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Abstract

:

The knowledge about the impact of selection silviculture on deadwood components is fairly scarce. This study compared two Dinaric old-growth forests (OGFs) with adjacent managed forests (MFs) in which the single-tree selection system has been applied for a century. The comparisons were made in terms of the current amounts of coarse woody debris (CWD), distribution of its decay stages, and diameter structure of different CWD types (snags, logs, stumps). The relationship between the volume of live and dead trees was also examined. In both OGFs and MFs, the most snags were found in the third decay stage, while the volume of logs and stumps increased from the first to fifth decay class. The study showed the clear advantage of OGFs over adjacent selection MFs in terms of CWD volume, whereas the basal area of live trees and growing stock were not always reliable indicators for distinguishing between MFs and OGFs. The diameter distribution of individual CWD types (snags, logs, stumps) also differed significantly between selection MFs and OGFs in all tested pairs. This fact, along with the significant differences in CWD volume, indicates that selection silviculture should be amended to incorporate practices that ensure more natural management of deadwood components.
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1. Introduction


The last several decades have seen a significant increase in scientific interest in deadwood and its ecological role in forest ecosystems [1]. As scientific knowledge surrounding deadwood has increased, so too has awareness of its importance as a structural element, with many countries now regarding deadwood as an important structural and functional component of forest ecosystems [2]. Moreover, the perception of forest managers has changed considerably towards higher acceptance of deadwood in managed forests [3,4]. Deadwood is often referred to as coarse woody debris (CWD), which is typically defined as having a diameter > 7.5 cm [5]. Because CWD takes much longer to decompose than fine woody debris [6], it serves as a carbon (C) pool [7,8] and it also increases the C content in the soil [9,10]. In addition to regulating nutrient cycling [11], CWD is an important source of water, especially during drought periods [12].



Paramount benefit of deadwood is that it serves as essential habitat for many (often endangered) organisms and may thus serve as reliable indicator of naturalness in forest ecosystems [1,13,14]. This is of practical importance since the collection of data on threatened species is very time-consuming and expensive [15]. Since CWD was found to be strongly correlated with the presence of saproxylic beetles and fungal species [1] and likewise with bird diversity [16], it is often necessary to acquire reliable information about CWD volume. In fact, the amount of deadwood is a critical environmental variable [17] for two reasons: first, a higher volume of available deadwood corresponds to a larger deadwood area and thus to greater resource availability [18], and second, it provides a greater diversity of available habitats [19]. In addition, deadwood amount can be used as an indicator of forest naturalness when comparing managed forests (MFs) with unmanaged references [20,21,22,23].



While a number of studies on deadwood have been carried out in North America (e.g., [24,25,26]), Northern Europe (e.g., [13,22,27], and Central Europe (e.g., [2,4,21]), there is less information on deadwood attributes in Southern Europe (but see [20,23,28]) and South-East Europe (e.g., [29]). Unfortunately, very small areas of old-growth forests (OGFs) have been preserved in Europe [30], and this is the major reason for the lack of quantitative information on differences in CWD amounts between MFs and neighboring OGFs [31]. Winter et al. [21] indicated that without knowing nature’s reference values for OGFs, the challenging task of preserving or restoring habitats is only partially feasible. Moreover, the authors found that OGFs located far away from MFs may not serve as adequate references due to differences in climatic and site conditions.



Another important issue concerning CWD in natural references is that most European studies were conducted in beech-dominated OGFs where conifers were either absent or comprised only a small share of the tree species composition. However, the deadwood quantities recorded in mixed beech-fir-spruce forests are not directly comparable with beech forests, as the decomposition of spruce and fir takes some decades longer than that of beech under similar climatic conditions [32]. It is hence important to distinguish between forest types, especially because mixed forests composed of beech and conifers (fir, spruce) play a very important ecological role in European montane forest ecosystems despite their history of intense anthropogenic disturbance in most parts of Europe. In South-East Europe, such mixed forests have been preserved to a somewhat greater extent; yet, they have received less scientific attention regarding CWD [29]. Besides total CWD volume, some authors (e.g., [13,33]) indicated that decay classes and the diameter of CWD are also important biodiversity attributes, as the majority of species colonizing CWD respond to the values of these attributes. In fact, for biodiversity conservation it is crucial to examine the balance between the proportions of different CWD diameters and decay stages [34], as each size category represents a different habitat suitable for different species [3]. Nevertheless, there have been few studies on the size class distribution of different types of CWD.



