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Abstract

:

In this paper, uneven-aged stands from two important Romanian mountain areas—the Southern Carpathians and Banat Mountains—are compared with the purpose of studying the stationary conditions of uneven-aged forest stands in order to determine which management strategies are best suited to these forests and other Romanian forests with a similar structure. The study is based on silvicultural practices and natural growth conditions related to uneven-aged forest stands. The analysed surface represents 20% of Romania’s forests and includes all uneven-aged forest stands in the Southern Carpathians and half of the Romanian Western Carpathians. It has been concluded that the Southern Carpathians and Banat Mountains contain a relatively reduced percentage of uneven-aged stands compared with the total number of stands due to their composition and less favourable stationary conditions of the stands. This section highlights the novelty of the work carried out in this study on uneven-aged forest stands from two landscape reliefs in Romania.
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1. Introduction


In recent decades, the public pressure against clear-cutting has led to an increased interest in uneven-aged silviculture [1]. Uneven-aged forest stands are defined by a difference of more than 20 years between the age of the component trees and by a greater amplitude of diameter variation. Typically, the tree diameter distribution of these stands follows an exponential trend, where the curve indicates the balance between regeneration, growth and natural elimination. In general, the large diameter classes in natural uneven-aged forest stands in Romania have frequencies that exceed the theoretical ones [2]. Uneven-aged silviculture can be considered as a tool to better maintain biodiversity within managed forest areas, with results of some research showing that the uneven-aged regime can conduct a similar maintenance of beetle (Coleoptera) composition as an unmanaged forest [3].



Uneven-aged forest management is practised in forests across European countries and is characterised by approaches such as ‘continuous cover forestry’, ‘close-to-nature forestry’, ‘nature-oriented silviculture’ and ‘naturalistic silviculture’ to maintain stands composed of trees of different age classes [4]. However, regardless of the chosen management strategy, these need to be chosen in order to increase the resilience and resistance of forests to mitigate the effects of climate change [5]. Along with these controlled approaches to uneven-aged forest management, some natural disturbances continue to occur periodically (insect outbreaks, ice storms, forest fires, etc.) [6]. Regarding the impact of weather conditions on uneven-aged stands, research has shown that forests composed of uneven-aged stand plots are generally less impacted by windthrows and as a consequence, the management of such forests needs to be based on common management of all their stand plots [7]. Research about modelling the susceptibility of an uneven-aged broad-leaved forest to snowstorm damage has shown that from the total uneven-aged forest area, approximately 30% was highly and very highly susceptible to snowstorms [8].



The main obstacle when practising uneven-aged forestry is its low economic performance compared to clear-cutting, for example, but with high sustainable ecological benefits [9]. In uneven-aged forests from another part of the Earth, such as tropical forests, retention forestry and selective logging are the options most suitable for maintaining tree biodiversity [10]. Uneven-aged management, analysed in pine and spruce stands in terms quantifying in money of carbon, timber, and bilberry benefits, has shown that uneven-aged management is the most performing in terms of the total net present value (NPV) and with respect to bilberry benefits (NPV of bilberry harvesting) [11]. Regarding wood production, many of the previous comparisons regarding the relative productivity of uneven-aged stands have been empirical growth studies based on stem volume production [12].



The hypothesis checked by the study regarding the natural-growth conditions of uneven-aged forest stands from the Southern Carpathians and the Banatului Mountains is that actual forest management strategies are best suited to these forests and other Romanian forests with a similar structure.




2. Materials and Methods


The Romanian Carpathians span approximately 67,800 km2 and are divided into three main groups: the Eastern Carpathians, the Southern Carpathians, and the Apuseni Mountains or the Western Carpathians [13].



The Southern Carpathians measure 250 km from east to west and 50 to 70 km from north to south. They are located between the Timis-Cerna tectonic corridor in the west and Prahova and Cerbului Valley, Barsa Grosetului, and Sinca Valley in the east. The mountains include the massifs Bucegi, Piatra Craiului, Leaota, Fagaras-Iezer and Parang-Cindrel, as well as the Godeanu Mountains [14]. The Banat (Banatului) Mountains are bordered by the Mures Valley in the north, the Danube in the south, the Hateg Depression in the east, and the Banat Hills in the west. They mostly display the same geological structure as the Southern Carpathians.



The Southern Carpathians include the crystalline blocks located west of the Bran-Rucar corridor up to the Timis-Cerna corridor. They represent the most majestic part of the entire Carpathian chain.



The Banat Mountains constitute sharply fragmented massifs at altitudes below 1500 m and with numerous depression corridors. They include the Semenic-Almaj Mountains, the Carasului, Locvei and Dogneca Mountains, and the Poiana Rusca Mountains.



