mixed-species stands [27].

Liu et al. [38] showed that spacing and thinning experiments in pure stands highlighted the strong
effect of the surrounding spatial stand structure on tree growth and morphology and, ultimately, wood
structure and timber quality. Chomel et al. [39] demonstrated that, in mixed-species plantations, mixing
hybrid poplar and white spruce might increase the wood production of poplar in comparison with
monocultures of either poplar or white spruce. Battipaglia et al. [40] showed a considerable increase in
cumulative basal area and in intrinsic water use efficiency in mixed-species stands of pedunculate oak
and Italian alder, largely resulting from an increase in N fixation, which levelled off, when natural
mortality or management practices decreased the competitive ability of Italian alder. In addition to
stand productivity and water use efficiency, species mixtures with structural stratification may also
enhance individual-tree growth rates and stem quality of species in the upper canopies, minimizing
the proportion of taller species that reach the highest production [6,41].

Forest management practices oriented to obtain mixed-species stands potentially determine
variation in the physical and mechanical properties of the harvested wood, both at stand and tree
level [42]. Nevertheless, although mixed-species forestry is gaining popularity in Europe [10,43], a
greater understanding of the differences in wood quality between mixed-species vs. corresponding
pure stands is needed. In the last decades, the evaluation of wood quality has been preferentially based
on non-destructive technologies (NDTs) [44]. More specifically, stress wave-based non-destructive
acoustic techniques resulted in very useful methods for predicting the mechanical properties of woody
materials [45]. Nowadays, acoustic sensing technology allows for the estimation of wood quality and
intrinsic woody properties for standing trees, stems and logs. Among the parameters measurable by
acoustic methods, the most important is the dynamic modulus of elasticity (MOEd), being related to
wood anatomy and tree physiology. This parameter can be used for the evaluation of wood quality,
providing information on the stiffness of material [46,47].

In this study, the wood quality term refers to the use of wood in the field of construction. The wood
properties that determine the structural requirements are defined by indicators, such as strength grades,
that depend on knottiness, stiffness and density of the wood [48]. These parameters are commonly
used worldwide to define strength grades [49]. With reference to stiffness, the dynamic modulus of
elasticity (MOEd) is considered a good predictor, so as to be used as a proxy variable for assessing
the wood quality and, in particular, its stiffness [50]. As a matter of fact, profound implications for
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wood properties and utilization derive from the growth and ecophysiological responses of trees to
environmental conditions.

We focused on two important tree species, European beech (Fagus sylvatica L.) and Calabrian pine
(Pinus nigra Arnold subsp. calabrica), widespread in mountainous forest ecosystems of Southern Italy;
European beech is a late-successional broadleaved tree species, here occurring in its southernmost
ecological limit, whereas Calabrian pine is an early-successional conifer, providing timber of high
quality. In the Calabrian Apennines, these species occur in both pure and corresponding mixed-species
stands, which may help test the effects of mixture on tree growth and wood quality in a drought-prone
environment. Our study comprises nine plots grouped into three triplets of pure and mixed-species
stands of European beech and Calabrian pine (three dominated by European beech, BP, three dominated
by Calabrian pine, PP, and three mixed-species plots, MBP), in the Aspromonte National Park. The three
stands grow in the same environmental conditions and show similar structural traits. We hypothesized
that the mixture effect may improve the physiological fitness of each species and, thus, the wood quality.
The specific objectives of the study were to: (Q1) evaluate the wood quality (MOEd), (Q2) analyse
tree growth patterns through the basal area index (BAI), and (Q3) highlight potential relationships
between wood quality and tree growth, in mixture vs. monocultures. In particular, we tested whether
(i) the mean wood quality in mixed-species and corresponding pure stands are equal, (ii) the mean
BAI in pure and mixed-species stands are equal, and if (iii) the wood quality and tree growth patterns
are independent.

