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A research note on developing a novel method for the estimation of 
annual volume increment in standing trees

Ein Vorschlag für eine neue Methode zur Schätzung von 
Jahresvolumenzuwachs an stehenden Bäumen

Tsakaldimi Marianthi1, Petaloudi Lydia-Maria1, Ganatsas Petros1* 
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Abstract

Measuring tree growth rates is an important requirement in many scientific disciplines 
and forest production sector. The assessment of annual volume growth rates in stan-
ding living trees, under ambient field conditions without destroying the tree has so far 
only been conducted with model approaches or by repeated measurements of tree 
dimensions in the field. This research note proposes a novel simple non-destructive 
method for the estimation of annual volume increment in standing trees, based on tree 
ring analysis of sampling of the two increment cores for each targeted tree and simple 
trigonometry rules. The extracted data by the method application can be widely used 
in many forest disciplines, such as forest ecology, silviculture, and forest management.

Zusammenfassung

Die Messung der Baumwachstums ist in vielen wissenschaftlichen Disziplinen und 
im forstwirtschaftlichen Sektor eine wichtige Aufgabe. Die Bewertung der jährlichen 
Volumenwachstumsraten stehender lebender Bäume unter Feldbedingungen ohne 
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Zerstörung des Baumes wurde bisher nur mit Modellansätzen oder durch wieder-
holte Messungen der Baumabmessungen im Feld durchgeführt. Hier zeigen wir 
eine neuartige, einfache, zerstörungsfreie Methode zur Schätzung des jährlichen 
Volumenzuwachses an stehenden Bäumen, die auf der Jahrringanalyse von zwei 
Zuwachskernen pro Baum und einfachen Trigonometrieregeln basiert. Die mittels 
dieser Methoden gesammelten Daten könnten in vielen Forstdisziplinen wie Wald-
ökologie, Waldbau und Waldbewirtschaftung verfügbare Datenquellen ergänzen.

1 Introduction

Forest tree growth is a complicated biological process depending on the species, as 
well as on the environmental and ecological conditions (Bowman et al. 2013), tree in-
dividual competition, stand tending, etc., and varies annually with climate fluctuations 
(Duchesne et al. 2012). Knowledge on tree growth rates over time is a key basic parame-
ter for population dynamics, species interactions and forest science e.g. forest ecology, 
silviculture, forest management, (Pacala et al. 1993; Foster et al. 2016; Toochi 2018; Woo 
et al. 2020). Stem volume estimation is commonly based on the measurements of tree 
diameter and height, two variables that can be easily measured in the field. On the 
contrary, the assessment of annual volume increment of standing trees is extremely dif-
ficult to acquire in the field. Even though diameter annual increment can be accurately 
measured with the core sampling procedure, and annual ring-analysis, the annual tree 
height increment is challenging or even impossible (Ganatsas et al. 2023). Some efforts 
to correlate the tree annual height increment with the rate of diameter increment (e.g., 
Meixner 1978) are generally not widely accepted, since it is no consistent relationship 
between tree diameter increment and height increment (Hasenauer 2006). For tree vo-
lume increment under ambient conditions two basic methods exist: 

i) analytical tree measurements after tree felling, and, 
ii) repeated diameter and height measurements on standing trees in the field (Hasen-

auer and Monserud 1997). 

The first method concerns the known stem analysis method of the felled trees, which 
is the most accurate method, but it is a destructive method for the trees, and very 
time-consuming and expensive method (Dyer and Bailey 1987; Fabbio et al. 1994; 
Hasenauer and Monserud 1997; Kariuki 2002), and thus, it cannot be widely applied. 
Other methods that have been suggested for the estimation of annual tree volume 
growth, based on model approaches (Hasenauer 2006; Clark et al. 2007), even though 
they are commonly used, generally contain great uncertainties. This study develops 
and suggests a new simple and non-destructive method for a reliable estimation of 
stem volume annual increment in standing trees, in the field. The method is based on 
the tree annual ring-analysis from two increment cores taken for each targeted tree, 
and basic rules of trigonometry. 
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2 Material and methods

The execution of the method requires few common forestry scientific equipment, 
which is usually available in a forestry scientific laboratory: Tree hypsometer, com-
mon tape, Pressler’s increment borer or similar equipment, Stereomicroscope or an 
Image analysis system (e.g., WinDENDRO). The estimation of the annual volume incre-
ment of a standing tree is performed in five steps, that are described below. However, 
it can be noted that the method, in fact, consists of an expansion and integration of 
the method developed by Ganatsas et al. (2023) for the estimation of tree height an-
nual increment, and is based on the classical geometry approach that the tree trunk 
shape (in surface projection) is a triangle (Domke et al. 2013). At the first step, a sam-
pling of two increment cores is performed according to Ganatsas et al. (2023) (Figure 
1). The second step includes the measurements of the two sampling increment cores 
in the lab. 

Then, at the third stage, the tree rings for both cores are dated, and pair the two 
radiuses corresponding to the same year (e.g., last year, the year before, etc.) at the 
two sampling height points. The differences between the tree radiuses at the two 
sampling heights (0.5 and 2.0 m) are computed for each year, e.g., AB for the last year t, 
A1B1 for the year before t-1, etc. (Figure 1) (values in meters). By considering the tri-
angle created by the distance between the two sampling points of the tree trunk (1.5 
m) as one vertical side (distance BC in Figure 1) of the orthogonal triangle ABC and 
the difference between the paired tree radiuses (corresponding to the same year) 
as the second horizontal side of the triangle (distance AB (in m) for the current tree 
height), we compute the angle (α) of the triangle, using the typical formula, α equals 
to opposite side of a triangle divided by the adjacent side, which in our case, for a year 
t corresponds to:

α = 1.5/ (RAD – RCE)					     (1)
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Figure 1: Tree stem simulation showing the procedure of sampling the two increment cores at two different 
tree trunk heights (0.5 and 2.0 m). Red line AD shows the tree radius at 0.5 m (RAD), Blue line CE shows the 
tree radius at 2.0 m (RCE). Ht = current tree height, Ht-1 = tree height at one year before, etc. Shaded area 
indicates the stem volume increment (in two dimensions) for the current year.

Abbildung 1: Schematische Darstellung eines Baumes mit zwei Zuwachsbohrkerne entnommen an 
zwei Positionen (0.5 und 2.0 m). Rote Linie AD zeigt den Baumradius in 0.5 m Höhe (RAD), blaue Line 
den Radius in 2.0 m Höhe (RCE). Ht = aktuelle Baumhöhe, Ht-1 = Baumhöhe ein Jahr zuvor. Schraffierte 
Fläche zeigt den Volumenzuwachs (in zwei Dimensionen) für das aktuelle Jahr.

Based on the equation (1), the size of α is computed. Then, based on the size of α, we 
compute the total tree height, as the opposite side of the triangle formed by the total 
dimensions of the tree, named total height for the year t (in m), as vertical side (Ht in 
the Figure 2), and total tree radius at 0.5 m (RAD, in m), as horizontal side. Thus, the 
total tree height in t time (Ht in m) equals to total tree radius (in m) at the point 0.5m 
multiplied by α, plus 0.5:
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Ht = (RAD × α) + 0.5					     (2)

For avoiding any decline in the estimation of total tree height, we simultaneously 
measure the total tree height by a common tree hypsometer, and we check if any 
correction (- or +) is required in the current method, in relation to the real total tree 
height. 

Current volume calculation is performed at the fourth stage. Generally, tree trunk 
treated as paraboloid, cylinder or conoid (Cruz de León 2010; Kushwaha et al. 2021). 
Thus, based on the radius RAD and the estimated Ht form the equation (2), we com-
pute the current tree volume at year t using the general equation for the cone volume 
(in m3) (both parameters’ values in the equation are in m):

Current tree volume Vt = 1/3 × Ht × π × RAD²			   (3)

The same procedure is followed for the next inner annual ring pairs, corresponding to 
the previous years, towards the interior (pith) of the two increment cores, computing 
the angles at years t-1, t-2 … t-n. Tree height estimation at each year is estimated with 
the same way as the equation (2) as tree height of the year t-1 (Ht-1) equals to tree ra-
dius at the year t-1 multiplied by α1 (at the year t-1) plus 0.5:

Ht-1 = (RA1D × α1) + 0.5					     (4)

Thus, similarly to equation (3), tree volume one year before is: 

Vt-1 = 1/3 × Ht-1 × π × RA1D²				    (5)

At the fifth stage, the Annual Tree Volume Increment (ATVI) for the last year is compu-
ted as follows (in m3):

ATVIt = Vt - Vt-1						      (6)

which is indicating by the shaded area (in two dimensions) in Figure 1.

Similarly, the annual tree volume increment for the year before (ATVI t-1) is (in m3):

ATVIt-1 = Vt-1 - Vt-2						      (7)

Following the same procedure for each paired of annual rings (last year, the previous 
year etc.), we reconstruct the whole tree development during its life, similarly to the 
results extracted by the complete stem analysis method, without destroying the tree. 
The two sampling points at tree trunk heights of 0.5 m and 2.0 m are suggested be-
cause at these two heights the core sampling is feasible for a human from the ground. 
If there are opportunities and appropriate facilities, this distance (1.5 m) can be mo-
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dified as suggested by Ganatsas et al. (2023). In that case, the equation that gives the 
value for α takes the form:

α = X / (Rt-1 - Rt-2)						      (8)

where X is the distance (in m) between the two sampling points at year t-1 and t-2, and 
Rt-1, Rt-2 are tree radiuses (in m) from the two sampling points respectively.

3 Limitations of the method

This method assumes that: 

i) the tree volume of standing trees can be estimated using the cone basic equation, 
and 

ii) the tree diameter’s reduction rate with height is relatively uniform throughout the 
tree life span. 

Field testing for the method validation for different tree species would help to provi-
de additional evidence of the accuracy and reliability of the method.
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Importance of tree species composition and forest structure on 
recreational use – a case study for mountain forests in Upper Styria

Die Bedeutung von Baumartenzusammensetzung und der Waldstruktur 
für die Erholungsnutzung – eine Fallstudie für Bergwälder in der 

Obersteiermark

Magdalena Langmaier1,2*, Eduard Hochbichler2, Andrea Payrhuber3,4 

Keywords:	 tree species composition, forest condition, silviculture, 
recreational function, climate change

Schlüsselbegriffe:	 Baumartenzusammensetzung, Waldzustand, Waldbau, 
Erholungsfunktion, Klimawandel

Abstract

The development of rural tourism is closely linked to the recreational function of the fo-
rest and the provision of forest services for recreational purposes. Due to the high share 
of forest cover (about 50 %), Austria features a large number of such "natural" recrea-
tional areas. In rural and urban regions forests are regularly utilized for tourist activities 
such as hiking or mountain biking. Recreational and landscape-based tourism in forests 
has become more attractive in Austria, as in many other parts of Europe. Aesthetical-
ly pleasing, adaptable and functional forests and landscapes are increasingly attracting 
tourism. An example of a region rich in forests with different tree species is the district 
of Murau in Styria, Austria. In this area, there was an ongoing project to promote more 
Larch (Larix decidua) more strongly in mixed stand in order to investigate 
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i) how the forest in its diversity could be placed increasingly at the centre of tourism 
considerations, 

ii) what recreation seekers think about the "tourism product" forest in general and 
iii) which silvicultural strategies and measures are necessary for this. 

Therefore, a quantitative survey was carried out in various hiking areas of the region 
using a standardized questionnaire. The survey took both tourism and forestry aspects 
into account. Of particular interest was the question 'What influence does the tree spe-
cies composition and forest condition have on the recreational function?' The results 
confirm that open mixed stands are very attractive for recreationists. Respondents use 
the forest for low-intensity recreational activities such as hiking and recreation. The forest 
is characterised as quiet, slowly relaxing and can be used for fun, play and exercise.

Zusammenfassung

Die Entwicklung des ländlichen Tourismus ist eng mit der Erholungsfunktion des 
Waldes und der Bereitstellung von forstlichen Leistungen für Erholungszwecke ver-
bunden. Aufgrund des hohen Waldanteils (ca. 50 %) gibt es in Österreich eine große 
Anzahl solcher "natürlichen" Erholungsgebiete. In ländlichen und städtischen Regio-
nen werden die Wälder regelmäßig für touristische Aktivitäten wie Wandern oder 
Mountainbiking genutzt. Der Erholungs- und Landschaftstourismus im Wald hat in 
Österreich, wie auch in vielen anderen Teilen Europas, an Attraktivität gewonnen. Äs-
thetisch ansprechende, anpassungsfähige und funktionale Wälder und Landschaf-
ten ziehen zunehmend den Tourismus an. Ein Beispiel für eine Region, die reich an 
Wäldern mit verschiedenen Baumarten ist, ist der Bezirk Murau in der Steiermark, 
Österreich. In diesem Gebiet gab es ein laufendes Projekt zur stärkeren Förderung der 
Lärche (Larix decidua) in Mischbeständen, um zu untersuchen, 

i) wie der Wald in seiner Vielfalt verstärkt in den Mittelpunkt touristischer Überlegun-
gen gerückt werden kann, 

ii) was Erholungssuchende über das "Tourismusprodukt" Wald im Allgemeinen den-
ken und 

iii) welche waldbaulichen Strategien und Maßnahmen dafür notwendig sind. 