The area of the Banat Mountains and the Southern Carpathians located west of Dambovita is composed predominantly of crystalline schists and old magmatic rocks (granites and banatites), covered in places by sedimentary formations primarily from the Mesozoic Era. Typically, groups of mountains can be identified based on their geological structure. One example is the ‘Getic canvas’, formed by mesozone and catazone rocks in Fagaras, Lotru, Cibin, Surianu, Poiana Rusca, Semenic, and partially in the Godeanu Mountains. Another is the Parang crystalline, also known as Danubian, formed from episonal rocks and which appears in Parang, Vulcan, Retezat, and Cerna [13].



The climate of the Southern Carpathians is directly related to altitude, with minor differences recorded between the southern and northern slopes. This region does not include sectors from the west (Godeanu, Mehedinţi, Cerna), where slight Western influences appear. At altitudes lower than 1800 m, annual average temperatures vary between 0 °C and 7 °C. The amount of precipitation decreases (800–1200 mm) with decreasing altitude—a phenomenon that is also detected in sectors from the west to the east [15].



The climate of the Banatului Mountains is strongly influenced by that of sub-Mediterranean regions. For example, annual precipitations exceed 1200 mm, although the mountain height does not exceed 1400 m. Moreover, spring occurs early, winter has intervals where temperatures exceed 0 °C, and both seasons are framed by periods of relatively low temperatures [15].



Research developed in the Southern Carpathians has shown that uneven-aged forests are superior to even-aged forests due to their greater continuity, stability, and protection for trees [16]. In uneven-aged forests from the Southwestern Carpathians, Ciceu et al.’s equations have been developed in order to predict the diameter distribution. These equations can also be used as a conversion regime of even-aged to uneven-aged forests [17]. Resilient mixed forests from the Southern Carpathians are expected, under intense climate change, to accumulate higher biomass quantity, contributing to climate change adaptation and mitigation [18].



In the Banatului Mountains, the oldest stands—and uneven-aged stands as well, are located in the Semenic Mountains and in the Almajului Mountains [19]. The most characteristic area for uneven age and very old stands from the Banatului Mountains is Izvoarele Nerei Nature Reserve—one of the largest natural beech stands in Europe [19,20].



Another species that found favourable conditions—regarding forest stations or site conditions—is the Douglas fir, which prefers oceanic mountain climate, either cold and humid or warm and humid. In our country, the most favourable areas are located in the Banatului Mountains and in Western Transylvania [21]. A forest station or biotope is a well-defined geographical area characterised by its relief, rock (or parental material elements), soil type, and climatic conditions. These factors all establish and determine the productivity of stands [22,23,24], as well as the forest growth globally [25,26]. Furthermore, studies have shown that precipitation and temperature are other major factors that influence forest growth [27,28].



In the case of uneven-aged forest stands, forest management strategies used are based on a selection system, as in the case of other stands in Romania with this structure, the most sustainable management system for forest stands in terms of forest resources. This is a silvicultural system in which individual trees or small groups of trees are cut periodically in order to improve the forest structure and its growth. At the same time, these actions support the regeneration in that particular area [29,30]. Selective cutting applied in uneven-aged stands is difficult, and this makes repeated thinning unfeasible to be applied. High risks of root rot in uneven-aged stands of Scots pine were found where the cutting method was selective cutting [5].



In Romania, the law requires forest administrators to develop periodically updated management plans for the managed forest. Thus, forests are characterised and described at 10-year intervals through forest management plans. Sustainable management has to take into account not only stand characteristics but also site characteristics where these forest ecosystems are. Further management strategies elaborated by government decision-makers can take into account the current state of knowledge in the field and, implicitly, the current study.



We studied the forest management plans (owned by the state forest administration) for the Romanian Southern Carpathians and the Banatului Mountains [31]. These plans contain data accumulated over almost 30 years (1980–2008) in 61 forest districts. From this extensive database, we extracted data on uneven-aged forest stands only. A total of 5318 and 1616 stand components belong to the Romanian Southern Carpathians and the Banatului Mountains, respectively. We determined the total area, the volume, the production class, the species composition and the age of uneven-aged forest stands, as well as forest site characteristics, including the exposition, the slope, the altitude and the soil types.



The analysed data is relevant for approximately 30 years (1982–2008) and covers 29,065 ha (out of 1,288,490 ha). The investigated area represents 20% of Romania’s forests and includes all of the Romanian Southern Carpathians and half of the Romanian Western Carpathians (Figure 1).



We only measured the volume of uneven-aged stands older than 80 years. Stands made of beech, or beech mixed with conifers (beech and spruce, beech and fir, beech, spruce and fir) were the dominant ones in the area and were therefore analysed to highlight potential differences in growth patterns among the species, as well as between the two geographical areas under study.



Calculations were performed using the applications from Microsoft Excel.