2. Materials and Methods

2.1. Study Area

The study area is located in the Aspromonte National Park, Calabria (Southern Italy), near the
village of Bagaladi (RC). The climate is temperate, with an annual mean temperature of around 8 ◦C
and minimum and maximum monthly means of 0.5 ◦C (coldest month) and 16 ◦C (warmest month),
respectively. Annual precipitation is 1611 mm unevenly distributed over the year (Meteorological
station of Gambarie d’Aspromonte—1187 m above sea level (a.s.l.).

The study is based on nine plots (each with an extension of 5000 m2 and square shape), grouped
into three triplets of pure and mixed-species stands of European beech and Calabrian pine, using a
randomized block design. Plots within each block were randomly assigned to the units. Each triplet,
extended over 1.5 ha, contains two monospecific plots, dominated by European beech (BP) or Calabrian
pine (PP), and one mixed-species European beech—Calabrian pine stand (MBP). The pure stands
were selected if the target species represented ~90% of the stand basal area. The mixed-species stand
was defined as the stand in which the two species together represented at least ~80% of the total
stand basal area and the sum of the basal area of other species was lower than that of each of the two
studied species. In order to quantify the mixing effects, the pure stands were used as reference for the
mixed-species stand.

Plots are located in similar environmental conditions in terms of environmental settings
(topography, slope, substrate) and climatic conditions. Soils developed from igneous and metamorphic
rocks and are classified as Umbrisols, Cambisols and Leptosols [51], with an udic soil regime moisture.
Further details on the main environmental conditions characterizing the study site are reported in
Table 1.

These forest stands are of natural origin, with a dominant age ranging from 70 to 120 years old.
They evolved naturally in the last 70 years. However, these forests (approximately until the Second
World War) were cut following a management approach based on the “selection cutting” criteria, in
which few trees were cut approximately every 20 years in the same forest section [52]. This type of
management has preserved the typical forest landscape by maintaining a continuous forest cover,
determining a stand structure consisting of clusters of trees in different age classes. These clusters are
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the result of the natural regeneration occurring in the gaps opened by the selection cutting previously
applied [52].

Table 1. The main geographical features of the investigated triplets located nearby the village of
Bagaladi, RC (Aspromonte National Park).

Triplet 1 Triplet 2 Triplet 3

Latitude (N) 38◦06′50.53” 38◦05′54.59” 38◦06′15.69”
Longitude (E) 15◦51′53.25” 15◦50′37.72” 15◦51′23.37”
Exposure (◦) 59 59 59

Altitude (m a.s.l.) 1521 1511 1497
Slope (◦) 28 30 34

2.2. Tree Sampling and BAI Analyses

In 2017, in order to derive the dendrometric variables at the stand level, the nine plots were fully
inventoried. The diameters at breast height (DBH) and the total heights (Ht) of all trees were measured.
Tree volume was calculated using the equations derived for the prediction of the aboveground tree
volume [53]. Canopy dominant/co-dominant trees were targeted for sampling (coring and measuring
MOEd) and were selected through a stratified random sampling, in relation to the frequency of the
diameter classes at the plot level. In detail, in each monospecific stand (BP and PP), 30 dominant
trees per species were cored, while 60 dominant trees were cored (30 for European beech and 30 for
Calabrian pine) in MBP. For each selected tree, two increment cores were collected at breast height and
at an angle of 120◦ to each other. Particular care was taken to select trees with canopies well separated
from each other. Moreover, to avoid the effect of wood alteration and exogenous disturbances on tree
ring growth, only trees without abrasion scars or other visible evidence of injury were selected. Cores
were then mounted on channeled wood, seasoned in a fresh-air dry store and sanded a few weeks later.
Ring widths were measured with a resolution of 0.01 mm using the LINTAB measurement equipment
(Frank Rinn, Heidelberg, Germany) fitted with a Leica MS5 stereoscope (Leica Microsystems, Wetzlar,
Germany). Tree ring widths were then statistically cross-dated and verified with the software TSAP
software package (version 4.81c) and COFECHA (version 6.06) [54]. Once all measurement series were
validated, tree-ring chronologies were developed for each species. Subsequently, tree ring widths were
converted into tree basal area increment (BAI), according to the following standard formula:

BAI = π
(
r2

n − r2
(n−1)

)
where r is the radius of the stem at breast height and n is the year of tree-ring formation. In order to
examine the mean growth trend for the sampled trees, BAI for each year was averaged over all the
individuals for removing the variation in radial growth attributable to the increasing tree circumference.