In OGFs, the accretion of deadwood depends on the disturbance regime and decay rates of deadwood [20], while in MFs, the silvicultural approach plays the major role. Although comparisons between OGFs and MFs are rare, it is clear that in MFs the amount of deadwood is influenced by the extraction of timber and woody biomass. Fridman and Walheim [35] reported that in general the quantity of CWD in MFs ranges between 2% and 30% of that in unmanaged forest. Some authors (e.g., [36,37]) have indicated that in forests managed in accordance with “close-to-nature” principles, the amount of deadwood is significantly greater than that in intensively managed forest. In forestry practice, however, usually a specific silvicultural system is prescribed and applied on the level of forest type or other management unit. The selection management system is generally considered to be consistent with “close-to-nature” principles regarding stand structural characteristics based on living trees [38,39,40]; however, little is known about how this system actually affects deadwood.



The major goals of this study were therefore to compare selection Piceo-Abieti-Fagetum MFs with neighboring OGFs in the Bosnian Dinaric Mountains in terms of (i) the current amounts of CWD, (ii) distribution of its decay stages, and (iii) diameter structure of different CWD types. Additional information is provided on the relationship between the volume of living and dead trees.




2. Materials and Methods


2.1. Study Site


The study was carried out in ten selection-managed forest stands and two neighboring OGFs, Janj and Lom, in the Dinaric Mountains in central and western Bosnia. Five managed stands in close proximity to each OGF were chosen for comparison. The geographic center of the core area of OGF Janj (57.2 ha) is located at 44°08′ N, 17°17′ E, and the core area of OGF Lom (55.8 ha) is located at 44°27′ N, 16°27′ E. OGF Janj and OGF Lom are surrounded by buffer zones of 237.8 ha and 297.8 ha, respectively. All studied stands were classified as forest association Piceo-Abieti-Fagetum dinaricum, as they were composed of European beech (Fagus sylvatica L.), silver fir (Abies alba Mill.), and Norway spruce (Picea abies (L.) H. Karst.), with small share of sycamore maple (Acer pseudoplatanus L.). The Janj area has a mean annual rainfall of 1200 mm and mean annual temperature around 5 °C, while for the Lom area the mean precipitation and temperature are 1600 mm and 7.8 °C, respectively (Drinic Station, 730 m above sea level). The managed stands were chosen based on the fact that their environmental characteristics were similar to those in the neighboring OGF. Dolomite bedrock was mostly present in the Janj area and limestone in the Lom area, with brown soil being the dominant soil type in both areas. All study stands were located at an altitudinal range of 1010–1460 m, and their inclination ranged from 0–12°. The presence of rocky outcrops was also similar in the OGF and MF (0–10% in the Janj area and 0–15% in the Lom area). Therefore, the OGFs were directly related and climatically comparable to neighboring selection MFs.



The cutting intensity in MFs was typical for the single-tree selection system without exceeding 20% of growing stock (GS) in a 10-year cutting cycle. In addition, the last cut was performed at least four years before the fieldwork (nine years in most stands). It is important to note that the selection management system has had a long tradition in the study area and has been applied continuously since the early 20th century. However, the prescriptions for CWD within this system do not exist, so the managers in Bosnia have freedom to leave a certain amount of CWD as long as it does not endanger forest health and tree-size demographic equilibrium. Sanitary cuttings within this system are conducted every year; nonetheless, the extraction of CWD is in some cases considered too expensive, for instance, if only single trees are killed or they are located far from the road. Consequently, CWD of such origin is observed once a year and if it does not pose a threat to forest health, it is usually left in the forest.