In order to compare the proportions distributions of the composition of dominant stand elements (SPECIES), the altitude of the land (ALTITUDE), exposition (EXPOSITION), age (AGE), soil types (SOIL TYPES), land slopes (SLOPE), and production classes (QUAL), from uneven-aged stands located in the Southern Carpathians and Banatului Mountains, the Kolmogorov-Smirnov non-parametric test was used. In order to compare the proportions distributions of the volume of common beech (m3) from uneven-aged stands of pure common beech located in the Southern Carpathians compared with the Banatului Mountains, The Wilcoxon signed-rank (p = 0.05) non-parametric test was used (the paired samples option was used to perform this statistical test). Furthermore, in order to compare the samples, the Friedman test (p = 0.05) was used between distributions of the volume of common beech (m3) from uneven-aged stands of different tree species located in the Southern Carpathians (prior to the statistical test, data was interpolated at 5 years’ time step with the allosteric sigmoidal function). All these statistical tests were calculated and graphically designed with STATA version 17 SE (StataCorp LLC, 4905 Lakeway Drive, College Station, TX, USA).



Time series data from the volume of common beech (m3) from uneven-aged stands of pure common beech located in the Southern Carpathians, compared with Banatului Mountains, and from the volume of common beech (m3) from uneven-aged stands of different tree species located in the Southern Carpathians, was subjected to the allosteric sigmoidal non-linear regression function. This statistical analysis was performed with GraphPad Prism v5.3 (GraphPad Software, 225 Franklin Street. Fl. 26, Boston, MA, USA).



A graphical description of the methodology used to obtain the information, presented from a theoretical perspective beginning from general data and specific data used (data regarding uneven-aged forests from studied areas) to methodological strategies such as statistical methods and statistical tests used in order to obtain the results, is shown in Figure 2.




3. Results


3.1. Surface and Distribution of the Uneven-Aged Forest Stands from the Two Studied Areas


The largest areas of uneven-aged forest stands in the Romanian Southern Carpathians (red dots on Figure 3) are located in the forest districts of Domnești (3226 ha), Retezat (1611 ha), Latorița (1498 ha), Brezoi (982 ha), and Râșnov (893 ha; located in the eastern region). The largest areas of uneven-aged forest stands in the Banat Mountains are located in the forest districts of Mehadia (2175 ha), Caransebeș (1530 ha), Dobra (801 ha), and Hunedoara (578 ha).



The higher number of uneven-aged forest stands in the Southern Carpathians is explained by the more complex stationary conditions of this sector than those in the Banat Mountains and by the more varied composition of beech, fir, and spruce species growing in these regions. The favourable ecological conditions of the Southern Carpathians support the demands of a larger number of species.



Currently, the percentage of uneven-aged forest stands is notably low both in the Southern Carpathians (2.7%) and the Banat Mountains (1.6%).




3.2. Seasonal Conditions Specific to Uneven-Aged Forest Stands in the Two Studied Areas


As expected, the largest number of uneven-aged forest stands of spruce, fir, and beech in the Southern Carpathians are located on the shaded and partially shaded expositions in the northeast and north. Conversely, the largest number of uneven-aged stands of beech and fir is situated on the southwestern expositions, where the conditions necessary to grow these species are optimal (Figure 4).



In the Banat Mountains, the uneven-aged beech and fir stands appear mainly on the sunny and partially sunny South-Western and South-Eastern expositions. By contrast, spruce, fir, and beech stands appear on the shaded northern expositions.



The largest number of uneven-aged fir and spruce stands in the Southern Carpathians appear on slopes with inclinations greater than 25°. The number of stands was especially high at inclinations greater than 35°. In the Banat Mountains, the highest number of uneven-aged beech and fir stands appear on slopes with inclinations between 25° and 35°, whereas beech and fir are located on slopes with inclinations of up to 20° (Figure 5). These findings can all be explained by climatic and evolutionary influences.



The highest land slopes registered in the Southern Carpathians are located in the Domnești, Latorița, and Retezat forest districts. Uneven-aged forest stands are located at the highest altitudes in the Domnești, Latorița, and Brezoi forest districts of the Southern Carpathians and in the Teregova, Mehadia, and Caransebeș forest districts of the Banat Mountains.



Most of the uneven-aged forests are situated at altitudes higher than 1000 m in the Southern Carpathians but between 700 m and 1200 m altitude in the Banat Mountains. It should be noted that 1852 hectares of the Banat Mountains are situated at altitudes below 700 m; the number of uneven-age stands is four times higher in the Banat Mountains than in the Southern Carpathians (Figure 6).



As shown in Figure 6, the largest number of uneven-age forest stands is found at altitudes higher than 1000 m in the Southern Carpathians but between 700 m and 1200 m altitude in the Banat Mountains. This finding has been influenced by the composition of the forest stands and climatic conditions. Furthermore, uneven-aged stands of beech are abundant in the Banat Mountains, especially at altitudes below 700 m.



We detected no significant differences in soil types between the studied areas. The dominant soil types in the Southern Carpathians and Banat Mountains are eutric cambisols (43% and 49%, respectively) and dystric cambisols (25% and 38%, respectively) (Figure 7).



The distribution of soil types is closely correlated with the distribution of parent rocks. The higher levels of the main soils (e.g., the largest percentage of typical dystric cambisols) in the Banat Mountains can be explained by the higher availability of parent materials originating from crystalline substrates.