The latest fully built tree ring valid for our analysis was related to 2016. We considered only the
tree-ring chronologies starting from 1900, because few trees had rings formed before the year 1900.

2.3. Wood Quality

In order to evaluate the wood quality, acoustic wave tests were conducted at breast height on
the same 120 trees from which the woody cores were collected. In order to reduce the effect of air
humidity [55], the tests were carried out in the summer of 2017, from June to July.

TreeSonic (FAKOPP TreeSonic™ Fakopp Enterprise, Agfalva, Hungary) [44,56] was used for
measuring the acoustic velocity. It is characterized by a hand-held hammer and two probes, a
transmitting accelerometer and a receiving accelerometer. The system consists in the insertion of two
sensor probes (a transmitting probe and a receiving one) into the sapwood, applying acoustic energy
into the tree stem through hammer impact. The probes were aligned within a vertical plane on the
same face. In our study, a 1.00-m testing span was roughly centered at breast height. The lowest probe
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was placed about 60–70 cm above the forest floor. Three measurements were realized for each selected
tree and the average of the three recordings was used as final transit time. In order to measure the
acoustic velocity wave, the start and stop sensors were driven at a 45◦ angle through the bark into
the wood of the standing tree [57]. Acoustic velocity was determined on the upstream side of the tree
(according to standard procedure), the same side where the stem diameter was measured. The acoustic
velocity (CT) was then calculated from the span between the two sensor probes and the time-of-flight
(TOF) data, using the following formula:

CT = S/TOF (1)

where CT = tree acoustic velocity (m/s), S = distance between the two probes (sensors) (m),
TOF = time-of-flight (s).

The wood density of each measured tree was also determined on the woody cores. The fresh
weight and volume of the tree cores were measured in the laboratory. Woody samples were weighed to
the nearest 0.01 g with an electronic scale. After ring width measurements, the woody cores were dried
in oven at 105 ◦C, to constant weight. Density (kg m−3) was calculated by dividing the dry weight by
the fresh volume.

Afterwards, it was possible to calculate the modulus of elasticity (MOE), according to the following
equation:

MOEd = WDi × CT2; (2)

where WDi = tree wood density i (kg m−3) and CT =velocity (km s−1).
When MOE is estimated using the above formula, it is termed dynamic modulus of elasticity

(MOEd) [58], as the stress wave propagation in wood is a dynamic process, internally related to the
physical and mechanical properties of wood [59].

2.4. Relationship between Wood Quality and Tree Growth

In standing trees, the stress wave propagation is affected by tree stem diameter, wood travel distance
and internal wood conditions [60]. Furthermore, the mean tree values of timber grade-determining
properties (elastic modulus, bending strength, and wood density) are related to the acoustic velocity
and tree slenderness. Signals are transferred through the whole stem, depending on stem diameter:
when smaller is the diameter, then the signal is more transferred inside the stem [61]. In this study, we
used the tree final growth time to evaluate the relationship between wood quality and tree growth,
in order to verify if the wood quality was independent from tree growth. In detail, the final growth
time is given by the number of radial rings included in the outermost 2.5 cm of the sampled trees.
This parameter is called “recruitment period” (RP), which indicates the number of years needed to
pass from a diameter class xi to the largest class xi + 5, assuming classes of 5 cm [62]. Therefore, for
each sampled tree, we counted the number of rings contained in the last 2.5 cm.