2.2. Data Collection


For measurement of CWD, a regular 100 × 100 m grid of sampling points was superimposed with 80 points in the OGFs (40 in each OGF) and 120 points in the MFs (60 in each MF). On two 50 m line transects oriented northward (the first) and eastward (the second) from each sampling point, the diameter of logs was measured at the points where they crossed the transect lines (for details, see [41]). In addition, in two 50 × 8 m rectangular plots centered on the line transects, the diameters of stumps were measured at the ground and at the top, whereas the diameters of snags were measured at 1.30 m above the ground (DBH). Thus, the area measured around each single point was 736 m2, which is larger than the minimum plot area for CWD sampling (500 m2) proposed by Lombardi et al. [42]. In addition to size measurements, for each element of CWD, decay classes were also recorded, where the first class stands for fresh CWD and the fifth class represents very old, nearly decomposed CWD (for details, see [43]). CWD was categorized into snags (standing dead trees, DBH ≥ 7.5 cm and height ≥ 1.30 m), downed logs (fallen stems or branches ≥ 7.5 cm diameter and length > 1 m) and stumps (short, vertical remains from cutting or windthrow, top diameter ≥ 7.5 cm and height < 1.30 m). The distinction between snags and logs was established at a 45° leaning angle. The data from OGF Lom originated from previous studies (e.g., [44,45]), whereas the data for OGF Janj, MF Janj, and MF Lom were collected from 2012 to 2014. Details related to the inventory of live trees were described by Keren et al. [40]. It should be noted that the plots for the measurement of live trees were centered exactly on the same points as the plots for the sampling of CWD.




2.3. Data Analyses


All CWD was grouped into three types or categories: logs, snags, and stumps. In the first phase, descriptive statistics for total CWD as well as individual CWD types were calculated and presented for OGFs and MFs. In graphical presentations, raw data for diameter distributions of snags, logs, and stumps were smoothed with cubic splines. Differences in the total volume of CWD and volume of different CWD types were tested for MFs and OGFs with the non-parametric Mann-Whitney test. Both the whole MF as well as individual managed stands were compared to OGFs. Since the CWD volume of the tested groups (forest stands) in the study area did not have a normal distribution and/or homogeneous variances, the appropriate non-parametric test (Kruskal-Wallis) was applied. In case of significant results of the Kruskal-Wallis test, the multiple Mann-Whitney test was used for post-hoc analysis of individual managed stands and OGFs. Due to normal distributions and homogeneous variances regarding structural characteristics of living trees, such as basal area (BA) and growing stock (GS), for these characteristics MFs and OGFs were compared by applying the independent t-test, and the results were compared and concisely discussed with the outcomes related to CWD.



The diameter distributions of individual CWD types (logs, snags, stumps) were compared between OGFs and MFs with χ2 tests, whereas the width of each diameter class equaled 10 cm. All statistical tests were conducted at α = 0.05. The analyses were performed with the software package STATISTICA 12 (StatSoft, Inc., Tulsa, OK, USA). Additionally, the density of logs, snags, and stumps was presented in three size groups: small, with diameters 7.5–27.5 cm; medium-sized, with diameters 27.6–50.0 cm; and large CWD, with diameters > 50.0 cm for the purpose of comparison of selection MFs with OGFs, but also for comparisons with other relevant studies that used a similar size classification. Volumes of logs, stumps, and broken snags were calculated according to the methods described by Motta et al. [41].





3. Results


3.1. Growing Stock and Deadwood Quantities


Both OGFs and MFs in the study area were characterized by high values of basal area (BA) and volume or growing stock (GS) of living trees. The mean BA in OGF Janj and OGF Lom was 66.7 m2·ha−1 and 47.1 m2·ha−1, respectively, while MF Janj and MF Lom followed with 35.5 m2·ha−1 and 41.5 m2·ha−1 and, respectively. The mean GS in OGF Janj and OGF Lom was 1215 m3·ha−1 and 763 m3·ha−1, respectively, whereas the values in MF Janj and MF Lom amounted to 500 m3·ha−1 and 664 m3·ha−1, respectively. Tree species composition considering GS is shown in Table 1.



According to the results from Table 2, the highest mean volume of CWD was determined in OGF Janj, which had 387 m3·ha−1 in different forms and decay stages, whereas the second highest mean amount of CWD was found in OGF Lom (327 m3·ha−1). MF Janj and MF Lom followed with 63 m3·ha−1 and 75 m3·ha−1, respectively (Table 2). It was noticeable that in the case of both OGFs, the higher the GS, the higher the amount of CWD. However, the results from the two MFs were not consistent, as MF Janj had a smaller amount of GS but a greater amount of deadwood, in contrast to MF Lom. The ratio CWD/GS in OGF Janj was 0.32, whereas in MF Janj, OGF Lom, and MF Lom, this ratio amounted to 0.15, 0.43, and 0.09, respectively. Distributions of total CWD volume were non-normal (except OGF Lom). Most plots in OGF Janj had between 200–450 m3·ha−1 of CWD. The maximum in this OGF was 893 m3·ha−1 and the minimum was 162 m3·ha−1. In MF Janj, one peak on the histogram was distinguishable (up to 50 m3·ha−1), indicating that most plots in this forest had much lower quantities of CWD than OGF Janj. In MF Lom, the amounts were lower, with peak values between 40–60 m3·ha−1. Besides the mean value, the minimum and maximum values in this forest were also conspicuously lower than in the adjacent OGF Lom. Most plots in OGF Lom were characterized by 300–350 m3·ha−1 of CWD, whereas the minimum was 88 m3·ha−1 and the maximum amounted to 578 m3·ha−1 (Table 2, Figure 1).