Analysis of the distribution of forest stations in uneven-aged stands from the two Carpathian sectors revealed that the Banatului Mountains is dominated by ‘Mountain-premountain common beech of superior reliability, eutricambosoil, high edaphic with Asprula-Dentaria’ (35%), followed by ‘Hill common beech of average reliability, average edaphic eutricambosol with Asperura-Asarum’ (19%) and ‘Mountain-premountain common beech of average reliability, average edaphic eutricambosol with Asperula-Dentaria’ (18%) (Figure 8).



The Southern Carpathians are dominated by mixed stations with an average (34%) or superior (14%) reliability, followed by pure common beech stands (13%) (Figure 8). The number of forest stations is notably higher in the Southern Carpathians than in the Banatului Mountains.




3.3. Structural Characteristics of the Dominant Tree Elements in Uneven-Aged Forests Stands of the Two Studied Carpathian Sectors


The species most representative of the uneven-aged forest stands in the two studied areas are beech (13,803 ha), spruce (4304 ha), and fir (2864 ha) for the Southern Carpathians, and beech (6534 ha), fir (295 ha), and spruce (201 ha) for the Banat Mountains (Figure 9).



The majority of uneven-aged forest stands in the Romanian Southern Carpathians are more than 80 years old, with stands aged 141–160 years, 121–140 years, and 101–120 years occupying 4805 ha, 3684 ha, and 3584 ha, respectively. We noted a similar situation in the Banatului Mountains, where most of the uneven-aged forest stands were older than 80 years. Stands aged 81–100 years, 141–160 years, and more than 160 years occupied 1163 ha, 1353 ha, and 1470 ha, respectively.



The majority of uneven-aged stand elements from the Southern Carpathians belong to the following age groups: 141–160 years (4805 ha), 121–140 years (3684 ha), and 101–120 years (3584 ha). Similarly, stand elements from the Banatului Mountains are more than 160 years (1470 ha), 141–160 years (1353 ha), and 81–100 years (1163 ha) (Figure 10).



Stand elements older than 100–120 years are predominantly found in the Southern Carpathians and Banatului Mountains because almost all of the natural uneven-aged stands in these areas have reached their climax stage. Based on principles from the age category method, these stands are considered as having exceeded their exploitable age and are subjected to urgent exploitation. Consequently, the current percentage of uneven-aged stands is markedly low in the Southern Carpathians (2.7%) and the Banatului Mountains (1.6%).



Due to the less favourable stationary conditions in the Southern Carpathians for the growth of Norway spruce, fir, and common beech, the majority of uneven-aged stands are located in the 3rd production class. A few stands are even situated in the 4th class, whereas, in the Banatului Mountains, uneven-aged stands of fir and common beech are situated in the 3rd and 2nd production classes (Figure 11). Fir, and especially common beech, are exposed to more favourable conditions that suit their ecological requirements.




3.4. Statistical Testing of Differences between Some Characteristics of the Two Compared Areas


The Kolmogorov-Smirnov non-parametric test was used to compare the proportions distributions of the composition of dominant stand elements (SPECIES), the altitude of the land (ALTITUDE), exposition (EXPOSITION), age (AGE), soil types (SOIL TYPES), land slopes (SLOPE), and production classes (QUAL), from uneven-aged stands located in the Southern Carpathians and Banatului Mountains. Figure 12, Figure 13, Figure 14, Figure 15, Figure 16, Figure 17 and Figure 18 present the graphical results as cumulative distributions and a dominance diagram of the comparisons.



Results from Table 1 prescribe the statistical significances (i.e., p-values) of the Kolmogorov-Smirnov test (p = 0.05) between proportions distributions of the analysed parameters of uneven-aged stands from the Southern Carpathians and Banatului Mountains. All the p-values are higher than the p = 0.05 statistical threshold, a fact that allows us to confirm that all the analysed parameters mean of the uneven-aged stands from the Southern Carpathians and Banatului Mountains are not statistically significantly different from each other.



The Wilcoxon signed-rank (p = 0.05) non-parametric test was used to compare the proportions distributions of the volume of common beech (m3) from uneven-aged stands of pure common beech located in the Southern Carpathians compared with the Banatului Mountains (Table 2). Furthermore, the paired samples option was used to perform the statistical test. Figure 19 presents the graphical results as cumulative distributions and a dominance diagram of the comparison.



The statistical significance (i.e., p-values) of the Wilcoxon signed-rank test is smaller than the p = 0.05 statistical threshold. This fact confirms that the volume of common beech (m3) from uneven-aged stands of pure common beech located in the Southern Carpathians compared with the Banatului Mountains is statistically significantly different from each other.



The data for the volume of common beech (m3) from uneven-aged stands of pure common beech located in the Southern Carpathians compared with Banatului Mountains consists of a time series. This property allows to apply a non-linear regression over time. For both locations, the allosteric sigmoidal non-linear regression function was chosen (Table 3 and Figure 20).