2.5. Statistical Analysis

The data collected were characterized by a nested structure and they were not independent from
each other: in detail, an inter-correlation among samples occurred, since they were referred to the same
triplets, and the single tree ring chronologies belonged to one single tree. Therefore, an analysis based
on a linear mixed model was used, including both fixed and random effects. We then set up the model
functions to test the effect of mixing on tree ring width (expressed as BAI) and on the MOEd. The linear
mixed models incorporated the triplet identifier as a random effect, thus considering both the mixing
effect (expressed as percentage of basal area of the examined species of beech or pine, compared to the
total area) and the nested structure of the data. The initial model included the following independent
variables: basal area, stem DBH, tree height, tree age. A stepwise procedure (in each step, a variable
was considered for addition to or subtraction from the set of explanatory variables based on F-tests)
eliminated all variables, except for the basal area, the only variable that had a significant effect on
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the dependent variable. Therefore, the below model, based only on mixing effect and the nested
design of data, was applied to evaluate if significant differences on BAI between mixed-species and
corresponding pure stands occurred:

BAIi j = β0 + β1 ×Mixi j + u j + εi j

where BAIij is the mean of the basal area increment per tree i on triplet j, β0 is the intercept, Mixij is the
fixed effect describing the quantification of the mixing effect (expressed as % basal area) on tree BAI for
tree i on triplet j, uj is the random effect for triplet j and εij is the error term. Moreover, the following
model was used to analyse the effect of both mixture and tree ring width (expressed as recruitment
period) on wood quality (MOEd values), incorporating the triplet identifier as a random effect:

MOEdi j = β2 + β3 ×Mixi j + β4 ×RPi j + u j + εi j

where MOEdij is the wood quality of tree i on triplet j, RPij is the recruitment period of tree i on
triplet j, examined as the main effect. For the linear mixed-effect model analysis, the nlme package
for the R programming language [63] was used. In addition to the linear mixed-effect models, the
Mann-Whitney Test for independent-sample (U-Test) was also used to compare the average MOEd
values and the average BAI values between mixed-species and pure stands. More specifically, the
U-test is a non-parametric test and requires no assumptions.

3. Results

Table 2 shows the main structural and dendrometric characteristics of the studied stands, while
in Table 3, the age, the wood density, the acoustic velocity and the MOEd for the sampled trees are
reported. Forest structure did not differ markedly among the studied stands. Analysis of variance
(ANOVA) showed no significant differences among plots in stand density (F3/6 = 1.020; p = 0.447),
tree DBH (F3/6 = 0.329; p = 0.805), basal area (F3/6 = 2.104; p = 0.201) and stand volume (F3/6 = 2.208;
p = 0.188). The number of trees per hectare varied from 743 in the pure European beech plots to 873 in
the mixed-species plots. The tree volume ranged between 773 m3 ha−1 in the pure European beech
plots and 876 m3 ha−1 in the mixed-species plots.

Table 2. Structural traits obtained for the investigated triplets. Mean values and the related standard
deviation (in bracket) are reported.

Stand Density
(N. Trees ha−1)

Tree DBH
(cm)

Tree Height
(m)

Basal Area
(m2 h−1)

Stand Volume
(m3 ha−1)

Beech pure 743 (155.7) 33.2 (2.8) 24.2 (2.2) 64.3 (4.6) 772.7 (41.5)
Pine pure 754 (96.3) 35.6 (4.4) 23.1 (0.8) 75.1 (10.4) 857.6 (160.9)

MBP-B 470 (75.9) 28.3 (2.3) 18.8 (1.3) 29.6 (6.3) 277.0 (31.1)
MBP-P 403 (74.1) 40.3 (9.6) 23.6 (5.1) 51.4 (14.1) 599.1 (90.7)

Table 3. Tree age, wood density, acoustic velocity, and MOEd values obtained for the two studied
species in the pure and mixed-species stands (SD: standard deviation; MOEd: dynamic modulus of
elasticity).