Dazu wurde eine quantitative Befragung in verschiedenen Wandergebieten der Re-
gion mittels eines standardisierten Fragebogens durchgeführt. Die Befragung be-
rücksichtigte sowohl touristische als auch forstwirtschaftliche Aspekte. Von besonde-
rem Interesse war die Frage 'Welchen Einfluss hat die Baumartenzusammensetzung 
und der Waldzustand auf die Erholungsfunktion?' Die Ergebnisse bestätigen, dass 
offene Mischbeständen für Erholungssuchende sehr attraktiv sind. Die Befragten 
nutzen den Wald für Freizeitaktivitäten mit geringer Intensität wie z. B. Wandern und 
Erholung. Der Wald wird als ruhig, langsam entspannend charakterisiert und kann für 
Spaß, Spiel und Bewegung genutzt werden.
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1 Introduction

Forests in all their variations have always been used and valued by people in many 
ways. On the one hand, they provide important resources (timber), fulfil a protective 
function and are a source of income (Stoltenberg, 2009). On the other hand, Austrian 
forests are considered as ‘open access attractions’ by law (everyone is allowed to enter 
private and public forests for recreational purposes (§ 33 ff ForstG). As a consequence, 
the range of activities undertaken in forests is broad (Elands & van Marwijk, 2012), 
which is a challenge for the management of the forests (Oliveira et al., 2015). The 
forest as an ecosystem can be described as an essential basis of life for humans ("At 
the Human-Forest Interface", 2018; Endreny et al., 2017). The forest has many different 
functions and services to fulfil, and sustainable management is of great importance 
for the sustainable development of rural regions. In addition to the ecological and 
economic benefits of sustainable forest management, the social and cultural benefits 
are increasingly gaining value for people (Johann, 2004). From the perspective of so-
cial science forest research there is a two-way interaction with forest ecosystems con-
ditions and people activities. Firstly, the direct effects of human activities that cause 
disturbance and maintenance and affect forest ecosystem processes and functions, 
and secondly, the ecosystem services that the forest provides for human well-being. 
These have the reverse effect, linking people's socio-economic conditions to forest 
ecosystem processes and functions (Ali, 2023).

About 48% of Austria's federal territory is covered by forests, which includes nume-
rous natural and recreational areas (Russ, 2019). Forests in general offer ideal space 
for recreation and relaxation and therefore contribute to human health (Ezebilo et 
al., 2015; Grieshofer et al., 2011). According to Kulczyk et al. (2014), recreation is an 
important contributor to human well-being and an increasing number of people are 
spending their recreational time in forests (Burgin & Hardiman, 2012; Elands & van 
Marwijk, 2012). Forests are not only preferred areas for recreational purposes and re-
lated outdoor activities (Oliveira et al., 2015) they are of significant importance for nu-
merous tourist offers (Breman et al., 2010) and human well-being (Füger et al., 2021).

The range of possible recreational activities in forests is broad. These activities have 
changed from predominantly non-intensive ones, such as walking, relaxation or en-
joying nature, to more intensive ones such as skiing or mountain biking (Burgin & 
Hardiman, 2012; Wilkes-Allemann et al., 2017). The recreational function of forests not 
only benefits the local population but is also strongly demanded by tourists. Both 
winter and summer visitors appreciate Austria especially due to its numerous and va-
ried natural areas (Arnberger et al., 2016). Recreational and landscape-based tourism 
in forests has become more attractive not only in Austria but in many parts of Europe 
(Bell et al., 2009; Mann et al., 2010). 

Another important aspect to be considered in this discussion is the high aesthetical 
value of forests for recreational purposes. The aesthetics of a landscape are important 
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from a tourism point of view because it influences the visitor experience and whether 
and how often people come back (Sheppard & Picard, 2006). Many studies deal with 
the aesthetics of mountain and agricultural regions and how they are beneficial for 
tourism purposes (Grunewald & Bastian, 2015; Liu et al., 2023; Othman et al., 2015; 
Schirpke et al., 2013, 2016). At the same time, there are studies with a focus on forest 
aesthetics and their importance for the tourism sector (Kohsaka & Flitner, 2004; Ribe, 
1989). Some studies are concerned with the forest scenery itself and its effect on vi-
sitors (Jensen, 1999; Oku & Fukamachi, 2006; Petucco et al., 2018; Shelby et al., 2005). 
Some studies have analysed the influence of the structure of the forest on the aesthe-
tics and attractiveness of the forest and whether these differences are important for 
recreational purposes (Carvalho-Ribeiro & Lovett, 2011; Füger et al., 2021; Gundersen 
& Frivold, 2008). 

In contrast to this, the intensive usage of forests for recreational purposes can quickly 
become a burden due to various conflicting interests. The forest itself and wildlife are 
subject to ecological pressure by an increasing number of visitors. Locals and tourists 
who use the forests for recreational purposes are being confronted with an increa-
sing number of people and might not find the recreational value they are looking 
for. According to Breman´s et al. (2010) an increase in conflicts among different user 
groups, such as hikers, cyclists, horse-riders or hunters can be observed. In addition, 
the owners of the forests are often faced with a lack of economic benefits from tou-
rists and other forest visitors (Górriz-Mifsud et al., 2017). 

As a consequence, the increasing exploitation of forests in general and the use of 
forests for recreational purposes in particular, must be brought into a sustainable ba-
lance (Pröbstl & Wirth, 2011). To avoid, or at least decrease the amount of possible 
conflicts, it is important to acknowledge recreational functions in forest management 
(Ezebilo et al., 2015). Especially in hunting areas and forests that are used intensively 
for wood production, forest recreation infrastructure should be managed properly 
(Wilkes-Allemann et al., 2017). Conflicts arise when recreation seekers leave marked 
footpaths and roads (Breman et al., 2010). Although forests and forest roads are used 
for recreational purposes, forest owners are only responsible for the conservation of 
forests and not for the maintenance or provision of such recreational infrastructure 
(Wilkes-Allemann & Ludvig, 2019). 

Other variables such as the degree of "naturalness" of a forest or the environmental 
quality of a forest are important factors for people to enjoy spending time in the 
forest, but it also increases the biodiversity of the forest (Bernasconi & Schrott, 2008; 
Lapin et al., 2021). The percentage of old trees and the presence of natural parks or 
protected areas in a forest are positively linked to the willingness to pay of tourists 
and visitors (Bartczak et al., 2008; Scarpa et al., 2000). 

At the same time, in recent years many forest owners have decided to move from 
intensive forest use to multifunctional forest management, which supports the ab-
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ove-mentioned increasing demand among visitors and tourists for 'naturalness'. The 
backgrounds for these changes in management are different. On the one hand, cli-
mate change will alter the tree species composition in the forest in the coming de-
cades and this will result in new forest patterns (Allgaier Leuch et al., 2017; Reif et 
al., 2010; Wissenschaftlicher Beirat für Waldpolitik, 2021). A possibility to counteract 
this with foresight is to rely on site-appropriate tree species composition, natural re-
generation and different forest structures. (Allgaier Leuch et al., 2017; Wissenschaft-
licher Beirat für Waldpolitik, 2021). And furthermore on the other hand increasing 
number of forest owners are realizing that the shift from pure stocks to mixed forests 
has many advantages (Grilli et al., 2016). Mixed forests have a lower financial risk than 
pure stocks (Knoke et al., 2008). 

The advantages of mixed forests are both higher growth rates (Piotto, 2008) and 
more valuable forests in terms of habitats and biodiversity (Grilli et al., 2016; Liang et 
al., 2016). Liang et al., (2016) show in their study that mixed stands have higher timber 
growth and are more productive than pure stocks. Mixed forests represent a higher 
recreational value for tourists (Grilli, 2014), although the forest itself, for example cer-
tain tree species, is often not of primary interest for visitors. It serves rather as back-
ground scenery for recreational activities such as hiking, mountain biking or other 
sports (Petucco et al., 2018). Furthermore, forest visitors appreciate the peace and 
quiet, the good air and the calming environment of the forest (Bernasconi & Schrott, 
2008). In other words, the forest becomes a framework for tourist activities, but it is 
important to note that tourists are primarily interested in the forest as a place of re-
creation and do not view the forest from a forestry perspective.

In forest management, based on site-ecological conditions, economic aspects are in the 
foreground. Economic considerations are often of higher importance than the aesthetic 
value of forests, which is, however, often decisive for a visit to the forest (Stölb, 2012). 
According to a study by Othman et al. (2015), an aesthetically attractive, flexible and 
functional landscape motivates people to visit it. A wide range of aesthetic landscape 
elements define an area as "relaxing" (Othman et al., 2015). As an example, larch mea-
dows are an important aesthetic element of forest-landscapes. Due to their high aest-
hetic quality, larch meadows are of great importance for recreation and tourism (Norz, 
2014; Sailer et al., 2017). One example are the Larch-forests in Vinschgau, which charac-
terise the region in terms of landscape aesthetics and cultural history (Delvai, 2015). 

Another example of a densely wooded region is the Holzwelt Murau with a forest 
coverage of about 70%. The dominating tree species are spruce (Picea abies), larch 
(Larix decidua), and swiss stone pine (Pinus cembra), with larch accounting for about 
19% of the area. The current silvicultural management recommendations forecast an 
increase of larch proportion in mixed stands up to 30% (Langmaier et al., 2019). This 
can be considered a significant change regarding the share of larch and subsequently 
constitutes a change of tree and structural diversity. Consequently, it is of particular 
interest how this change on stand and landscape level will be evaluated by tourists. 
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The existing and current literature shows that the state of knowledge on the rela-
tionship between forest structures and tree species composition and the interests 
of recreationists is still unsatisfactory, especially for spruce-larch mixed forests in the 
Inner Alpine Forests. This work was designed to improve the state of knowledge.The 
objectives of this paper are to investigate 

i) how the forest in its diversity could be placed increasingly at the centre of tourism 
considerations and 

ii) what guests think about the "tourism product" forest in general and 
iii) which silvicultural strategies and measures are necessary for this.

These considerations led to the following research question: What influence does the 
tree species composition and forest condition have on the recreational function?

And derived from this, the following hypothesis can be made: The tree species com-
position is not relevant for the recreational function. Society perceives the forest only 
as part of nature.

2 Research and conceptual framework

This study was conducted as part of a research project in the Holzwelt Region Murau. 
The research project itself dealt with various aspects of forest management in this re-
gion. After the windthrow calamities of 2007/2008 (hurricane Kyrill and storms Emma 
and Paula), a higher proportion of larch was planted with the aim of mitigating the 
risks in mixed larch stands for the next decades. For this purpose, it was discussed 
what influence the increasing larch proportion in the stands and in the regions will 
have on the restoration targets. t aimed at how the share of the mixed tree species 
larch can be promoted. Furthermore, different aspects of biodiversity, seed produc-
tion and recreation aspects in the forest were surveyed. The research project focused 
on a variety of objectives. These included the preservation and promotion of mixed 
stands of spruce, larch and swiss stone pine, the adaptability of forest ecosystems to 
climate change, the protection as a habitat for plants and animals, and the protection 
as a recreational area for the population and tourism.

For the present study, the focus was on recreation aspects: 

1) forest function (in particular productive and recreational function), 
2) forest composition (in particular the mixture of tree species and the structure of 

the stand) and 
3) forest visitors and tourists an which significance (for example only work or also 

recreation) and characterisation (for example the forest is loud or calm) the forest 
should fulfil in order to support the recreational effect (figure 1). 
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Figure 1: Conceptual framework of the study.

Abbildung 1: Konzeptioneller Rahmen der Studie.

In addition, the study focused on the fact that forests in Austria are mostly priva-
te forests and how forest owners can manage the forest under aspects of climate 
change and the recreational effect in order to maintain structured and tree species-
rich stands. The productive function of these stands should not be disregarded. The 
forest has not only an important value regarding the productive function but also the 
recreational function and is therefore visited by different people. Therefore, questi-
ons were asked to find out what value the forest has and what attributes (significance 
and characterisation of the forest) people associate with the forest. 