The regression quality is prescribed by the R-square values. For both locations, the R-square values are higher than 0.85 (i.e., 85% accuracy), which denotes the high quality of the regression. The maximum asymptotic values (Vmax) of the volume for the Banatului Mountains location is more than 1.5 times higher than for the Southern Carpathians (Table 3). Also, the linear part slope (h) of the Banatului Mountains location is more than two times higher than for the Southern Carpathians. These results are validated by the statistical significance value derived from the Wilcoxon signed-rank test (p = 0.05) between distributions of the volumes, which confirms the statistically significant differences between the two locations. However, the volume half rate (Khalf) (i.e., the time corresponding to the half value of the overall volume difference) is not too different; consequently, the linear parts of the regression functions differ only within 18%.



The time-series for the volume of common beech (m3) from uneven-aged stand of different tree species located in the Southern Carpathians was subjected to the allosteric sigmoidal non-linear regression function (Table 4 and Figure 21), too.



The R-square values for BEECH and BEECH+FIR samples are higher than 0.85 (i.e., 85% accuracy), which denotes the high quality of the regression. However, for samples BEECH+SPRUCE and BEECH+FIR+SPRUCE, the R-square values are lower than 0.85, which indicates the average quality of the regression.



The maximum asymptotic values (Vmax), linear part slope (h), and volume half rate (Khalf) (i.e., the time corresponding to the half value of the overall volume difference) are in more complicated relations between the samples than in Table 3. Due to this reason, in order to compare the samples, the Friedman test (p = 0.05) was used between distributions of the volume of common beech (m3) from uneven-aged stand of different tree species located in the Southern Carpathians. Prior to the statistical test, data was interpolated at a 5-year time step. Results from this test are presented in Table 5 and Table 6. Statistically, significant differences are present between BEECH and all other samples and between BEECH+SPRUCE and BEECH+FIR+SPRUCE samples.



As expected, the dominant species in the Southern Carpathians (especially on the south tilt) and the Banatului Mountains is the common beech. However, the Norway spruce is much better represented in the Southern Carpathians, especially on their north tilt, where the climate is better suited to its ecological characteristics.



Based on their composition, the volume of common beech in uneven-aged stands is decreasing in the following order: stands of common beech only, stands of common beech mixed with Norway spruce, stands of common beech mixed with fir, and lastly, stands of common beech mixed with fir and Norway spruce (Figure 22).



The common beech is the dominant species in uneven-age stands from the Southern Carpathians and the Banatului Mountains. Different volumes of this species are produced based on the stand’s composition. As shown in Figure 22 and Figure 23, the largest volumes per hectares are obtained from pure or almost pure stands of all ages, followed by stands consisting of common beech and fir mixtures and those composed of common beech and Norway spruce mixtures. The lowest production volumes are recorded for stands of common beech, fir, and Norway spruce because common beech stand elements dominate when mixed with resinous elements, even though they try to rival them.



Uneven-aged stands of common beech from the Banatului Mountains have a high volume of trees that are more than 100 years old compared to stands from the Southern Carpathians (Figure 23). No differences were observed among stands with trees aged between 80 and 100 years, as the Banatului Mountains offer more favourable ecological and climatic conditions for the common beech to grow.





4. Discussion


In the Southern Carpathians, uneven-aged forest stands represent 5318 stand components, covering 21,509 ha (i.e., 2.7%) of a total area of 806,772 ha of forest [32]. In the Banat Mountains, uneven-aged forest stands (1616 tree elements) occupy 7556 ha (i.e., 1.6%) of a total area of 481,718 ha of forest [19].



The higher proportion of uneven-aged forest stands in the Southern Carpathians is explained by the more varied composition of beech, fir and spruce species that grow in these regions. By contrast, the uneven-aged stands in this area are less represented because the dominant species in the Banat Mountains is beech, followed by fir and spruce. Many tree stands are not clearly even-aged or uneven-aged; they can pass through a series of stages between them, and the species composition often changes during this succession [33]. The composition is more diversified in the area with a large proportion of uneven-aged stands in our case—Southern Carpathians—it can also be a result of this fact.



There is a predominance of tree elements ranging from 100 to 120 years of age because natural uneven-aged forests have reached their climax stage. Other uneven-aged forest stands in the country [34] and in Europe also exhibit this characteristic.



The highest land slopes registered in the Southern Carpathians are located in the Domnești, Latorița and Retezat forest districts; those registered in the Banat Mountains are at the Rusca Montană, Teregova and Caransebeș forest districts. In these areas, forests play an important role against landslides [32] and in the protection of accumulation lakes [28].