Stands
Tree Age
(Years)

Wood Density
(kg m−3)

Wave Velocity
(m s−1)

MOEd
(MPa)

Mean SD Mean SD Mean SD Mean SD

Beech pure 69 41 658 28.4 3841.7 382.4 9523.2 1738.1
Pine pure 97 38 562 27.6 3823.4 427.5 8056.6 1358.2

MBP-B 127 33 653 30.1 4253.0 349.3 11583.0 2212.6
MBP-P 103 21 555 25.2 4066.4 370.6 8999.8 2132.6
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Tree age differed between the pure European beech plots (on average 69 years) and the European
beech trees sampled in the mixed-species plots (on average 127 years) (Table 3). By contrast, Calabrian
pines occurring in the pure and mixed-species plots revealed no significant differences in tree age (on
average 100 years).

For both tree species, MOEd values were significantly higher in MBP than in BP and PP, as
confirmed by the Mann-Whitney test applied for independent-samples (Figure 1). MOEd was 21.6%
and 10.7% higher in MBP than in BP and PP, respectively. Further, considering the different diameter
classes investigated, MOEd values were always higher in MBP than in BP and PP.Forests 2019, 10, x FOR PEER REVIEW 7 of 18 
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Figure 1. MOEd values in the pure and mixed-species stands for European beech (Mann-Whitney Test,
Z = −6.491, p < 0.001) and Calabrian Pine (Mann-Whitney Test, Z = −3.134, p < 0.010).

Analysis of variance (ANOVA) showed a significant effect of the diameter classes on MOEd for
BP and PP. As the diameter classes are not independent, the Kruskal–Wallis test was also used [64],
which confirmed the significant effect of the diameter classes on MOEd. MOEd decreased as tree DBH
increased, with significant differences observed between the smallest and the largest diameter classes.
On the contrary, no significant differences were observed in MBP (Figure 2). The mixture of species had
the effect of aligning MOEd values, both for European beech and Calabrian pine, making wood quality
more uniform for each diameter class. In contrast, in the pure stands, MOEd values were significantly
lower than in MBP, also varying significantly as tree DBH increased.
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mixture were always higher than in BP. Later, a similar trend was observed, until 1990. In the last 
period (1990–2016), BAI values were again higher in MBP. In the period 1900–2016, BAI always 
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Figure 2. Dynamic modulus of elasticity (MOEd) in relation to the diameter classes for European beech
and Calabrian pine growing in the pure and mixed-species stands. European beech in the mixed-species
stand: F12;18 = 1.255, p < 0.322; for European beech in the pure stand: F12;18 = 2.461, p < 0.050; Calabrian
pine in the mixed-species stand: F12;18 = 0.774, p < 0.669; Calabrian pine in the pure stand: F11;19= 2.621,
p < 0.050.

Figure 3 shows the BAI values obtained for European beech and Calabrian pine. In general, BAI
increased over time (at least up to a determined year) in both species. Overall, trees revealed higher
BAI in MBP than in BP and PP. However, until 1980, BAI values of European beech growing in mixture
were always higher than in BP. Later, a similar trend was observed, until 1990. In the last period
(1990–2016), BAI values were again higher in MBP. In the period 1900–2016, BAI always increased in
MBP, while it gradually decreased in BP, from 1990. For Calabrian pine, BAI values were higher in
MBP than in PP, considering the period 1900–1960. Later, for about 20 years (1960–1980), an opposite
trend was observed, with a higher BAI in PP. Furthermore, for 1980–2016, a consistent decrease of BAI
values was observed for Calabrian pine, both in MBP and PP.
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Figure 3. BAI values for European beech and Calabria pine growing in the pure and mixed-species
stands. Values were considered starting from 1900.

Figure 4 reports both the variability and the average of BAI values for European beech and
Calabrian pine growing in the pure and mixed-species stands. For European beech, the BAI variability
was higher in MBP, while for Calabrian pine in PP. European beech growing in mixture had a
significantly higher BAI values than in BP (+65%, 30.6 vs. 18.5 cm2, on average, p-value < 0.001). Yet,
Calabrian pine growing in mixture revealed higher BAI values than in PP, although not significantly
(+11%, 21.1 vs. 19.1 cm2, on average, p-value = 0.0563).
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Figure 4. BAI values (mean values) in the pure and mixed-species stands for European beech (linear
mixed-effect, p < 0.05, R2 = 0.437; Mann-Whitney Test, Z = −4.345, p < 0.0001) and Calabrian pine
(linear mixed-effect, p = 0.271, R2 = 0.078; Mann-Whitney Test, Z = −1.928, p = 0.0563).