3 Material and method

3.1 Study area

The study was carried out in Austria in various hiking areas of the district of Murau 
in Styria (figure 2). The region is located in the eastern part of the European Alps and 
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is characterized by its mountainous topography. The district covers an area of 1,384 
km² with a forest coverage of about 70%. The dominant tree species are Picea abies 
(L.)H.Karst. (spruce), Larix decidua Mill. (larch), Pinus cembra L. (swiss stone pine), Be-
tula pendula ROTH (silver birch) and Acer pseudoplatanus L. (mountain maple). Typi-
cal for the forests of the region is the high proportion of Larix decidua, which makes 
the district one of the Larix decidua richest regions in Central Europe (Langmaier et 
al., 2019). According to the Austrian Forest Inventory, Larix decidua represents 18.9% 
of the total stock in Murau compared to an average of 6.6% in Austria (Bundesfor-
schungszentrum für Wald, 2009). The two main economic pillars of the region are the 
raw material wood (including wood processing) and tourism. 

 
 
Figure 2: Overview of the study area, district Murau- Styria, and the location of the survey points. The 
numbers represent the individual areas oft he survey.

Abbildung 2: Übersicht über das Untersuchungsgebiet, Bezirk Murau-Steiermark, und die Lage der 
Befragungspunkte. Die Zahlen stellen die einzelnen Gebiete dar. 
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3.2 Design of the survey

3.2.1 Structure of the questionnaire

A quantitative survey was carried out using a standardised questionnaire. The ques-
tionnaire was a mix of open, closed and semi-open questions (Döring & Bortz, 2016). 

The questionnaire was divided into four sections, including: 

(1) a short introduction with general questions about the stay in the region, 
(2) questions about the use of forests for recreational purposes with special attention 

to the role of different types of forests and the tree species Larix decidua 
(3) selection and evaluation of pictures 
(4) questions about the respondents’ socio-demographic characteristics.

1) At the beginning of the questionnaire, the project was briefly introduced and 
what the survey was concerned with. Furthermore, it was pointed out that the eva-
luation and survey would be anonymous. After this introduction, the respondents 
were asked about their stay in the Murau region. The questions covered the following 
aspects: with who they are on holiday (multiple response answer scale), for how long 
they are on holiday (the number of overnight stays) and in which accommodation 
they are staying (single response answer scale). This part of the questionnaire filtered 
out whether the respondent was a local or a tourist. 

2) In the second part of the questionnaire different questions about recreational pur-
poses in the forests were queried. The questions were dealing for what recreational 
purposes people go to the forest (multiple response answer scale), if they know the 
tree species Larix decidua (dichotomous response scale) and what they associate with 
this tree species (single response answer scale). The last question of this part was that 
people must value the forest with different attributes. This question was presented as 
a semantic differential. Respondents could fill in their answers using a scale.

3) In the third part, participants were asked to rank four woodscape images which 
illustrate different types of forests (cf. figure 3). The four images all had the same for-
mat when surveyed. Two were in portrait format and two in landscape format with 
the size 17 cm x 11 cm. The pictures were selected with the aim of covering various 
single-species and mixed stands and to find out, which type is preferred by recreation 
seekers for what reason. The single-species stands were stands with Larix decidua and 
the mixed stands were stands with the three tree species Picea abies, Larix decidua 
and Pinus cembra. The pictures either represented a dense or open and a single-spe-
cies or mixed stand. The pictures had to be ranked from the most preferred to the 
least preferred. In addition, participants had to give a reason for their preferences. The 
pictures were real, non-manipulated images, taken in the study area under the same 
weather and light conditions during the summer. In general, the use of pictures for 
landscape research is an accepted analytical tool (Daniel, 2001; Zoderer et al., 2016b). 
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4) The last part of the questionnaire queried socio-demographic aspects. Gender, 
age, place of residence, level of education and net household income were asked 
(single response answer scale; place of residence was to enter).

 

 
Figure 3: Visualization of the different forest types and the attributes; I1) Image 1 – Mixed stand and open 
crown cover, I2) Image 2 – Mixed stand and closed crown crown cover, I3) Image 3 – Single-species stand 
and closed crown cover, I4) Image 4 – Mixed stand and closed crown cover.

Abbildung 3: Darstellung der verschiedenen Waldtypen und ihrer Eigenschaften; I1) Bild 1 – Misch
bestand und offenes Kronendach, I2) Bild 2 – Mischbestand und geschlossenes Kronendach, I3) Bild 3 – 
Reinbestand und geschlossenes Kronendach, I4) Bild 4 – Reinbestand und geschlossenes Kronendach.

3.2.2 Implementation of the survey

The survey was conducted in 10 popular hiking areas in the region of Murau. The 
selected forest types in these hiking areas represent a typical picture of the region 
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(figure 2). It was important to interview people directly in the forest under the as-
sumption that they are recreation seekers in the forest. The participants were selec-
ted randomly and asked to complete the questionnaire ("Paper Pencil" survey). No 
questionnaires were given to children (Age from 0 to 13 years). Everyone who was 
encountered at one of the survey locations during the survey period was asked to fill 
out a questionnaire. The participants completed the questionnaire on their own and 
approached the interviewers only in case of questions and uncertainties. 

Data sampling took place between July 24th and August 13th 2017. Of these 21 days, 
interviews could be made on 17 days. On the four days where no survey took place, 
the weather was rainy or thundery and not suitable or too dangerous for surveys in 
a mountain and hiking region. The minimum requirement set was to conduct ques-
tionnaires on at least 14 days and to interview at least 100 women and 100 men. The 
weather in the study area was on these 17 days stable and sunny. This time was cho-
sen for several reasons. Firstly, all trees are fully developed at this time. Especially in a 
region with a high proportion of Larix decidua, it is important to take care not to influ-
ence the respondents subjectively. In autumn, the needles of the larch turn a bright 
yellow-orange colour. This natural spectacle is beautiful to observe, but it influences 
the respondents because they pay special attention to the larch and disregard other 
tree species. After discolouration, the larch loses its needles and is needleless from 
winter into spring. This again represents an influence for the respondents to believe 
that the forests are diseased or not intact. At the interview time Larix decidua was fully 
developed and juicy green. Therefore, a time was chosen when all tree species were 
fully developed from the tree physiology. The survey took place during daytime from 
7 am to 5 pm.

3.3 Data processing and analyses

Data were analysed with IBM SPSS Statistics version 24 and Microsoft Excel 2016 soft-
ware. Descriptive statistics, cross tables, Chi-square tests, Mann-Whitney-U-tests and 
t-tests were used and calculated. 

The differences in recreational purposes between women and men as well as bet-
ween local and tourists are calculated using the Pearson Chi-square test. To get an 
idea of which characteristics the respondents attribute to the forest, a semantic diffe-
rential was created. Apart from the graphical processing, which was done in Excel, an 
independent t-test was calculated for the statistical evaluation. An explorative factor 
analysis was done to make the large number of items collected in the semantic dif-
ferential, which were necessary to fully capture the construct, tangible via a corre-
sponding dimensional reduction and subsequent index formation (Backhaus et al., 
2021). After this we did a reliability analysis to determine the Cronbach’s Alpha. And 
in a last step we calculated the index (mean value) to be able to derive the ranking of 
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importance for recreationists.

The Bradley-Terry-Luce model (hereinafter BTL-model) was used to evaluate the order 
of the images. The participants had to rank four images illustrating different forest 
stands. The aim was to get an idea of the preferred type of forest for leisure purposes. 
Based on the ranking of the images, the BTL-model was used to calculate which type 
of forest is preferred by locals and tourists. The ranking of the images was tested by 
using Kendall's concordance analysis. A pairwise comparison of the images was per-
formed.

Mann-Whitney-U-tests were used twice, first to determine the differences between 
male and female respondents and second between tourists and locals regarding the 
type of forests and recreational activities. In addition, the Mann-Whitney-U-test was 
used to analyse whether the choice of forest correlated with recreational activities 
respondents were engaged in. In this study, the primary interest was to investigate 
whether men and women, or tourists and locals, rate the questions asked differently. 
Regardless of the fact that age and salary were not of interest, the data was examined 
in this context and no correlation was found.

4 Results

4.1 Survey sample

Out of 342 questionnaires, 338 were completely filled out in this study. This is a res-
ponse rate from 98,8%. Table 1 gives an overview of some classification features. 245 
of the interview partners were from Austria, 56 from Germany, 22 from the Nether-
lands and 15 from other countries. Consequently, 71% of the tourists surveyed came 
from Austria and 29% were from abroad. All participants from the district of Murau 
and the neighbouring districts (Tamsweg, St. Veit, Murtal and Liezen) were conside-
red as locals. 33% of the tourists visited Murau for the first time. 26 % of the tourists 
are regular guests and visit Murau almost once a year. On average, tourists stayed 7.2 
nights in the region (min. 1 night; max. 28 nights).  

The participants included 150 (44.4%) women and 180 (53.3%) men. 8 people did 
not state their gender. The respondents were between 14 and 82 years old, with an 
average age of 49 years. The majority of respondents were visiting with their part-
ner (41.3%). 36.3% were accompanied by their children or other family members and 
5.4% travelled on their own. 
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Table 1: Overview of classification features.

Tabelle 1: Überblick über die Klassifizierungsmerkmale.
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4.2 Recreational activities and forest perceptions

The first step was to investigate the motives for a stay in the forest. The most popular 
activities in the forest are mainly recreational activities with low intensity such as hi-
king (97.6%), relaxing (72.4%), enjoying the nature (68.5%) or walking (43.6%). Recrea-
tional activities with high intensity would be for example mountain biking, climbing 
and skiing (table 2). The data show that the respondents actively use the forest for 
recreation and that the recreational activities are broad, ranging from more intensive 
to not-intensive recreational activities. Table 2 illustrates the differences between fe-
male and male respondents and between locals and tourists in terms of recreational 
purposes. There are significant differences between female and male respondents in 
the following activities: rest and relaxation, walking, collecting berries and mountain 
biking. For the other activities such as hiking, enjoying nature, collecting mushrooms, 
skiing climbing and hunting, no significant difference could be found between the 
recreational purposes preference of women or men. Among locals and tourists there 
is a significant difference in the activity of collecting mushrooms. Moreover, there 
are significant differences in the activities of hiking and collecting berries and highly 
significant differences in the activities of skiing and hunting. All mentioned activities 
are mainly practiced by locals. Among the interviewed tourists, none uses the forest 
for hunting. 



	 Importance of tree species composition and forest structure on recreational use� Seite 263

Table 2: Differences in recreational purposes between women and men as well as between locals and 
tourists [n = 330].

Tabelle 2: Unterschiede in der Freizeitgestaltung zwischen Frauen und Männern sowie zwischen 
Einheimischen und Touristen [n = 330].

Figure 4 illustrates the semantic differential based on characteristics respondents at-
tribute to the forest. The graph illustrates a clear pattern of how respondents perceive 
the forest. There are only minor differences between locals and tourists and between 
female and male respondents, which is recognisable because the individual icons are 
close to each other. When choosing the attributes, it is obvious that the forest is cha-
racterised on the one hand as quiet, slowly relaxing. On the other hand, the forest 
can be used for fun, play and movement. The forest is characterised as something 
exciting, as adventure. The forest was not characterised with negative attributes. This 
diverse positive characterisation is reflected in the diverse use of forests. Table 3 il-
lustrates the characteristics with a significant difference between women and men 
as well as the mean for women and men. Between locals (mean, 0.55) and tourists 
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(mean, 1.27) there is a highly significant difference (p-value, 0.00) in the characteris-
tics adventure (more tourists) and everyday life (more locals). All other characteristics 
indicate no statistically significant differences between locals and tourists.

 

 
Figure 4: Semantic differential in which the characteristics of the perception of a forest are presented 
according to women, men, locals and tourists.

Abbildung 4: Semantisches Differential, in dem die Merkmale der Wahrnehmung eines Waldes nach 
Frauen, Männern, Einheimischen und Touristen dargestellt sind.
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Table 3: Mean value and statistical significance of the characteristics of how a forest is perceived between 
men and women.