The tool that leads to sustainable forestry in the two studied areas is the forest management applied. This management system is a close-to-nature sustainable management, applied in forest stands with a difference of more than 20 years between the age of the component trees, by a greater amplitude of diameter variation and leading to a sustainable forest structure, much closer to a natural forest structure than to even-age structure. Forest management strategies best suited for this type of uneven-aged forest stands are selection systems. In the case of forest stands with a slope steeper than 35° (degrees), only sanitary/hygiene felling is allowed because these are protective areas. This management strategy is better than shelterwood systems and clear-cutting. In this way, wood can be obtained continuously in small quantities but for a long period of time. In terms of forest management, when the stand is regenerated in these areas, mixed stands with species with resistance to ice damage must be promoted [35]. Mature trees are more vulnerable to severe ice storm damage. High altitudes and high stand densities cause a significant increase in damage. Forest management practices can play a significant role in controlling the forest’s susceptibility to this kind of extreme events [36]. The specific vulnerability of uneven-aged stands towards storm damage differs from that of even-aged stands. In the case of uneven-age stands, forestry based on long-term single-tree selection leads to stand structures that are stable in the case of major storm events [37]. Other research has shown that wind storms removed an average of 27% of the stand basal area in uneven-aged stands, compared to 41% of the stand basal area in even-aged stands, but in both cases, the removed trees were from a wide range of size classes [38]. In some cases, as in the case of the North American hardwood stands, long-term losses due to windthrow are more important in uneven-aged stands than in even-aged stands because short-term losses may be compensated by increased growth of even-aged stands [39].



Uneven-aged forest stands are located at the highest altitudes in forest districts of the Southern Carpathians. Altitude acts as an indirect periodic primary and secondary physical-geographic factor that exerts an influence based on the climate. A study carried out in the forests of southern Anatolia in Turkey showed that the main abiotic determinants of vegetation communities were altitude and exposition. These variables directly determined the site suitability for Pinus brutia, Pinus nigra, Abies cilicica, and Cedrus libani [40].



At the same time, forest management strategies are applied to provide a lot of other ecosystem services like soil protection, water protection, and biodiversity conservation. Besides some benefits, the mixture of age classes resulting from uneven-aged management conducts another form of diversity by improving the survival of many insect pests [41]. Uneven-aged stands are generally quite resistant to disease and damage; in uneven-aged management regimes, the damage risks are lower than in even-aged regimes [42].



The soil types of uneven-aged forest stands in the Southern Carpathians are eutric cambisols [24,43], typical dystric cambisols [44], lithic dystric cambisols, and entic podzols. Soil types in the Banat Mountains are eutric cambisols, typical dystric cambisols, and lithic dystric cambisols.



The climate (which favours the growth of common beech stands in the Banatului Mountains), fertile soils and an average or high edaphic volume explain this distribution.



Similar research regarding climate effect on Swiss uneven-age forests, has shown that the most growth-limiting climatic factor was temperature, excepting Abies alba Mill. Which was limited by vapour pressure deficit [45].



Other research in Europe has shown that topographic factors such as elevation, slope and aspect explain up to 3% of the variation of basal area increment, as do soil factors [46].



The oldest uneven-aged stands from the Southern Carpathians are located in the Runcu and Polovragi forest districts and consist mainly of common beech. However, if we consider all stands from the area, and not only the uneven-aged forests that represent only 2.7%, the oldest stands from the Southern Carpathians are located in Runcu and Bumbești [47]. In the Banatului Mountains, such stands are located in the Caransebeș and Teregova forest districts.



Regarding the forest composition, the fir appears in a higher percentage in the Southern Carpathians, especially on carbonate substrates. Archived bibliographic records [48] have indicated a decline in the percentage of fir trees growing in the Southern Carpathians and Banatului Mountains. This decrease has occurred because preferential extraction is given to fir trees to produce furring, which is used to cover buildings such as homes, barns, sheds, and huts. Other forest species that grow in the Southern Carpathians but cover a smaller area (2302 ha) are black alder [49], and aspen [50].



This close-to-nature management approach is limited because it requires a lot of resources and a good forest infrastructure. It also requires good training staff and a high density of forest roads.




5. Conclusions


The findings of this study indicate that the percentage of uneven-aged stands (out of the total number of stands) in the Southern Carpathians and the Banatului Mountains has relatively decreased, mainly due to the stand composition and less favourable stationary conditions.



Furthermore, the adopted management strategy plays a vital role in reducing the current percentage of uneven-aged stands after their re-introduction to the forest.



The age category method was adopted in stands with a typical or relatively uneven-aged structure. This method considers uneven-aged stands as having exceeded their exploitable age, leading to their faster exploitation and decreasing their percentage in the production unit.



The majority of uneven-aged forest stands in the Romanian Southern Carpathians are more than 80 years old.



The dominant species in the Southern Carpathians and the Banatului Mountains is the common beech. The Norway spruce is much better represented in the Southern Carpathians, especially on their north tilt, where the climate is better suited to its ecological characteristics. The fir appears in a higher percentage in the Southern Carpathians, especially on carbonate substrates.



The oldest uneven-aged stands from the Southern Carpathians are located in the Runcu and Polovragi forest districts and consist mainly of common beech. The common beech is also the dominant species in uneven-age stands from the Southern Carpathians and Banatului Mountains.