In Table 4, results obtained through the application of the linear mixed model are shown. The site
identifier was considered as a random effect. The mixture significantly influenced European beech
(p = 0.015), but not Calabrian pine (p = 0.601).
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Table 4. Values achieved with the application of the linear mixed-effect model, considering the “triplet”
as random effect. The influences of the fixed effects (BA%, RP) on the response variables “basal area
increment” (BAI) and “dynamic modulus of elasticity” (MOEd) were examined. Significant variables
are reported in bold.

Model Value t-Value p-Value R2

European beech (BAI) 0.502
Intercept 17.623 7.720 <0.0001
Mix (BA) 0.358 4.047 0.0155

Calabrian pine (BAI) 0.015
Intercept 19.299 8.126 <0.0001
Mix (BA) 0.028 0.567 0.6009

European beech (MOEd) 0.278
Intercept 5114.401 4.191 0.0000

RP 210.252 4.119 0.0001
Mix (BA) 76.434 3.353 0.0285

Calabrian pine (MOEd) 0.045
Intercept 6487.034 6.291 <0.0001

RP 83.52 1.833 0.0684
Mix (BA) 23.23 2.079 0.1061

Figure 5 shows the values of the recruitment period (RP) for European beech and Calabrian pine,
which invariably decreased as DBH increased. For European beech, RP was lower in MBP than in BP,
though with lessening differences as DBH increased. Calabrian pine growing in PP had, for the first
diameter classes, a slightly lower RP than in MBP, at least for the first diameter classes. Then, the trend
was the opposite and the differences tended to increase, though not for the DBH of about 90 cm.
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the largest class xi + 5 cm.

Finally, in Figure 6, variations of MOEd as RP changes are shown. In each stand, MOEd tended
to rise as RP increased, even if it revealed higher values in MBP than in BP and PP. In addition, the
relationship between MOEd and RP was stronger in MBP, for both species. However, the analyses
of the linear mixed-effects model underlined that only for European beech, RP (p < 0.0001) and the
mixing effect (p = 0.0285) had a significant role, explaining the largest proportion of MOEd variation
(Table 3). On the contrary, for Calabrian pine, RP (p = 0.0684) and the mixing effect (p = 0.1061) had
marginal effects on MOEd.
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4. Discussion

Results demonstrated how the mixture effect influenced both wood quality and tree ring widths.
In both the pure and mixed-species stands, MOEd values were above the minimum quality threshold
(MOEd > 9000 MPa) [65]. However, in the mixed-species plots, MOEd values were always higher than
in the corresponding pure plots. This difference was more evident for European beech (11583 vs. 9523)
than for Calabrian pine (8999 vs. 8056). Tree age differed between European beech trees sampled in the
pure and mixed species plots, which might have played a role in determining differences in MOEd
values. In the case of Calabrian pine, the differences in MOEd values are less evident, though significant.
As a matter of fact, tree age did not differ between trees sampled in the pure and mixed-species plots.

Eventually, effects on MOEd exerted by the other parameters related to the stand structure (stand
density, basal area, stand volume) could be excluded, since the parameters did not differ significantly
between the pure and mixed-species stands. Several studies showed that, considering other variables
being equal (stand density, stand volume, etc.), the mixture effect could have a role in improving the
resistance and resilience of trees in comparison with the corresponding monocultures [21–24]. Yet, the
mixed-species stands could also be more productive than the corresponding monocultures [26].