Tabelle 3: Mittelwert und statistische Signifikanz der Merkmale wie ein Wald empfunden wird 
zwischen Männern und Frauen.
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With the help of an explorative factor analysis, the variables of the semantic diffe-
rential, which strongly correlate are summarized into four factor groups (first factor 
group: "impression" (Cronbachs Alpha 0.625), second factor group "forest image" 
(Cronbachs Alpha 0.592), third factor group "activity"(Cronbachs Alpha 0.470), fourth 
factor group "motion" (Cronbachs Alpha 0.559). One variable, namely movement 
and standstill, could not be assigned to any factor group (table 4). The importance of 
the factor groups can be derived from the indexation. The weakest Cronbach's alpha 
was calculated for the factor group "activity". The highest priority was calculated for 
the factor group "impression"with an average index of 2.25. The factor group "forest 
image" with an average index of 1.97 represents a similar priority. Finally, the factor 
groups "motion" with an average index of 1.04 and "activity" with an average index 
of 0.90 represent a similar priority. The factor group "impression" (relaxation, well-
being, fun, silence ...) represents the most relevant characteristics of the forest for 
visitors, whereas the factor group "activity" (play, adventure ...) represents the most 
irrelevant characteristics of the forest for visitors.  For this part of the survey, it can be 
summarised for the two factors with the highest priority that the factor "impression" 
had the greatest importance. It mainly comprised characteristics of the forest that 
were linked to a personal impression and feeling of oneself. In other words, how the 
effect of the forest affects personal feeling. The factor "forest image", on the other 
hand, mainly included the characteristics that described the forest and had nothing 
to do with human perception. 
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Table 4: Explorative factor analysis for the semantic differential, in which the characteristics of how a forest 
is perceived are listed.

Tabelle 4: Explorative Faktorenanalyse für das semantische Differential, im welchen die Merkmale wie 
ein Wald empfunden wird, dargestellt sind.
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4.3 Forest stand preferences

In this study, four images with different forest attributes were used to determine the 
preferred type of forest for recreational purposes. As illustrated in figure 5, image 1 
(estimated parameter 1.244; standard deviation 0.075) is the image most often ran-
ked in 1st place. Image 4 (estimated parameter 1.063; standard deviation 0.066) and 
image 2 (estimated parameter 1.052; standard deviation 0.064) are ranked second 
together. Image 3 (estimated parameter 0.640; standard deviation 0.053) is ranked 
last by most respondents. To make this result clearer, figure 6 shows the ranking for 
each image. Image 1 has been mentioned 154 times as the most popular forest for 
recreational purposes. Image 2 was ranked 104 times on place 1. Images 3 and 4 
were selected 21 and 64 times respectively as the preferred types of forest. Although 
Image 2 and image 4 in the BTL-model were equally ranked, figure 6 shows that the 
selections by the respondents were different. Furthermore, image 3 was clearly vo-
ted at last place with 233 votes. The Mann-Whitney-U-test was not able to calculate 
a significant difference between women and men and between locals and tourists 
in the selection of images. The two groups prefer the same type of forests for their 
recreational activities.
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Figure 5: BTL-model [I1 = image 1; I2 = image 2; I3 = image 3; I4 = image 4].

Abbildung 5: BTL-Modell [I1 = Bild 1; I2 = Bild 2; I3 = Bild 3; I4 = Bild 4].
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Figure 6: Ranking analysis about the four forest types that were available for selection.

Abbildung 6: Ranking-Analyse über die vier Waldtypen die zur Auswahl standen.

The preferred type of forest was the open mixed stand. The closed single tree stand 
was the least favoured. With regard to the preference of certain types of forests, no 
difference between men and women and between locals and tourists was identified.  
The Kendall's coefficient of concordance gave a value of 0.285 (kendall-w) for the 
model and was with 0.000 highly significant. The pairwise comparison of the images 
showed that the ranks of the images of images 1 and 2 differ significantly (0.027), of 
image 2 and 4 not significantly (0.178), all other pairwise comparisons of the images 
differ highly significantly from each other.

In addition, the Mann-Whitney-U-test was used to analyse whether the choice of fo-
rest correlated with recreational activities respondents were engaged in. There were 
two statistically significant results. Interviewees, who prefer picking mushrooms 
(with a statistical significance of 0.03) or berries (with a statistical significance of 0.05) 
do not prefer the closed mixed forest type in image 2. There was no statistical signifi-
cance with the other types of forests and recreational activities. 
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5 Discussion

5.1 Recreational activities and forest perceptions

A big trend of active recreational activities, as described by Burgin and Hardiman 
(2012) or Wilkes-Allemann and Ludvig (2019), could not be confirmed in this study. 
27% of the interviewees go skiing in forest-like areas (skiing slopes are not forest per 
se). Other active recreational activities, such as mountain biking, which is referred 
to by Wilkes-Allemann and Ludvigs (2019) study, were only mentioned by 15% of 
the respondents. The fact that the interviewees mainly come to the forest for passive 
activities is also underlined by the semantic differential. Among other things, the re-
spondents characterized the forest as quiet, slow and restful. However, Opaschowski 
(1991) already pointed out that it is above all trees that shape the aesthetics and be-
nefits of the forest when, a few decades ago, the death of the forest in Europe was a 
topical issue and various tree species were affected to varying degrees.

5.2 Forest stand preferences 

Several studies have already shown that stands with different tree species are prefer-
red by those seeking recreation (Edwards et al., 2012b, 2012a; Filyushkina et al., 2017). 
Furthermore, Filyushkina et al. (2017) and Edwards et al. (2012a) proved in their study 
that deciduous forests are preferred over coniferous forests. An investigation of this 
relation was not part of this study, since there is a very low proportion of hardwood in 
the study area (6.8%) (Bundesforschungszentrum für Wald, 2009). The difference bet-
ween men and women and between locals and tourists was also not further surveyed 
in other available studies (Filyushkina et al., 2017; Giergiczny et al., 2015).

Edwards et al. (2012b) point out that the type of tree species itself does not have a 
strong influence on the selection of forests for recreational purposes. Liu et al. (2023) 
were able to find out in their study that the autumnal colour change of deciduous 
trees is highly attractive for tourists. In the region studied here, this can be a positive 
indication for promoting Larix decidua, as it turns golden yellow in autumn. Accor-
ding to Ribe (1989) moderately stocked more open stands are preferred by recreation 
seekers. In addition, Giergiczny et al. (2015) state that forests with irregularly spaced 
trees are preferred. They also found out that respondents prefer older stands with a 
vertical structure (Giergiczny et al., 2015).

All mentioned results and studies lead to the discussion how forests for recreational 
purposes should be treated from a silvicultural point of view. For forest owners, adap-
ted silvicultural measures can create an aesthetic type of forest both in a sustainable 
and touristic way. On the one hand different tree species must be used. On the other 
hand, open spaces are important, that the appearance of a forest does not give a too 
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dense and dark impression (see image 3 at figure 3) (Edwards et al., 2012b, 2012a; 
Giergiczny et al., 2015; Ribe, 1989). Füger et al., (2021) discovered that pure and den-
se spruce forests scored worst among respondents. Forests with several tree species 
scored best in their survey. Especially regarding climate change, it is important to 
spread the risk among different tree species (Gilsa von, 2008; Spellmann et al., 2011). 
Furthermore, it is important to structure the stand (Giergiczny et al., 2015). This mea-
sure is often used in forestry as principle of adaptation for climate change (Brang et 
al., 2016). 

Both from a forestry point of view and from a touristic point of view, it is important 
that forest measures do not cause any damage to the stand or the soil (Edwards et al., 
2012b; Kaae et al., 2010; Ribe, 1989). It is important to pay attention to a well thought 
design in intensively managed forests, such as feeling areas, forest roads and other 
managed features (Kaae et al., 2010). In the end, it must be noted that many forest 
owners are currently aiming to adapt their forests to climate change. However, it cer-
tainly shows that many of these measures make the forest more inviting for recrea-
tion seekers. This double benefit is advantageous for everyone in terms of the various 
functions that the forest is supposed to fulfil.

6 Conclusion for tourism and forest management

When interpreting the results, it should be noted that this is a regional study. The 
study was conducted once in a limited period of time. For a more in-depth study, it is 
therefore suggested to consider other regions in order to be able to represent a broa-
der visitor clientele and their interests. Forest management should adapt silvicultural 
strategies that focus on the landscape level and the stand level. Measures focusing 
on the landscape level may include the spatial distribution of different mixed forest 
and/or agroforest types (e.g. figure 3/image) and at the stand level they may include 
the conservation and promotion of different tree species through thinning and/or 
regeneration activities in different stages of growth (f.e. figure 3/image). They should 
be stands that are stable and healthy against the background of climate change and 
thus also have an aesthetic effect on recreational users. 

For forest owners, adapted silvicultural measures can create an aesthetic type of fo-
rest both in a sustainable and touristic way. Especially with regard to climate change, 
it is essential to spread the risk among different tree species. It is important to struc-
ture the stand; this measure is often used in forestry as principle of adaptation for cli-
mate change. Open spaces are crucial for tourism, so that the appearance of a forest 
does not appear too dense and dark. Both from a forestry point of view and from a 
touristic point of view, it is important that forest measures do not cause any damage 
to the stand or the soil. It is important to pay attention to a well thought design in in-
tensively managed forests, such as feeling areas, forest roads and other managed fea-
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tures. The forest has many functions to fulfil that are in demand by society and thus 
compensation can be considered in the case of intensive use of the forest by tourism.

Acknowledgements

This research project was funded by the EU Leader Programme 2014-2020 within the 
framework of the project "Lärche Murau - Wissensausbau und -transfer". We would 
like to thank the Leaderregion Holzwelt Murau and the district forest inspection Mu-
rau for their support. Thank you to Mr. Ulrich Müller for numerous ideas, helpful food 
for thought and extensive corrections to this paper. Thanks to Ms. Carina Heiling for 
the graphical support and to Mr. Klaus Fritz for tourist aspects and comments. Furt-
hermore, the authors want to thank all reviewers and responsible editors for their 
valuable input during the preparation of this article.

References

Allgaier Leuch, B., Streit, K., & Brang, P. (2017). Naturnaher Waldbau im Klimawandel. 
Merkblatt Für Die Praxis, 59.1, 8. https://www.dora.lib4ri.ch/wsl/islandora/object/
wsl:13997 

Ali, A. (2023). Linking forest ecosystem processes, functions and services under inte-
grative social–ecological research agenda: current knowledge and perspectives. 
Science of The Total Environment, 892(April), 1–16. https://doi.org/10.1016/j.scito-
tenv.2023.164768  

Arnberger, A., Grieshofer, A., Embacher, H., Pikkemaat, B., Preier, B., Ramskogler, K., 
Sekot, W., Stock, W., Wibmer, D., & Weinberger, W. (2016). Destination WALD – Das 
Handbuch zur Entwicklung forsttouristischer Angebote. Bundesforschungs
zentrum für Wald. Vienna.

At the human-forest interface. (2018). Nature Communications, 9(1153), 1–2. https://
doi.org/10.1038/s41467-018-03586-1

Backhaus, K., Erichson, B., Plinke, W., Weiber, R. (2021). Multivariate Analysemethoden: 
Eine anwendungsorientierte Einführung (16. Auflage). Springer Verlag. Heidelberg.

Bartczak, A., Lindhjem, H., Navrud, S., Zandersen, M., & Zylicz, T. (2008). Valuing fo-
rest recreation on the national level in a transition economy: The case of Poland. 
Forest Policy and Economics, 10(7–8), 467–472. https://doi.org/10.1016/j.for-
pol.2008.04.002

Bell, S., Simpson, M., Tyrainen, L., Sievanen, T., & Pröbstl, U. (2009). European forest re-
creation and tourism a handbook (S. Bell (Ed.); 1. publ.). Taylor & Francis. London.

Bernasconi, A., & Schrott, U. (2008). Freizeit und Erholung im Wald. Grundlagen, Inst-
rumente, Beispiele. In Umwelt-Wissen (Vol. 0819). Bundesamt für Umwelt (BAFU). 
Bern https://www.bafu.admin.ch/bafu/de/home/themen/wald/publikationen-
studien/publikationen/freizeit-erholung-wald.html



Seite 274	 Magdalena Langmaier, Eduard Hochbichler, Andrea Payrhuber

Brang, P., Küchli, C., Schwitter, R., Bugmann, H., & Ammann, P. (2016). Waldbauliche Strate-
gien im Klimawandel. In A. R. Plues, S. Augustin, & P. Brang (Eds.), Wald im Klimawan-
del. Grundlagen für Adaptationsstrategien (pp. 341–365). Bundesamt für Umwelt 
BAFU, Bern; Eidg. Forschungsanstalt WSL, Birmensdorf; Haupt. Bern-Stuttgart.