The research value of the study is given by the fact that it highlights that this type of sustainable forest management offers advantages for a long period of time, both from an economic and ecological point of view. The influence of studied characteristics on the forest, which can only be understood by comparing forest ecosystems from different regions, can be a basis for the sustainable management of forests. We consider that in Romania, future research studies should focus on applying this type of forest sustainable management to small forest owners, leading to sustainable forestry in the forest private sector.



The results of the study and their conclusions evaluate the sustainable management applied in these uneven-aged forests (selection system), highlighting the influence of stand characteristics and site conditions on the success of this type of management in conducting sustainable forestry in economic and ecological terms.
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Figure 1. The Banatului Mountains—part of the Western and Southern Carpathians of Romania. 
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Figure 2. Graphical description of the methodology used for comparison between uneven-aged forest stands from the Southern Carpathians and those from the Banat Mountains. 






Figure 2. Graphical description of the methodology used for comparison between uneven-aged forest stands from the Southern Carpathians and those from the Banat Mountains.



[image: Sustainability 16 01109 g002]







[image: Sustainability 16 01109 g003] 





Figure 3. The location of the largest areas of uneven-aged forest stands in the Romanian Southern Carpathians and Banat Mountains. 
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Figure 4. Exposition of uneven-aged forest stands in the Southern Carpathians (a) and Banat Mountains (b). 
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Figure 5. Land slopes corresponding to the uneven-aged forest stands in the (a) Southern Carpathians and (b) Banat Mountains. 
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Figure 6. The altitude of the land corresponding to (a) uneven-aged forest stands in the Southern Carpathians and (b) the Banat Mountains. 
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Figure 7. Soil types corresponding to the uneven-aged forest stands in the (a) Southern Carpathians and (b) Banat Mountains. 
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Figure 8. Forest station types corresponding to the uneven-aged forest stands in the (a) Southern Carpathians and (b) Banat Mountains. 
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Figure 9. Composition of dominant stand elements from uneven-aged forest stands located in the (a) Southern Carpathians and (b) Banat Mountains. 
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Figure 10. The age of the dominant stand elements that comprise the structure of uneven-aged forest stands located in the (a) Southern Carpathians and (b) Banat Mountains. 






Figure 10. The age of the dominant stand elements that comprise the structure of uneven-aged forest stands located in the (a) Southern Carpathians and (b) Banat Mountains.



[image: Sustainability 16 01109 g010]







[image: Sustainability 16 01109 g011] 





Figure 11. Production classes of uneven-aged forest stands located in the (a) Southern Carpathians and (b) Banat Mountains. 
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Figure 12. Graphical results from nonparametric test comparison (Kolmogorov-Smirnov, p = 0.05) between proportions distributions of the composition of dominant stand elements from uneven-aged stands located in the Southern Carpathians and Banatului Mountains. (a) cumulative distributions, and (b) dominance diagram. 
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Figure 13. Graphical results from nonparametric test comparison (Kolmogorov-Smirnov, p = 0.05) between proportions distributions of the altitude of the land corresponding to uneven-aged forest stands in the Southern Carpathians and the Banat Mountains. (a) cumulative distributions, and (b) dominance diagram. 
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Figure 14. Graphical results from nonparametric test comparison (Kolmogorov-Smirnov, p = 0.05) between proportions distributions of the altitude of the exposition of uneven-aged forest stands in the Southern Carpathians and Banat Mountains. (a) cumulative distributions, and (b) dominance diagram. 
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Figure 15. Graphical results from nonparametric test comparison (Kolmogorov-Smirnov, p = 0.05) between proportions distributions of the age of the dominant stand elements that comprise the structure of uneven-aged stands from the Southern Carpathians and Banatului Mountains. (a) cumulative distributions, and (b) dominance diagram. 
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Figure 16. Graphical results from nonparametric test comparison (Kolmogorov-Smirnov, p = 0.05) between proportions distributions of the soil types from uneven-aged forest stands located in the Southern Carpathians and Banatului Mountains. (a) cumulative distributions, and (b) dominance diagram. 
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Figure 17. Graphical results from nonparametric test comparison (Kolmogorov-Smirnov, p = 0.05) between proportions distributions of the land slopes corresponding to the uneven-aged forest stands in the Southern Carpathians and Banat Mountains. (a) cumulative distributions, and (b) dominance diagram. 
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Figure 18. Graphical results from nonparametric test comparison (Kolmogorov-Smirnov, p = 0.05) between proportions distributions of the production classes of uneven-aged stands from the Southern Carpathians and Banatului Mountains. (a) cumulative distributions, and (b) dominance diagram. 
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Figure 19. Graphical results from nonparametric test comparison (Wilcoxon signed-rank test, p = 0.05) between distributions of the volume of common beech (m3) from uneven-aged stands of pure common beech located in the Southern Carpathians compared with Banatului Mountains. (a) cumulative distributions and (b) dominance diagram. 
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Figure 20. Graphical results from the non-linear regression of the time series of the volume of common beech (m3) from uneven-aged stands of pure common beech located in the Southern Carpathians compared with the Banatului Mountains. 
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Figure 21. Graphical results from the non-linear regression of the time series of the volume of common beech (m3) from an uneven-aged stand of pure common beech located in the Southern Carpathians. 
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Figure 22. The volume of common beech (m3) from uneven-aged stands located in the Southern Carpathians. 
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Figure 23. The volume of common beech (m3) from uneven-aged stands of pure common beech located in the Southern Carpathians compared with the Banatului Mountains. 
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Table 1. Statistical significances derived from the Kolmogorov-Smirnov test (p = 0.05) between proportions distributions of the analysed parameters of uneven-aged stands from the Southern Carpathians and Banatului Mountains.
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	Species
	Altitude
	Exposition
	Age
	Soil Types
	Slope
	Qual