Logs and snags had non-normal distributions on plots in all four sites as did stumps in OGF Lom and MF Lom. Only stumps in OGF Janj and MF Janj were characterized by a normal distribution; yet, their variances were unequal. When individual CWD categories (logs, snags, and stumps) as well as total CWD amounts were compared between MFs and OGFs, the Mann-Whitney test showed significant differences for all tested pairs (in all cases calculated p < 0.00001). Moreover, the Kruskal-Wallis test indicated significant differences between individual managed stands and OGFs in both study areas. Finally, multiple pair-wise Mann-Whitney post-hoc analysis showed that the differences between individual managed stands and corresponding adjacent OGFs were also highly significant for all tested pairs (calculated p < 0.00001).



In contrast to the tested CWD volumes, the comparisons between OGFs and MFs that included BA and GS of living trees yielded varied outcomes. Namely, there was a significant difference between OGF Janj and MF Janj with respect to BA (t = 9.83, p < 0.00001) and GS (t = 11.93, p < 0.00001); however, significant differences regarding these two attributes were not found between OGF Lom and MF Lom.



Most of the CWD volume in OGF Janj was comprised of logs, followed by snags and stumps, with the ratios of 0.79, 0.19, and 0.02, respectively. Logs were hence four times more abundant than snags and stumps together. In MF Janj, the ratio logs:snags:stumps was 0.70:0.03:0.27; in OGF Lom, it was 0.72:0.25:0.03, respectively; and in MF Lom, it was 0.64:0.04:0.32, respectively. Median and interquartile range of individual CWD types as well as total CWD volume is presented in Figure 2.




3.2. Decay Classes


In OGF Janj, only logs were present in all five CWD decay classes, with the highest volume in the fifth decay class. Most snags were in the first decay class, while none were present in the fifth decay class. Most stumps were in the fourth decay class. In MF Janj, logs were dominant in the fourth and fifth classes. Most stumps occurred also in the fourth decay class, while snags were generally scarce in this forest. In OGF Lom, most logs were found in the fifth class, snags in the third class, and stumps in the fourth class. In MF Lom, most logs were found in the fourth and fifth classes, most stumps were found in the fourth class, and snags were very scarce, similar to MF Janj (Table 3).




3.3. Deadwood Diameter Structure


The diameter distribution of different CWD categories (Figure 3) revealed that in OGF Janj logs were most abundant up to the diameter class of 70 cm, and in larger diameter classes snags and stumps became equally abundant or more abundant than logs. In MF Janj, logs were more numerous in diameter classes up to 20 cm, and in larger diameters the share of stumps was clearly higher than the share of logs. In OGF Lom, logs were more numerous in size classes up to the diameter class of 65 cm, while in the largest diameter classes snags surpassed logs. In MF Lom, logs dominated up to the 15-cm diameter class, whereas the number of stumps in larger size classes was higher. On the other hand, there were large standing snags (>50 cm DBH) in OGF Janj, with 18 snags·ha−1, and in OGF Lom, with 19 snags·ha−1. Interestingly, the number of thinner snags (7.5–50 cm DBH) in OGF Janj was lower, amounting to only 16 snags·ha−1, while in OGF Lom there were 25 snags·ha−1 in this category. In MF Janj, only thin snags in the diameter class of 10 cm were more frequent compared to OGF Janj. The frequency of snags in OGF Lom was higher in all diameter classes compared to MF Lom. In contrast, the number of stumps was generally greater in MFs in all diameter classes compared to OGFs. When only the categories of small and medium-sized CWD were observed, consistent results were obtained. Regarding snags and logs, consistent results were obtained in both localities since small logs were more prevalent in MFs, while medium-sized and large logs were more prevalent in OGFs (Table 4, Figure 3).