Breman, P., Baur, B., Bürger-Arndt, R., Hegetschweiler, T., Hunzinker, M., Picard, O., 
Pröbstl, U., & Wirth, V. (2010). Central Region. In U. Pröbstl, V. Wirth, B. Elands, & 
S. Bell (Eds.), Management of Recreation and Nature Based Tourism in European 
Forests (pp. 73.95). Springer. Heidelberg Dordrecht London New York https://doi.
org/10.1007/978-3-642-03145-8 

Bundesforschungszentrum für Wald. (2009). Österreichische Waldinventur. Öster
reichische Waldinventur Ergebnisse 2007/09. https://www.waldinventur.at/#/ 

Burgin, S., & Hardiman, N. (2012). Extreme sports in natural areas: Looming disaster 
or a catalyst for a paradigm shift in land use planning?. Journal of Environmental 
Planning and Management, 55(7), 921–940. https://doi.org/10.1080/09640568.20
11.634228 

Carvalho-Ribeiro, S. M., & Lovett, A. (2011). Is an attractive forest also considered well 
managed? Public preferences for forest cover and stand structure across a rural/
urban gradient in northern Portugal. Forest Policy and Economics, 13(1), 46–54. 
https://doi.org/10.1016/j.forpol.2010.09.003 

Daniel, T. C. (2001). Whither scenic beauty? Visual landscape quality assessment in 
the 21st century. Landscape and Urban Planning, 54(1–4), 267–281. https://doi.
org/10.1016/S0169-2046(01)00141-4

Delvai, M. (2015). Untersuchungen zur Verjüngungsentwicklung der Europäischen 
Lärche (Larix Decidua L.) an Schutzwaldstandorten auf dem Sonnenberg im Süd-
tiroler Vinschgau. Universität für Bodenkultur. Masterarbeit. Wien.

Döring, N., & Bortz, J. (2016). Forschungsmethoden und Evaluation in den Sozial- und 
Humanwissenschaften (5. Auflage). Springer Verlag. Heidelberg.

Edwards, D., Jay, M., Jensen, F. S., Lucas, B., Marzano, M., Montagné, C., Peace, A., & 
Weiss, G. (2012a). Public preferences across Europe for different forest stand types 
as sites for recreation. Ecology and Society, 17(1), 1–11. https://doi.org/10.5751/
ES-04520-170127 

Edwards, D., Jay, M., Jensen, F. S., Lucas, B., Marzano, M., Montagné, C., Peace, A., & 
Weiss, G. (2012b). Public preferences for structural attributes of forests: Towards 
a pan-European perspective. Forest Policy and Economics, 19(June 2012), 12–19. 
https://doi.org/10.1016/j.forpol.2011.07.006 

Elands, B. H. M., & van Marwijk, R. B. M. (2012). Policy and management for forest and 
nature based recreation and tourism. Forest Policy and Economics, 19(2012), 1–3. 
https://doi.org/10.1016/j.forpol.2012.03.004 

Endreny, T., Santagata, R., Perna, A., Stefano, C. De, Rallo, R. F., & Ulgiati, S. (2017). Implemen-
ting and managing urban forests: A much needed conservation strategy to increase 
ecosystem services and urban wellbeing. Ecological Modelling, 360(September 
2017), 328–335. https://doi.org/https://doi.org/10.1016/j.ecolmodel.2017.07.016 

Ezebilo, E. E., Boman, M., Mattsson, L., Lindhagen, A., & Mbongo, W. (2015). Preferences 
and willingness to pay for close to home nature for outdoor recreation in Sweden. 
Journal of Environmental Planning and Management, 58(2), 283–296. https://doi.
org/10.1080/09640568.2013.854196 



	 Importance of tree species composition and forest structure on recreational use� Seite 275

Filyushkina, A., Agimass, F., Lundhede, T., Strange, N., & Jacobsen, J. B. (2017). Prefe-
rences for variation in forest characteristics: Does diversity between stands mat-
ter? Ecological Economics, 140(2017), 22–29. https://doi.org/10.1016/j.ecole-
con.2017.04.010 

Füger, F., Huth, F., Wagner, S., & Weber, N. (2021). Can visual aesthetic components and 
acceptance be traced back to forest structure? Forests, 12(6), 1–21. https://doi.
org/10.3390/f12060701 

García-Llorente, M., Martín-López, B., Iniesta-Arandia, I., López-Santiago, C. A., Aguilera, 
P. A., & Montes, C. (2012). The role of multi-functionality in social preferences toward 
semi-arid rural landscapes: An ecosystem service approach. Environmental Science 
and Policy, 19–20(2012), 136–146. https://doi.org/10.1016/j.envsci.2012.01.006 

Giergiczny, M., Czajkowski, M., Zylicz, T., & Angelstam, P. (2015). Choice experiment as-
sessment of public preferences for forest structural attributes. Ecological Econo-
mics, 119(2015), 8–23. https://doi.org/10.1016/j.ecolecon.2015.07.032 

Gilsa von, H. (2008). Waldbau und Klima - was tun? In FVA einblick+ (pp. 44–45). Forst-
liche Versuchs und Forschungsanstalt BadenWürttemberg. Freiburg. 

Górriz-Mifsud, E., Marini Govigli, V., & Bonet, J. A. (2017). What to do with mushroom pi-
ckers in my forest? Policy tools from the landowners’ perspective. Land Use Policy, 
63(2017), 450–460. https://doi.org/10.1016/j.landusepol.2017.02.003

Grieshofer, A., Arnberger, A., Muhar, A., & Eder, R. (2011). Wald und Tourismus – eine 
bislang wenig genutzte Beziehung. In Wald: Biotop und Mythos 23 (pp. 273–282). 
Böhlau Verlag. Wien.

Grilli, G. (2014). Economic Valuation of Forest Recreation in an Alpine. Baltic Forestry, 
20(1), 167–175.

Grilli, G., Jonkisz, J., Ciolli, M., & Lesinski, J. (2016). Mixed forests and ecosystem ser-
vices: Investigating stakeholders’ perceptions in a case study in the Polish Carpat-
hians. Forest Policy and Economics, 66(2016), 11–17. https://doi.org/10.1016/j.for-
pol.2016.02.003 

Grunewald, K., & Bastian, O. (2015). Ecosystem assessment and management as key 
tools for sustainable landscape development: A case study of the Ore Mountains 
region in Central Europe. Ecological Modelling, 295(2015), 151–162. https://doi.
org/10.1016/j.ecolmodel.2014.08.015 

Gundersen, V. S., & Frivold, L. H. (2008). Public preferences for forest structures: A re-
view of quantitative surveys from Finland, Norway and Sweden. Urban Forestry 
and Urban Greening, 7(4), 241–258. https://doi.org/10.1016/j.ufug.2008.05.001 

Jensen, F. S. (1999). Forest recreation in Denmark from the 1970s to the 1990s. In The 
Research Series (Vol. 26, Issue 26). Danish Forest and Landscape Research Institute. 
Hørsholm. https://sl.ku.dk/rapporter/forest-landscape-research/FLR_26_1999.pdf 

Johann, E. (2004). Soziale und kulturelle Dimensionen einer nachhaltigen Wald-
wirtschaft: Neue Chancen für die Forstgeschichte in Europa? | Social and cultu-
ral aspects of sustainable forest management: a chance for forest history in Eu-
rope? Schweizerische Zeitschrift Fur Forstwesen, 155(8), 338–344. https://doi.
org/10.3188/szf.2004.0338 

Kaae, B. C., Pröbstl, U., Wirth, V., Bell, S., McCormack, A., & Birgit, E. (2010). Good Practi-
ce in European Recreation Planning and Management. In Management of Recrea-



Seite 276	 Magdalena Langmaier, Eduard Hochbichler, Andrea Payrhuber

tion and Nature Based Tourism in European Forests (pp. 175–285). Springer. Berlin, 
Heidelberg. https://doi.org/10.1007/978-3-642-03145-8

Knoke, T., Ammer, C., Stimm, B., & Mosandl, R. (2008). Admixing broadleaved to conife-
rous tree species: A review on yield, ecological stability and economics. European 
Journal of Forest Research, 127(2), 89–101. https://doi.org/10.1007/s10342-007-
0186-2 

Kohsaka, R., & Flitner, M. (2004). Exploring forest aesthetics using forestry photo con-
tests: Case studies examining Japanese and German public preferences. Forest Poli-
cy and Economics, 6(3–4), 289–299. https://doi.org/10.1016/j.forpol.2004.03.016 

Kulczyk, S., Wozniak, E., Kowalczyk, M., & Derek, M. (2014). Ecosystem Services in Tou-
rism and Recreation. Revisiting the classification. Economics and Environment, 
4(51), 84–92. 

Langmaier, M., Hochbichler, E., Petzlberger, J., Huber, C., Wieser, G., Fritz, K., Schöggl, W., 
Dorfer, A., & Kraxner, H. (2019). Ein Leitfaden zur Bewirtschaftung – Die Lärche im 
Bezirk Murau. Druckhaus Thalerhof. Murau.

Lapin, K., Schüler, S., Oettel, J., Georges, I., Haslinger, R., & Benger, C. (2021). Maßnahmen 
Katalog – Managementindikatoren zur Erhaltung und Förderung der Biodiversität 
in österreichischen Wäldern. Gugler GmbH. Wien. 

Liang, J., Crowther, T. W., Picard, N., Wiser, S., Zhou, M., Alberti, G., Schulze, E. D., McGui-
re, A. D., Bozzato, F., Pretzsch, H., De-Miguel, S., Paquette, A., Hérault, B., Scherer-
Lorenzen, M., Barrett, C. B., Glick, H. B., Hengeveld, G. M., Nabuurs, G. J., Pfautsch, S., 
… Reich, P. B. (2016). Positive biodiversity-productivity relationship predominant 
in global forests. Science, 354(6309), 196–208. https://doi.org/10.1126/science.
aaf8957

Liu, W. Y., Tsao, C., & Lin, C. C. (2023). Tourists’ preference for colors of forest landscapes 
and its implications for forest landscape planning policies. Forest Policy and Econo-
mics, 147(November 2022), 1–10. https://doi.org/10.1016/j.forpol.2022.102887 

Mann, C., Pouta, E., Gentin, S., & Jensen, F. S. (2010). Outdoor recreation in forest policy 
and legislation: A European comparison. Urban Forestry and Urban Greening, 9(4), 
303–312. https://doi.org/10.1016/j.ufug.2010.06.004 

Norz, C. (2014). Sukzession in Lärchenwiesen in Tirol – Der Einfluss von Bewirtschaf-
tung und Standortsfaktoren auf den Ablauf von Sukzession. Universität für Boden-
kultur. Masterarbeit. Wien.

Oku, H., & Fukamachi, K. (2006). The differences in scenic perception of forest visitors 
through their attributes and recreational activity. Landscape and Urban Planning, 
75(1–2), 34–42. https://doi.org/10.1016/j.landurbplan.2004.10.008 

Oliveira, F., Pintassilgo, P., Pinto, P., Mendes, I., & Silva, J. A. (2015). Segmenting visitors 
based on willingness to pay for recreational benefits: The case of Leiria National Fo-
rest. Tourism Economics, 23(3), 680–691. https://doi.org/10.5367/te.2015.0526 

Opaschowski, H. W. (1991). Ökologie von Freizeit und Tourismus. VS Verlag für Sozial-
wissenschaften. Opladen. 

Othman, N., Mohamed, N., & Ariffin, M. H. (2015). Landscape Aesthetic Values and 
Visiting Performance in Natural Outdoor Environment. Procedia – Social and 
Behavioral Sciences, 202(December 2014), 330–339. https://doi.org/10.1016/j.
sbspro.2015.08.237 



	 Importance of tree species composition and forest structure on recreational use� Seite 277

Petucco, C., Jensen, F. S., Meilby, H., & Skovsgaard, J. P. (2018). Visitor preferences of 
thinning practice in young even-aged stands of pedunculate oak (Quercus robur L.): 
comparing the opinion of forestry professionals in six European countries. Scandi-
navian Journal of Forest Research, 33(1), 81–90. https://doi.org/10.1080/02827581
.2017.1329455 

Piotto, D. (2008). A meta-analysis comparing tree growth in monocultures and mixed 
plantations. Forest Ecology and Management, 255(3–4), 781–786. https://doi.
org/10.1016/j.foreco.2007.09.065 

Pröbstl, U., & Wirth, V. (2011). Nachhaltige Waldbewirtschaftung im Naturpark Mürzer 
Oberland. Eigenverlag. Wien

Reif, A., Brucker, U., Kratzer, R., Schmiedinger, A., & Bauhus, J. (2010). Waldbau und Baum-
artenwahl in Zeiten des Klimawandels aus Sicht des Naturschutzes. BfN-Skripten, 
272(1), 124. http://www.bfn.de/fileadmin/MDB/documents/service/Skript272.pdf 

Ribe, R. G. (1989). The aesthetics of forestry: What has empirical preference research 
taught us? Environmental Management, 13(1), 55–74. https://doi.org/10.1007/
BF01867587 

Russ, W. (2019). Mehr als 4 Millionen Hektar Wald in Österreich. BFW Praxisinformation, 
50(2019), 3–7.