Therefore, even with some limitations, a mixture of European beech and Calabrian pine might
have a positive effect on MOEd, not only at the stand level, but also considering the different diameter
classes. In fact, in the mixed stands, the MOEd values were similar for all the diameter classes, in both
species. On the contrary, in the pure stands, we observed a decrease in wood quality as the tree DBH
increased. A combination of a light demanding tree species with one more shade tolerant was probably
the foundation of these results. In other studies, mixed-species stands were found to show higher
light interception and light-use efficiency in comparison with monocultures [10,66–68]. Promoting the
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coexistence of these two species in the present environmental conditions might improve the quality of
wood materials, regardless of the size of trees from which the assortments are obtained.

The MOEd values, strongly related to wood density and acoustic velocity, indicated an overall
higher mechanical stability attained in the mixed-species stands. In fact, wood density is correlated
with timber strength [69], hardness and abrasiveness [48]. Therefore, mixing these species might
provide higher mechanical resistance to natural disturbances, such as windstorms, and higher carbon
sequestration potential in these Mediterranean mountain forest ecosystems. It must be pointed out
that Pretzsch and Rais [49] observed that the wood strength and stiffness could be lower in complex
forests than in homogeneous monocultures, where tree size and shape development progress more
continuously. Yet, Torquato et al. [70], in black spruce forests in Canada, detected lower strength and
stiffness properties in complex stands.

Growing in mixtures induced an increase in tree biomass production, particularly for European
beech, while differences between the pure and mixed-species stands were not significant for Calabrian
pine. In European beech, although environmental conditions did not differ between stands, BAI was
significantly higher in mixture than in monoculture. However, differences between the pure and
mixed-species stands in tree age might also have affected BAI trends. The identification of growth trends
and attribution of their drivers are not easy tasks, and require long-term and spatially-representative
experiments to control the effect of tree size and age, avoiding sampling biases at the various scales.
Indeed, heterogeneous crown structures and the tree size of mixed-species stands might facilitate the
penetration of light into the lower canopy layers [10]. In the studied stands, European beech could take
advantage of growing underneath the relatively transparent canopy of Calabrian pine. On the other
hand, European beech in pure and dense stands develops homogeneous canopy cover, having high
shade tolerance and large canopy expansion. Indeed, European beech growing in monocultures showed
low self-tolerance [71,72], resulting in severe intraspecific competition due to high lateral canopy
expansion [73]. Moreover, other studies reported beneficial effects on European beech productivity
from growing in mixture [74,75]. Condes et al. [76] reported that the productivity of pine-beech
admixtures was generally greater than in the corresponding pure stands. In light of this, admixture of
European beech with Calabrian pine might, therefore, reduce competition or even increase facilitation
processes in this Mediterranean mountain environment. Nevertheless, Conte et al. [16] observed
higher productivity in the pure than mixed-species stands of European beech and Scots pine, in Alpine
environmental conditions. These discrepancies suggest caution in generalizing the positive effects on
European beech productivity from growing admixed with pine species.

However, the complexity of the species interactions, which depends on stand development stage,
stand density and site conditions [26], suggests caution in generalizing these results, since other studies
reported opposite patterns [77]. Equal productivity at the stand level might not necessarily indicate a
neutral behaviour of the two species co-occurring in the mixed-species stands. In fact, species-specific
reactions, at individual or stand level, might counteract and cancel each other with respect to the
stand level productivity [74]. Behind overyielding or underyielding of mixed-species in comparison
with nearby pure stands, as revealed in this study for Calabrian pine and European beech, there is
always a modified supply and uptake, or different use-efficiency, of available resources [24,26,78].
Zhang et al. [21] reported that beneficial effects of admixing provided an overall 25% increase in
productivity across forest types and a 12% increase at European scale in Scots pine—European beech
mixtures [10]. Nevertheless, the mechanisms that might promote complementarity effects, leading to
increased productivity in pine-beech mixtures, are poorly understood, despite the frequent occurrence
and economic importance of these forest types [10].