The differences in diameter distributions of individual CWD types between OGFs and MFs were significant in all comparative cases (p < 0.00001).





4. Discussion


4.1. Deadwood Quantities


A certain amount of CWD is a requirement for close-to-nature forest management [46,47]. However, information from unmanaged references is missing for many regions, hampering our ability to determine appropriate threshold values for MFs [21]. Forests managed with the selection system emulate OGFs with regard to some structural characteristics of living trees [38,39,40]; thus, the selection system has features of multifunctional and close-to-nature forest management in the given context. Nevertheless, studies on how this system specifically affects deadwood presence and structure are rare (e.g., [48,49]). Paletto et al. [37] showed that multifunctional management yielded larger quantities of deadwood than intense production-oriented management. On the other hand, the present study dealt with the question of how multi-functional (selection) MFs compare to adjacent OGFs.



The results showed that selection MFs had significantly lower amounts of CWD compared to neighboring OGFs. This is in line with the outcomes of some other studies comparing MFs and OGFs (e.g., [8,31]). MF Janj had 19.5% and MF Lom 19.2% of the CWD of corresponding (adjacent) OGFs, so they fall within the European range of 2–30% (see [35]). It is important to note, however, that the absolute CWD volumes from MF Janj and MF Lom were much higher compared to MFs in several European countries (see [50]). Moreover, these two selection forests largely exceeded the amounts that were proposed as the European deadwood threshold of 30–40 m3·ha−1 for management of mixed mountainous forests [17]. However, Müller and Bütler [17] also urged researchers to analyze CWD data additionally with the aim of further identification of thresholds, especially in mixed montane forests where the database is still small.



Oheimb et al. [32] indicated that the proportion of deadwood in the total stand volume (living and dead) varied from 4% to 35% of that in the OGFs of Central and South-East Europe. OGF Janj and OGF Lom fell within the upper part of this range with proportions of CWD in the total stand volume (living and dead) of 24% and 30%, respectively. The average CWD volumes in OGF Janj and OGF Lom were slightly lower compared to some other mixed Dinaric OGFs, such as Perućica (406 m3·ha−1) in Bosnia-Herzegovina and Biogradska Gora (420 m3·ha−1) in Montenegro (see [29,51]; Table 5) but higher than the European average of 220 m3·ha−1 (see [52]).



CWD volumes over 400 m3·ha−1 were also found in certain development stages of other European OGFs, for instance, in Slovakia [56], Poland [57], and Slovenia [31]. The possible reason might be linked to pronounced fir decline during the last few decades in OGFs, especially in Eastern and South-East Europe [58]. In this context, Petritan et al. [54] reported a large share of fir in the total deadwood of OGF Sinca in Romania; however, the same authors also indicated the recent recovery and successful recruitment of young fir trees.



Abundant deadwood quantities in OGF Janj and OGF Lom were expected, as these two forests represent long-established mountainous forest reserves that were not subject to direct human impact even before their official protection in 1954. In addition, very productive fir and spruce were the dominant species in the upperstory for at least six decades [45], and after disturbance, the CWD of these two species decays more slowly than the CWD of beech [7].



Considering the comparisons that included structural characteristics of live trees such as BA and GS, significant difference was found between OGF Janj and MF Janj. However, significant difference regarding these two attributes was not determined between OGF Lom and MF Lom. One of the reasons for such an outcome may lie in the larger share of conifers in MF Lom [40]. Consequently, the present study results suggest that CWD amounts can be used as a more reliable structural indicator than BA or GS of live trees for the purpose of distinguishing old-growth conditions and assessing the naturalness of a forest.




4.2. Distribution of Decay Classes


Information about CWD decay classes is important for a number of reasons. Namely, decayed wood is very rich in nutrients [59], and the presence of different decay classes in a forest greatly influences wood-inhabiting species richness and diversity [13]. In addition, decay class distribution can be used as an indicator of the history of a forest [60]. In the present study, in both MFs and OGFs, the volume of logs and stumps increased from the first to higher decay classes (Table 3), indicating that the disturbance regime (or harvesting) was either more intensive in the past or that the CWD in the study area requires very long periods to decompose completely. In fact, Garbarino et al. [61] showed that mostly small-size gaps occurred in the recent past of OGF Lom. On the other hand, the information on disturbance history in MFs is limited to a general description of silvicultural activities (see the section Study Area).