Sailer, M., Baumgartner, A., & Fella, G. (2017). Regionalprogramm ( REP ) betreffend 
landwirtschaftliche Vorsorgeflächen im Planungsverband Inntal – Mieminger Pla-
teau. Umweltbericht. Amt der Tiroler Landesregierung – Sachgebiet Raumord-
nung. Innsbruck. 

Scarpa, R., Hutchinson, W. G., Chilton, S. M., & Buongiorno, J. (2000). Importance of 
forest attributes in the willingness to pay for recreation: a contingent valuation 
study of Irish forests. Forest Policy and Economics, 1(3–4), 315–329. https://doi.
org/10.1016/s1389-9341(00)00026-5 

Schirpke, U., Leitinger, G., Tasser, E., Schermer, M., Steinbacher, M., & Tappeiner, U. 
(2013). Multiple ecosystem services of a changing Alpine landscape: Past, present 
and future. International Journal of Biodiversity Science, Ecosystem Services and 
Management, 9(2), 123–135. https://doi.org/10.1080/21513732.2012.751936

Schirpke, U., Timmermann, F., Tappeiner, U., & Tasser, E. (2016). Cultural ecosystem ser-
vices of mountain regions: Modelling the aesthetic value. Ecological Indicators, 69, 
78–90. https://doi.org/10.1016/j.ecolind.2016.04.001

Shelby, B., Thompson, J. R., Brunson, M., & Johnson, R. (2005). A decade of recreation 
ratings for six silviculture treatments in Western Oregon. Journal of Environmental 
Management, 75(3), 239–246. https://doi.org/10.1016/j.jenvman.2004.12.004

Sheppard, S., & Picard, P. (2006). Visual-quality impacts of forest pest activity at the 
landscape level: A synthesis of published knowledge and research needs. Land-
scape and Urban Planning, 77(4), 321–342. https://doi.org/10.1016/j.landurb-
plan.2005.02.007 

Spellmann, H., Albert, M., Schmidt, M., Sutmöller, J., & Overbeck, M. (2011). Wald-
bauliche Anpassungsstrategien für veränderte Klimaverhältnisse. AFZ-Der Wald, 
11(2011), 12–19.

Stölb, W. (2012). Waldästhetik über Forstwirtschaft, Naturschutz und die Menschen-
seele (2. Auflage). Paperback.



Seite 278	 Magdalena Langmaier, Eduard Hochbichler, Andrea Payrhuber

Stoltenberg, U. (2009). Mensch und Wald – Theorie und Praxis einer Bildung für eine 
nachhaltige Entwicklung am Beispiel des Themenfeldes Wald. oekom. München. 

Wilkes-Allemann, J., Hanewinkel, M., & Pütz, M. (2017). Forest recreation as a gover-
nance problem: four case studies from Switzerland. European Journal of Forest Re-
search, 136(3), 511–526. https://doi.org/10.1007/s10342-017-1049-0 

Wilkes-Allemann, J., & Ludvig, A. (2019). The role of social innovation in negotiati-
ons about recreational infrastructure in forests – A mountain-bike case study in 
Switzerland. Forest Policy and Economics, 100(July 2018), 227–235. https://doi.
org/10.1016/j.forpol.2019.01.002 

Wissenschaftlicher Beirat für Waldpolitik. (2021). Die Anpassung von Wäldern und 
Waldwirtschaft an den Klimawandel. Gutachten des Wissenschaftlichen Beirates 
für Waldpolitik. Berlin. 

Zoderer, B. M., Lupo Stanghellini, P. S., Tasser, E., Walde, J., Wieser, H., & Tappeiner, U. 
(2016a). Exploring socio-cultural values of ecosystem service categories in the Cen-
tral Alps: the influence of socio-demographic factors and landscape type. Regional 
Environmental Change, 16(7), 2033–2044. https://doi.org/10.1007/s10113-015-
0922-y 

Zoderer, B. M., Tasser, E., Erb, K. H., Lupo Stanghellini, P. S., & Tappeiner, U. (2016b). 
Identifying and mapping the tourists’ perception of cultural ecosystem services: A 
case study from an Alpine region. Land Use Policy, 56(2016), 251–261. https://doi.
org/10.1016/j.landusepol.2016.05.004 



	 Physiological responses of different Oak species to dust in Northern Zagros Forests� Seite 279

1 Faculty of Natural Resources, University of Kurdistan, Sanandaj, Iran 
2 College of Sciences, University of Guilan, Rasht, Iran 
3 College of Natural Resources, University of Guilan, Rasht, Iran 
4 Department of Forestry, The Center for Research and Development of Northern Zagros Forestry, University of Kurdistan, Sanandaj, 
Iran 
5 Department of Ecology, Faculty of Environmental Science, Czech University of Life Sciences, Czech 
6 School of Geosciences, University of Sydney, Australia 
7 MA graduate student in watershed management, University of Tehran, Iran 
  *Corresponding author: A. Moradi, aiuobmoradi60@gmail.com

140. Jahrgang (2023), Heft 4, S. 279–300

Physiological responses of different Oak species to dust in Northern 
Zagros Forests, Iran

Physiologische Reaktion von verschiedenen Eichenarten auf Staub im 
nördlichen Zagroswald, Iran

A. Moradi1*, M. Afshar Mohammadian2, K. Taheri Abkenar3, N. Shabanian4, I. Bandak5, 
D. Dragovich6, A. Sadeghi5 

Keywords:	 dust, Quercus libani, Quercus infectoria, Quercus brantii, Photo-
synthesis, Chlorophyll, Proline, Zagros Forest, Reforestation

Schlüsselbegriffe:	 Staub, Quercus libani, Quercus infectoria, Quercus brantii, 
Photosynthese, Chlorophyll, Prolin, Zagros Wald

Abstract

This study was conducted to examine the impacts of dust on leaf mineral elements and 
selected physiological responses of three different Oak species in Western Zagros, Iran. 
Three-year-old seedlings of the Oak species Quercus brantii, Q. libani and Q. infectoria 
were exposed to dust under natural conditions. Photosynthesis, chlorophyll, proline and 
selected leaf mineral elements were examined in a two-factorial experiment including 
species (Q. brantii, Q. libani and Q. infectoria) and dust exposure (dust-exposed and wit-
hout dust as control). The results showed that dust had a significant effect on photosyn-
thesis rate of all species. Dust decreased photosynthesis rate to about 38%, 13% and 32% 
for Q. brantii, Q. libani and Q. infectoria, respectively. Dust also had a significant effect on 
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proline and chlorophyll content of Oak leaves. Q. infectoria had the lowest total chloro-
phyll content with 42%. Among the studied species, Q. libani appears to be most suitable 
for growing under dust exposure, as this species had the lowest reduction in chlorophyll 
and photosynthesis. Planting Q. libani on northern slopes in Zagros forests, where Oak 
forests receive higher precipitation, presumably enhances the success of forest restora-
tion under the combined effects of climate change and dust exposure.

Zusammenfassung

Diese Studie hat das Ziel die Auswirkungen von Staub auf Blattmineralelemente 
und ausgewählte physiologische Reaktionen von drei verschiedenen Eichenarten 
im westlichen Zagros, Iran, zu untersuchen. Drei Jahre alte Sämlinge von Quercus 
brantii, Q. libani und Q. infectoria wurden unter natürlichen Bedingungen Staub aus-
gesetzt. Photosynthese, Chlorophyll, Prolin und ausgewählte Blattmineralelemente 
wurden in einem zweifaktoriellen Experiment untersucht, hinsichtlich Baumart (Q. 
brantii, Q. libani und Q. infectoria) und Staubexposition (staubexponiert und ohne 
Staub als Kontrolle). Die Ergebnisse zeigten, dass Staub einen signifikanten Einfluss 
auf die Photosyntheserate aller Arten hatte. Staub verringerte die Photosyntheserate 
für Q. brantii, Q. libani und Q. infectoria auf etwa 38 %, 13 % bzw. 32 % im Vergleich 
zu Kontrollvariante. Staub hatte auch einen signifikanten Einfluss auf den Prolin- und 
Chlorophyllgehalt der Eichenblätter. Q. infectoria hatte mit 42 % den niedrigsten 
Gesamtchlorophyllgehalt. Unter den untersuchten Arten scheint Q. libani am besten 
für das Wachstum unter Staubeinwirkung geeignet zu sein, da diese Art die geringste 
Reduzierung von Chlorophyll und Photosynthese aufwies. Die Anpflanzung von Q. 
libani an Nordhängen in Zagros-Wäldern, wo Eichenwälder höhere Niederschläge 
erhalten, steigert vermutlich den Erfolg von Aufforstungen unter den kombinierten 
Auswirkungen von Klimawandel und Staubexposition.

1 Introduction

Dust particles is an important source of air pollution including a mixture of particles 
suspended in the atmosphere. Overall, particulate matter (PM) includes different ty-
pes of materials ranging from fine solid materials like soil dust, various types of mi-
cro-organisms, ashes, plant pollens, soot and many others (Pandey and Singh, 2012). 
Anthropogenic activities such as mining and land use changes are one of the most 
important sources of PM (Schelle-Kreis et al., 2007; Ghaffari and Mostafazadeh, 2015). 
In general, two types of pollutants have been detected in aerosols: the first type in-
cludes SO2, NO2, CO compounds and heavy metals, especially lead and cadmium, and 
the second type including physical, chemical and biological components in dust (Za-
rasvandi et al., 2011). Since 1990 with the development of precise measuring equip-
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ment, particles with an aerodynamic diameter smaller than 10 micrometers (PM10) 
could have been detected and are now called suspended particles (Particulate Mat-
ter) by United States Environmental Protection Agency (Irene et al., 2009).

Dust and sand storms sweep the western parts of Iran every year from March to June, 
endangering human health, fauna and flora. An important source of these fine partic-
les are neighboring countries, where misuse of water resources and severe drought 
contributed to soils erosion even at low-speed winds (Boloorani et al., 2020; Jahan-
bakhsh et al., 2022). Over the last few decades, due to different reasons including 
war, agricultural activities and natural drought, dust flux into Iran has intensified in 
terms of both frequency, duration and severity (Javanmard et al., 2019, Moradi et al., 
2017). Dust threatens ecology, economic activity and even the social life of inhabi-
tants in the frontier cities where people are directly exposed to continuous flows of 
particles (Moradi et al., 2017). Because of their immobility, trees and plants are heavily 
exposed to dust deposition (Javanmard et al., 2020). Depending on the deposition 
rate, chemical composition of the particles, particle size and tree age, the reaction of 
trees to the dust will vary (Darley, 1996; Chaturvedy et al., 2013). Some tree and plant 
species appear to have a higher potential for dust accumulation on their surfaces. 
For example, Celtis caucasica compared to Melia azedarach and Fraxinus rotundifolia 
accumulated more dust, but was also more vulnerable to the effects of dust. Morus 
alba was recognized as desirable tree for dust reduction and has been suggested to 
be the most suitable species for urban forests of semiarid zones, where dust pollution 
is high (Javanmard et al., 2020).

The dust-retention capability of trees is determined by tree age and structure of the 
leaves, presence or absence of trichomes and wax on the leaf surface, height of plant, 
surface geometry, phyllotaxy, epidermal and cuticular features, orientation of the leaf 
and length of petiole (Chaturvedi et al., 2013; Javanmard et al., 2020). Studies show 
that dust affects trees and plants through depositing on their leaves and also by ma-
king chemical changes to soil characteristics in the habitats where they grow. When 
particles cover tree leaves, leaves receive less light and this leads to lower photosyn-
thesis and in consequence less biomass produced (Wijayratne et al., 2009). Moreover, 
lower photosynthesis in fruit trees is associated with lower productivity in terms of 
grains and fruit. Studies show that different species react differently to dust flux. For 
example, in Q. infectoria, dust has the greatest impact on photosynthesis, stomatal 
conductance, leaf internal CO2, transpiration and mesophyll conductance (Siqueira-
Silva et al., 2016), while for Q. brantii, dust has a greater effect on photosynthesis and 
mesophyll conductance. 