Values of BAI in Calabrian pine and European beech mixtures, of both species, were generally
greater than in the corresponding pure stands, although significant only in the case of European
beech. European beech, especially in the mixed-species stands, had a constantly increasing BAI in the
investigated time-span, although alternating years of little stem radial growth and years of great stem
radial growth. On the contrary, Calabrian pine revealed a decrease in BAI values in the last 30–40 years.
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Several studies reported that the inter-annual tree growth variability and its dependence on climatic
conditions might be modulated by species composition [4,79–81]. A positive effect of species diversity
on stand productivity, due to complementarity effects, might result in a greater size heterogeneity, with
unknown consequences on the provision of goods and services in pure vs. mixed-species forests. A
reduction in size asymmetry and growth inequality for European beech in mixture with Scots pine was
related to the complementary light ecology of the associated species [10].

At the stand level, light absorption of admixed light demanding and shade tolerant species
might benefit from light-related interactions, including canopy structure, stand density, tree size,
crown architecture, and allometric relationships [82,83]. Nevertheless, in the present Mediterranean
environment, although light-related interactions might contribute to the mixing effect on tree growth
for Calabrian pine, water- and/or nutrient-related interactions might dominate in the mixing effect on
tree growth for European beech [84]. Especially for European beech, we showed that the variability
of BAI was higher in the mixed-species vs. the pure stands. Although this variability might have a
minor role in determining the strength and stiffness of structural timber [49], it might still affect wood
properties, such as the dimensional stability. Nevertheless, we may confirm that (i) wood quality was
higher in the mixed-species than pure stands, (ii) wood quality was dependent on tree growth patterns
and that (iii) the longer a tree took to pass from one diameter class to the next, the better was the wood
quality. However, Genet et al. [85] stated that the way in which tree ring widths and ring wood density
are related to each other would depend on whether the tree is a conifer, ring-porous hardwood, or
diffuse-porous hardwood species.

We found a positive relationship between final growth time and MOEd, in both species. However,
while for European beech MOEd was significantly dependent on tree growth (expressed as recruitment
period), this relationship was not significant for Calabrian pine. In these relationships, MOEd was higher
in the mixed-species than pure stands, for both species. Again, this might depend on species-specific
growth patterns, as well as on technological wood features. However, it must be pointed out that wood
quality of coniferous trees, in comparison with broadleaved species, might be strongly influenced
by forest management practices. In fact, several studies on conifers [59,86–90], including Calabrian
pine [44], showed a reduction in wood quality with increasing spacing and thinning.

Admixture of Calabrian pine and European beech might improve adaptation to rainy winters and
dry summers of the Mediterranean climate, increasing both tree growth and wood quality, especially
for European beech. Several studies showed that mixed-species forests might be more productive
and resistant to disturbances, including drought, than corresponding pure stands [4,79], though
contrasting evidence was also reported [14,16]. In particular, European beech populations from
marginal ecological conditions were found more resistant to drought than those from the core of the
distribution range [91–93], and their admixture with co-occurring drought-tolerant conifers might
serve as benchmark for selecting resilient tree species combinations. Additional insight into the effect
of tree species mixture on wood quality is required to support the entire wood supply chain, from
the integration of wood quality in forest inventories to silvicultural guidelines for decision support
tools. In fact, although structure and function of mixed-species stands are relevant for their role as
supporting services in Mediterranean mountain forests, such as biodiversity conservation and soil
protection, the consequence of structural heterogeneity in admixture on wood quality requires greater
consideration in the future.

5. Conclusions

In the present study, the admixture of Calabrian pine and European beech increased stand
productivity, particularly for European beech, and improved wood quality. Nevertheless, caution
is still needed in drawing general conclusions on the mixture effect on wood quality and stand
productivity, in marginal environmental conditions. Nevertheless, European beech and Calabrian pine
co-occurring in forest stands of Southern Italy should be managed with the aim of improving the overall
quality of wood, which could be promoted by mixing these species. Although any generalization could
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be misleading, the admixture of tree species in these harsh environments might better maintain forest
stability, ensuring also woody products of better quality. These results, though related to marginal
environmental conditions, could be significant to implement and support climate-smart measures for
managing Mediterranean mountain forests.
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