	p-value
	0.6994
	0.9996
	0.9639
	0.9794
	0.8186
	0.9996
	0.8186










 





Table 2. Statistical significance derived from the Wilcoxon signed-rank test (p = 0.05) between distributions of the volume of common beech (m3) from uneven-aged stands of pure common beech located in the Southern Carpathians compared with the Banatului Mountains.
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	Volume of Common Beech (m3)





	p-value
	0.0144










 





Table 3. Results of the non-linear regression of the time series of the volume of common beech (m3) from uneven-aged stands of pure common beech located in the Southern Carpathians compared with the Banatului Mountains.
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Southern Carpathians

	
Banatului Mountains






	
Best-fit values

	
Allosteric sigmoidal (Y = Vmax × X ^ h/(Khalf ^ h + X ^ h))




	
Vmax

	
141.9

	
217.7




	
h

	
6.976

	
3.161




	
Khalf

	
83.9

	
99.36




	
Kprime

	
2.631 × 1013

	
2.057 × 106




	
Std. Error

	

	




	
Vmax

	
4.586

	
42.57




	
h

	
1.545

	
1.298




	
Khalf

	
2.117

	
13.74




	
Kprime

	
1.812 × 1014

	
1.153 × 107




	
Goodness of Fit

	

	




	
R square

	
0.9275

	
0.8952




	
Adjusted R square

	
0.9094

	
0.8690











 





Table 4. Results of the non-linear regression of the time-series of the volume of common beech (m3) from uneven-aged stand of different tree species located in the Southern Carpathians.
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BEECH

	
BEECH+FIR

	
BEECH+SPRUCE

	
BEECH+FIR+SPRUCE






	
Best-fit values

	
Allosteric sigmoidal (Y = Vmax × X ^ h/(Khalf ^ h + X ^ h))




	
Vmax

	
141.9

	
145.6

	
126

	
113




	
H

	
6.976

	
3.299

	
4.344

	
3.424




	
Khalf

	
83.9

	
95.94

	
83.14

	
78.85




	
Kprime

	
2.631 × 1013

	
3.456 × 106

	
2.188 × 108

	
3.128 × 106




	
Std. Error

	

	

	

	




	
Vmax

	
4.586

	
24.83

	
13.44

	
20.49




	
H

	
1.545

	
1.333

	
1.939

	
2.576




	
Khalf

	
2.117

	
11.01

	
5.029

	
8.573




	
Kprime

	
1.812 × 1014

	
2 × 107

	
1.865 × 109

	
3.509 × 107




	
Goodness of Fit

	

	

	

	




	
R square

	
0.9275

	
0.8877

	
0.8474

	
0.6692




	
Adjusted R square

	
0.9094

	
0.8597

	
0.8038

	
0.5865











 





Table 5. Statistical significances derived from the Friedman test (p = 0.05) between distributions of the volume of common beech (m3) from uneven-aged stand of different tree species located in the Southern Carpathians. Prior to the statistical test, data was interpolated at a 5-year time step.
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	BEECH
	BEECH+FIR
	BEECH+SPRUCE
	BEECH+FIR+SPRUCE





	BEECH
	1
	
	
	



	BEECH+FIR
	<0.0001
	1
	
	



	BEECH+SPRUCE
	0.0019
	0.7044
	1
	



	BEECH+FIR+SPRUCE
	<0.0001
	0.1371
	0.0069
	1










 





Table 6. Significant differences derived from the Friedman test (p = 0.05) between distributions of the volume of common beech (m3) from uneven-aged stand of different tree species located in the Southern Carpathians. Prior to the statistical test, data was interpolated at a 5-year time step.






Table 6. Significant differences derived from the Friedman test (p = 0.05) between distributions of the volume of common beech (m3) from uneven-aged stand of different tree species located in the Southern Carpathians. Prior to the statistical test, data was interpolated at a 5-year time step.












	
	BEECH
	BEECH+FIR
	BEECH+SPRUCE
	BEECH+FIR+SPRUCE





	BEECH
	No
	
	
	



	BEECH+FIR
	Yes
	No
	
	



	BEECH+SPRUCE
	Yes
	No
	No
	



	BEECH+FIR+SPRUCE
	Yes
	No
	Yes
	No
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