Considering that Iran and its Western neighbors are in the dry and semi-arid belt of 
the world, more than two-thirds of Iran's area is in the dry and semi-arid climate.  Mo-
reover, recording annual rainfall less than 250mm, Iran is at risk of dust phenome-
non. Studies show that dust storm events have dramatically changed in terms of the 
amount and size of suspended particles, duration, extent and time over the past two 
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decades. And compared to the previous events, the number of dusty days in the west 
of the country increased from less than 16 days until 2005 to more than 130 days 
in 2010. Measuring chlorophyll is an important tool for evaluating the effects of air 
pollutants on plants, because it plays an important role in plant metabolism. With the 
deposition of fine dust particles on the surface of the leaf, a shadow is created on the 
outer surface of the leaf, and it probably causes a decrease in light absorption and 
subsequently decreases the concentration of chlorophyll. The amount of proline in-
creases in different plants under different stresses. In comparison with other common 
osmolytes, especially common and alcoholic sugars, proline has a higher efficiency 
for protection against stress and with a direct effect in stabilizing macromolecules 
and their water absorbing layers and also because Its antioxidant properties indi-
rectly show a protective effect (Delauney and Verma, 1993). Air pollution weakens 
trees and reduces their resistance to natural stresses. The increase in pollution, which 
includes dust, disrupts the process of photosynthesis and the amount of production 
of organic compounds in trees and causes the trees to weaken.

Zagros forests or western oak forests are in the west of Iran covering 6 million ha (Sa-
deghi et al., 2017). Along with grasslands in Kurdistan, oak forests in Kurdistan are im-
portant natural environments which provide habitats for wild animals and endemic 
plant species and for recreational opportunities for people in the region (Karami et al. 
2021). In addition, numerous springs contribute to water resources that are used for 
agricultural, recreational and household purposes (Karami et al., 2019; Jahanbakhsh 
et al., 2022). The forests are composed of different communities of plants and trees 
and act like a natural filter on which dust is deposited every year. These oak wood-
lands have been continuously experiencing flows of dust over the last few decades. 
It has been reported that being exposed to dust flux may in the long run facilitate a 
loss of these valuable woodlands (Moradi et al., 2017). Studies on the effects of dust 
on oak trees showed that dust flux disrupted physiological activities of oak species, 
decreased leaf gas exchanges and increased leaf internal CO2 concentration (Moradi 
et al., 2017). Although previous studies reported some of the effects of dust on spe-
cific plant species, aspects relating to the leaf mineral elements and physiological 
properties of the western oak forests have not yet been investigated.

The objectives of this study are 

(1) quantifying dust deposition on three Quercus sp., which are the dominant species 
of Zagros forests, 

(2) exploring the effect of dust deposition on leaf nutrient, proline and chlorophyll 
content and 

(3) investigating the impact of dust on photosynthesis.
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2 Materials and methods

2.1 Study area

This investigation was carried out in 2020 in a wooded area approximately 35 km 
from Mariwan (46°17'28.96'' to 46°20'32.04'' E and 35°36'12.97'' to 35°39'57.86'' N la-
titude) at an altitude of 1700 m (Fig. 1). An area of 1705 hectares directly exposed to 
dust was selected for study. Mean annual precipitation is 800 mm (Iran Meteorology 
Organization, 2021; Sadeghi et al., 2021; Balist et al., 2022). In most years the maxi-
mum monthly precipitation occurs in February and the minimum in June. The mean 
annual temperature is 16 °C and the study area is described as "Csa" (Mediterranean 
Climate) in the Köppen Climate Classification. Soils have a sandy loam texture, with 
a pH of 6.5-7. The common tree species in the area include Quercus brantii, Q. libani 
and Q. infectoria, the species selected for this study, and Pistacia atlantica, Pyrus Sp., 
Crataegus sp., Acer monspesulanum, Amygdalus sp., and Cerasus sp.

 

Figure 1: Location of the studied sites in Mariwan County, Kurdistan Province, Iran.

Abbildung 1: Lage des Untersuchungsgebietes in Mariwan, Provinz Kurdistan, Iran.
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2.2 Field design and statistical analysis 

To assess the effects of dust, three-year-old seedlings of oak trees Quercus brantii, 
Q. libani and Q. infectoria were used. The potted seedlings from Rikhlan nursery in 
Mariwan (Iran) were transferred to the study region in Chenare district of the Mari-
wan forests (Spring, 2017). Seedlings were divided into two groups of 45 pots. Fifteen 
potted seedlings of each species were placed in individual groups. One group was set 
as the dust treatment and the other was assigned as control. The seedlings were irri-
gated once every 4 days from 9th April until 10th July. To irrigate the pots, every three 
days 0.5 liter of water was applied to each pot. The leaves of seedlings in the control 
pots were washed during irrigation to remove dust while water was only poured in 
the pots with no leaf contact in the dust treatment pots. To increase the accuracy in 
the research procedure, the direction of wind on the pots was marked. To evaluate 
the real impact of dust particles on the studied species of seedlings, the studied spe-
cies were exposed to the dust in a part of the forests of Chanare Marivan. No artificial 
pollination was done on the seedlings, and they were exposed to dust during the 
dust period. For this purpose, five-year-old seedlings of three studied species were 
used. For this purpose, the seedlings were transferred to the study area in April (be-
fore the beginning of the growing season and before the dust storms). The seedlings 
were divided into two groups after establishment in the study area. Group one as 
dust treatment and one group as control. To increase the accuracy in the research 
process, the direction of pollen blowing was marked on the pots.

Figure 2: Three-year-old seedlings of oak trees Quercus brantii, Q. libani and Q. infectoria.

Abbildung 2: Drei Jahre alte Bäume der Eichenarten Quercus brantii, Q. libani und Q. infectoria.
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2.3 Photosynthesis, chlorophyll, proline and mineral elements assessment 

IRGA (Infrared Gas Analyzer, ADC Company) was used to measure the photosyn-
thesis rate for the studied species. The Arnon (1949) method was used to inves-
tigate the possible effect of dust on leaf chlorophyll content. To evaluate the sta-
tus of the species exposed to dust compared to control samples and whether the 
dust caused stress in the studied plants, the Bates (1973) method was used to 
measure leaf proline content. Leaf nitrogen content was measured using the Kjel-
dahl method, a spectrophotometer was used to measure phosphorus level, and 
other mineral elements were measured using an atomic absorption spectropho-
tometer (AAS) to evaluate the effects of dust on mineral elements of the leaves.  

Assess the amount of dust deposited on leaves

To estimate the amount of deposited dust, 20 leaves from the plucked leaves contai-
ning dust of each species were washed separately with distilled water (both sides of 
the leaves). Then the resulting dust solution was placed in a centrifuge (for 15 minu-
tes at a speed of 5000 per minute) and its precipitated part was separated by depo-
siting dust particles. Then, the separated sediment part (dust particles) was placed in 
an oven at a temperature of 70 °C for 48 hours. After drying, the dust particles were 
carefully weighed for each species separately in the laboratory. Then, using the ave-
rage area of the collected leaves, the weight of the amount of dust deposited in the 
average area of the leaf was estimated separately for each of the species.

2.4 Statistical analysis 

After checking the normality of the data and residuals using the Kolmogorov-Smir-
nov test, data were analyzed in a factorial approach with two factors: type of species 
(Q. branti, Q. libani and Q. infectoria), and dust at two levels (one containing dust and 
the other without dust as control). Then, a Duncan test was performed to study the 
difference between means when the assumption of the equality of variances was 
confirmed. All analyses were conducted using SPSS software, version 23.

3 Results

3.1 The amount of dust deposited per leaf

Table 1 shows the amount of dust deposited per leaf and tree surface area. As it can be 
seen, the highest deposited dust was recorded for Quercus brantii with 12 mg per leaf.
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Table 1: The amount of dust deposited deposited (mean ± standard deviation) per leaf per leaf by species.  
Similar Roman letters after parameters indicates no difference at 5% level (same applies for the following 
tables).

Tabelle 1: The Staubmenge pro Blatt und die Blattfläche (Mittelwert ± Standardabweichung) für die 
untersuchten Arten. Ähnliche Buchstaben nach Parameter zeigen keine signifikanten Unterschiede 
auf 5-%-Niveau an (das selbe gilt für die folgenden Tabellen).

3.2 Leaf photosynthesis rate 

The results showed that the type of species had a significant effect on the level of 
photosynthesis, with photosynthesis rates among the three species being signifi-
cantly different. In addition, results showed that the presence of dust had a signifi-
cant effect on the photosynthesis of the different oak species. It was also found that 
the interaction of species and dust at the level of the studied variable was not statis-
tically significant, that is, each factor (species and dust) had an independent effect on 
photosynthesis. 

The results in Table 2 showed that dust deposition on the leaves of the three studied 
species reduced photosynthesis rates (Figure 3). This reduction was statistically signi-
ficant in the Q. brantii and Q. infectoria species, but not in Q. libani. 

Table 2: Photosynthesis rates (mean ± sd) of the species studied exposed to dust.

Tabelle 2: Photosyntheseraten (Mittelwert ± Standardabweichung) der untersuchten Arten unter 
Staubexposition und Kontrolle.
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3.3 Leaf chlorophyll content

The results revealed that in general, species type had no significant effect on the leaf 
chlorophyll content, that is, the difference in chlorophyll a, b and total chlorophyll 
among the three studied species (Figure 3) was not statistically significant. In relation 
to the presence or absence of dust on the leaves of the studied trees, the presence 
of dust had no significant effect on the amount of chlorophyll a, b and total chloro-
phyll pigment (α = 5%). It was also observed that species and dust interacted in the 
amount of chlorophyll and total chlorophyll pigments, but in the case of chlorophyll 
b, each factor (species and dust) had an independent effect.

The results in Table 3 and Figure 3 show that only in the Q. infectoria species did dust 
deposition on the leaves have a significant effect on the amount of chlorophyll pig-
ment, in that dust significantly reduced the chlorophyll a, b and total chlorophyll in 
Q. infectoria. In other species, especially in Q. brantii, although there was a difference 
between the control and dust treatments in terms of chlorophyll pigments, this diffe-
rence was not statistically significant compared to other examined species.

Table 3: Mean (±sd) Chlorophyll content (mg/g fresh tissue) in the studied species under the influence of 
dust.

Tabelle 3: Chlorophyllgehalt (Mittelwert ± Standardabweichung) der untersuchten Arten unter 
Staubexposition und Kontrolle.

3.4 Leaf proline content 

As indicated in Table 4, dust deposition on tree leaves had a significant effect on the 
leaf proline content only in Q. infectoria, with dust in Q. infectoria leaves increasing 
proline content. Dust had the same effect on Q. brantii, but the difference was not 
significant. In Q. libani, the amount of proline in the dust treatments and control was 
almost equal (Table 4 and Figure 3).
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Table 4: Mean (± sd) of proline (mg/g dry weight) in the leaves of the studied species under the influence 
of dust.

Tabelle 4: Prolingehalt (Mittelwert ± Standardabweichung) der untersuchten Arten unter 
Staubexposition und Kontrolle.

3.5 Leaf mineral element contents

The current results showed that all the studied elements in the three species had a 
significant difference with each other at the level of 1% probability. Except for phos-
phorus, nitrogen and manganese, exposure to dust had a significant effect on all ele-
ments. Species and particulate matter factors interacted with phosphorus, sodium, 
magnesium, calcium, iron, and zinc, but each factor (species and particulate matter) 
had an independent effect on nitrogen, potassium, manganese, and copper.

Examination of the differences between the means of measured elements in leaves 
showed that the amount of magnesium in the three oak species increased signifi-
cantly when exposed to dust. Potassium levels increased in all three species, but it 
was significant only for Q. libani. Iron levels also increased in all three species, alt-
hough this increase was significant only for Q. infectoria. Conversely, copper and zinc 
elements showed a decreasing trend under the influence of dust. Also, calcium was 
significantly reduced in Q. brantii and Q. libani species. Phosphorus significantly in-
creased in Q. infectoria under the influence of dust. Nitrogen showed a decreasing 
trend under the influence of dust, but only in Q. libani was this decrease significant 
(Table 4). Manganese, however, increased under the influence of dust but not signi-
ficantly. 
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Table 5: Amount (mean ± sd) of mineral elements in leaves of the studied species under the influence of 
dust.

Tabelle 5: Mineralelemente (Mittelwert ± Standardabweichung) in Blättern der untersuchten Arten 
unter Staubexposition und Kontrolle.

 
 

3.6 Relative effect of dust removal in percent by species for photosynthesis, 
chlorophyll and proline

The results showed that dust particles reduce the amount of photosynthesis in oak 
species. dust particles have the greatest effect on the photosynthesis of the species 
of Q. brantii and Q. Infectoria (38 and 31.8%, respectively) (Fig. 3). Although the effects 
of dust on Q. libani was not as great as the other two species, it effects on the Q. libani 
was 12.8 percent.  The greatest relative effect of dust on chlorophyll content was ob-
served in two species Q. brantii and Q. Infectoria. In Q. libani species, it has no effect on 
the amount of chlorophyll (Fig. 3). Dust particles had the highest effect in increasing 
proline in Q. Infectoria species. The relative increase in this species was 177% (Fig. 3).



Seite 290	Moradi, Afshar Mohammadian, Taheri Abkenar, Shabanian, Bandak, Dragovich, Sadeghi

 

Figure 3: Relative effect of dust removal in percent by species for photosynthesis, proline and chlorophyll.

Abbildung 3: Relativer Effekt von Staubexposition in Prozent pro Baumart hinsichtlich Photosynthese, 
Prolin- und Chlorophyllgehalt.

Figure 4 shows the relative effect of dust on leaf nutrients. As this figure shows, the 
most changes are in the Fe, P, K and Cu elements.
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Figure 4: The relative effects on leaf nutrients for different Oak species. 

Abbildung 4: Relativer Effekt von Staubexposition in Prozent pro Baumart hinsichtlich Mineralelemente 
in Blättern.

4 Discussion

4.1 Photosynthesis

The present study provides insight into the physiological responses of different oak 
species to dust exposure in Northern Zagros in the western oak forests in Iran. Ba-
sed on our results, photosynthesis rates among the studied species were significant-
ly different and were also significantly affected by dust deposition. Dust in all three 
studied species reduced the photosynthesis rates of the leaves (Table 1). In general, 
one of the reasons for decreases in plant growth is the limitation of photosynthesis 
due to various stresses, including air pollution (Eller, 1997; Thompson et al., 1984). 
Photosynthetic limiting factors are divided into the two categories of stomatal fac-
tors, which reduce the entry of CO2 into the intercellular space, and non-stomatal 
factors that limit photosynthesis through the direct effect on biochemical manufac-
turing processes. Fischer et al., (1998) confirmed that closure of stomata is one of 
the most important factors in reducing photosynthesis, which in turn, reduces the 
stomatal conductance and ultimately the amount of photosynthesis. In addition to 
reducing the rate of photosynthesis, stomatal restriction also reduces the concen-
tration of carbon dioxide in the intercellular space of the leaf, which consequently 
reduces plant biomass (Lawlor and Cornic, 2002). In the present study, the stomatal 
apertures were probably closed by dust particles and consequently the amount of 
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gas exchange was significantly reduced, which may be an important reason why the 
rate of photosynthesis in all three species exposed to dust was lower than the control. 
The rate of reduction in photosynthesis depends both on the obstruction in stomata 
and the rate of reduction of light absorption by the plant leaves. Plants which are ex-
posed to large and chronic sources of dust are at risk abiotic stresses. Photosynthesis 
and consequently a decrease in growth (Takashi, 1995; Woo et al., 2007). 

Previously published electron microscope images show that the type of leaf wax coa-
ting in Q. infectoria species is of an irregular platelet type which causes the retention 
of dust particles on the leaf and also traps dust particles between parts of this wax, 
and as a consequence blocks the stomata (Moradi et al., 2017). In addition, a high ac-
cumulation of dust on the leaf surface causes leaf temperature to rise and as a result, 
photosynthesis in the leaves is reduced (Javanmard et al., 2020).

Several investigations have pointed to differences in the shape and density of the 
trichome and also the special shape of the wax surface of the leaf in different oak 
species (Panahi et al., 2012; Moradi et al., 2017). These different leaf structures can 
determine the amount of dust settling on the leaf, so it can be concluded that the leaf 
structure along with the amount of dust on the leaf determine the degree of obst-
ruction of the stomata in and following dust storms. Moradi et al. (2017) found that 
the rate of obstruction of leaf stomata due to dust was 61.6%, 48.4% and 38.1% in Q. 
infectoria, Q. libani and Q. brantii, respectively. The results of the present study are in 
agreement with this research and show that Q. infectoria species is more sensitive to 
dust than the other examined species.

It should also be noted that in all three studied species, depending on the position of 
the leaf, mass accumulation of dust particles occurred, causing stomata to be com-
pletely blocked, disrupting gas exchange, reducing the absorption of light over leaf 
surfaces and finally raising leaf temperature (Sharifi, 1997; Wijayratne et al., 2009; 
Javanmard et al., 2020). Blocked stomata lead to a reduction in photosynthesis and 
plant production (biomass). Sharifi et al. (1997) reported that the uncontrolled accu-
mulation of dust on plants changes the air flow on plant organs and, most import-
antly, when the dust load becomes greater, a significant percentage of the stomates 
are blocked and consequently a reduction in gas exchange and an increase in leaf 
temperature takes place.

The results of the present research are consistent with those described by Darley 
(1966), Eveling (1969), and Borka (1980). In these studies, it was mentioned that one 
of the potential effects of dust on photosynthesis is that a thick coating of dust on the 
leaf surface reduces stomatal conductance, decreases evapotranspiration, and finally 
increases leaf temperature and reduces growth. According to Thompson et al. (1984), 
photosynthesis decreases dramatically when 5 to 10 grams of dust per square meter 
is deposited on the leaves. The results of another study showed that an ash covering 
of 1 mm on the leaf surface reduces the photosynthesis process by up to 90% (Sett, 



	 Physiological responses of different Oak species to dust in Northern Zagros Forests� Seite 293

2017) At thicknesses less than 1 mm, the reduction rate varies between 25 and 33%. 
Of course, this effect will be different depending on the conditions and type of plant. 
The presence of dust on the leaf surface, in addition to reducing photosynthesis, will 
cause premature leaf aging and delay in plant growth and consequently reduce plant 
yield (Arvin and Cheraghi, 2014).

Seyyed Nejad et al. (2011) noted that air pollution stress causes the stomata to clo-
se, thereby reducing the CO2 content in the leaves and inhibiting carbon, which is 
consistent with the results of this study that indicate the important role of stomatal 
behavior in responding to the effects of dust. 

Roshanfekr et al. (2012) stated that the most sensitive indicator for examining the 
physiological condition of the plant, especially under stress conditions, is the beha-
vior of the stomata. Another important factor in the discussion of dust is the size of 
the leaf stomata (Liang et al., 2016). Some studies have shown that very fine particles 
(<0.1 microns) can enter the leaves through the stomata (Song et al., 2015; Lehndorff 
et al., 2006), but larger particles are deposited on the stomata when they are open, 
disrupting the gas exchange process which in turn affects photosynthesis, water re-
tention, and overall growth (Rai et al., 2010). Heavy metals are transported into the 
stomata openings directly into the leaf, while to move through the cuticle heavy me-
tals must be in ionic form (Uzu et al., 2010).

4.2 Leaf chlorophyll content

One of the most common effects of air pollution is a gradual decrease in chlorophyll 
and yellowing of the leaves, which may be due to a decrease in the photosynthetic 
capacity of the leaves (Joshi and Swami, 2009). The results of this study showed that 
there was no significant difference in chlorophyll a, b and total chlorophyll pigments 
between controls of the three studied species, but the presence of dust on the lea-
ves had a significant effect on the amount of chlorophyll a, b and total chlorophyll 
pigments (α=5%). The shadow effects caused by the deposition of dust particles on 
the leaf surface probably reduced light absorption and consequently the chlorophyll 
concentration. Sediment particles may block the stomata, thereby disrupting gas 
exchange and increasing leaf temperature, as well as reducing chlorophyll content 
(Sandelius et al., 1995; Banerjee et al., 2003). These findings are in agreement with 
some studies which reported a decrease in chlorophyll content under dust particles 
and air pollution (Prusty et al. 2005; Seyyednejad, 2011; Chen et al., 2015; Tiwari et al., 
2006; Joshi and Swami, 2007; Tripathi and Gautam, 2007; Joshi et al., 2009; Agbaire 
and Esiefarienrhe, 2009). 

The results of this study showed that only in Q. infectoria did dust deposition on the 
leaves have a significant effect on the amount of chlorophyll pigment, significantly 
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reducing chlorophyll a, b and total chlorophyll in this species. Similarly, a decrease 
in the amount of chlorophyll pigments has been reported due to air pollution (Shar-
ma and Tripathi, 2009). A substantial reduction in chlorophyll between 35% and 60% 
has been noted in some tree and shrub species due to contamination in industrial 
areas (Nayek et al., 2011). A relationship has also been found between contamination 
density and photosynthetic activity, total chlorophyll content, and premature leaf 
aging (Honor et al., 2009). Decreased photosynthesis rates may be due to insufficient 
production of chlorophyll or oxidation of chlorophyll by free radicals (Shiazaki et al., 
1980). According to the current results, in the other two species, especially in Q. bran-
tii, there was a difference between control and dust in terms of chlorophyll pigments, 
but this difference was not statistically significant. Chlorophyll synthesis in Q. infecto-
ria was more sensitive to dust than the other two examined species.

4.3 Leaf proline content

Some studies have shown that free proline content increases in response to various 
environmental stresses in plants (Levitt, 1972) such that, under different stresses, the 
amount of proline in different plants increases. For example, in plant leaves exposed 
to SO2, heavy metals and other environmental stresses (Wang, 2011), leaf proline le-
vel increased. In fact, proline accumulation is one of the metabolic methods used 
by plants in response to stress (Hua et al., 1997; Levitt, 1972). In general, the amount 
of proline in the leaves of the species in this study were substantially different from 
each other. Dust had a significant effect on the leaf proline content of Q. infectoria, 
increasing the proline content. It had the same effect in Q. brantii, although this effect 
was not significant. Since proline content increases in response to various stresses in 
plants, it may play a role in plant defense mechanisms. However, in this study proline 
increased in response to dust exposure and the impact on the proline content among 
the examined species was different. Q. infectoria showed a significant increase in pro-
line content compared to the control, which indicates the high sensitivity of this spe-
cies to dust in comparison to the other two species. 

Proline has been reported to act as a free radical scavenger to protect plants from 
oxidative stress damage (Wang, 2011). Numerous studies have reported an increase 
in reactive oxygen species (ROS) due to environmental stresses such as air and soil 
pollution, low and high temperatures, and drought. The ROS produced is highly reac-
tive and toxic for all plants (Pukacka and Pukacki, 2000; Woo et al., 2007; Alscher et al., 
2002). Since there was a significant decrease in photosynthesis and chlorophyll, and 
an increase in proline in Q. infectoria species under the effects to dust exposure, it can 
be concluded that the decrease in photosynthesis rate is possibly due to insufficient 
production of chlorophyll or oxidation of chlorophyll by free radicals. This is in agree-
ment with the findings of Shimazaki et al. (1980). Accumulated proline in plants has 
a role in actions such as osmotic composition, nitrogen storage composition, free ra-
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dical scavenging, regulation of cellular oxidation potential, pH regulation and main-
tenance of cellular turbulence, which ultimately makes plants more tolerant in facing 
different stresses (Hua et al., 1997; Levitt, 1972; Nakashima et al., 1998).

4.4 Leaf mineral elements

Examination of the results of EDS dust on the leaves as well as EDS of soil samples 
showed that the elements of iron, silica and calcium were present in many repetiti-
ons. Due to the increase in the concentration of iron, magnesium and potassium in 
the leaves of the species treated with dust, it can be concluded that dust has increa-
sed these elements. The current results are consistent with the findings of Zarasvandi 
et al. (2012), however, these researchers mentioned an increase in the concentration 
of the heavy metals by dust. Although considerable research has been conducted on 
the amount of leaf mineral elements of species under other stresses such as salinity, 
the trend of changes in leaf mineral elements under the influence of dust has not 
previously been reported.

In general, the observed increase or decrease of leaf elements under the influence of 
dust in this research was such that it can be concluded that dust did not have a signi-
ficant effect on these elements in the investigated trees. It is important to note that 
the amount of leaf elements varies during the growing season and different ages of 
the plants and they are different from each other. Therefore, it is necessary to conduct 
further investigations to identify and assess the impacts of the changes in leaf mine-
ral elements under the influence of dust.

5 Conclusions

Plants act as air pollution absorber. Air pollutant particles are deposited on the sur-
faces of plants and affect their morphological and physiological characteristics. Trees 
improve air quality by absorbing suspended air particles, but they are also negatively 
affected by the accumulation of dust particles on leaf surfaces. In turn, air pollution 
can reduce tree growth as well as crop yield, reduce photosynthesis, inhibit physio-
logical processes, functional and metabolic changes. The results of the present study 
also showed the adverse effect of dust deposition on the growth and performance 
of selected tree species in the northern Zagros forests. Dust deposition may result in 
a reduction of biodiversity and the loss of goods and services provided by the forest 
ecosystems in dust-affected regions.
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