Findings related to the distribution of decay classes of CWD seem to be highly variable. Seidling et al. [2] showed that 38% of the monitored plots were dominated by the third decay class, while the second and first decay classes dominated in 24% and 12% of the plots, respectively. More decomposed CWD in the fourth and fifth decay classes dominated in 19% and 7% of the plots, respectively. Although the review by Seidling et al. [2] is highly valuable, as it encompassed several European countries, the information on distribution of decay classes was presented for total deadwood values, but not for individual deadwood types. On the other hand, Motta et al. [41] specifically addressed individual CWD types in the Valbona forest reserve (Italy) and showed that the pattern of decay classes for stumps and logs is fairly varied. The results from Valbona reserve were similar to OGF Janj with regard to snags, which were mostly found in the first decay class, whereas snags in OGF Lom were mostly concentrated in the third decay class. Likewise, Oheimb et al. [32] found that two-thirds of the standing dead trees were in the third decay class. In addition, the distribution of decay classes of logs and stumps in both OGFs and MFs in the study area was most similar to the results reported by Oheimb et al. [32], who also indicated the largest amounts of CWD in the final stages of decomposition.



The rate of wood decomposition has a large influence on the regeneration process, but not all decay classes provide the same favorable conditions; namely, the third stage of decay seems to be the most favorable for regeneration [41]. Although the present study in Janj and Lom did not examine the influence of CWD on regeneration, the results showed that most logs and stumps were found in the fourth and fifth decay classes in both MFs and OGFs, which does not predispose them to successful regeneration. Yet, it is important to notice that OGF Janj and OGF Lom have fairly high volumes of live trees, and thus fresh amounts of CWD can be expected in the near future. On the other hand, the amounts of fresh CWD in MF Janj and MF Lom will depend on silvicultural practices, but certainly the amount of fresh stumps is expected to increase, as these forests currently also have high volumes of live trees.




4.3. Deadwood Diameter Structure


Diameter is one of the most important biodiversity attributes of CWD, as a large majority of species inhabiting deadwood respond to its value [13]. Nevertheless, there are a relatively small number of studies that have examined the proportion of different CWD types in different diameter size classes (but see [32,37,41,62]). Nilsson et al. [62] found that about 10% of all standing trunks above the inventory threshold in OGFs were dead. These percentages in OGF Janj and OGF Lom were lower (6% and 8%, respectively). The present study also showed that most CWD in OGFs was in the form of logs up to the diameter class of 65–70 cm, whereas stumps and snags tended to be larger. Similar observations on snags and logs were made by Nilsson et al. [62] and Pontailler et al. [63]. Although snags were larger than logs, this fact alone was not sufficient to state that OGFs experienced more endogenous mortality processes (e.g., senescence of trees) than exogenous processes (e.g., windthrow), since the number of logs was generally greater than the number of snags. Besides, logs were on average more decomposed, hence their diameters after disturbance were more reduced than that of snags. Therefore, additional observations are necessary to determine the causes of the disturbance regime in the studied OGFs.



In both selection MFs, logs were dominant only in diameter classes up to 15–20 cm, and stumps were the most frequent CWD type in larger diameter classes. Spies and Franklin [24] compared young stands with OGFs in the Pacific Northwest, USA and found significantly more small logs in young stands, while medium-sized and large logs were more numerous in OGFs. Small and medium-sized stumps in Janj and Lom were conspicuously more abundant in MFs than in OGFs, while medium-sized snags were clearly more abundant in OGFs. Only the results for small snags were inconsistent. Similar to the results shown by Spies and Franklin [24], a greater number of small snags were found in OGF Lom than in MF Lom; however, in MF Janj there were more small snags than in OGF Janj.



With respect to large snags with a diameter above 50 cm, the average for OGF Lom and OGF Janj was 19 and 18 such snags·ha−1, respectively; hence, these two OGFs provide favorable conditions for biodiversity conservation. On the contrary, with less than one large snag per hectare, MFs in the study area failed to meet the minimum criterion of 5 large snags·ha−1 proposed by some authors (see [37,64,65]). Generally, in the selection harvesting system in the study area, all snags with DBH > 30 cm were removed.



Motta et al. [41] found that stumps in the Valbona Forest Reserve (central Italy) had a normal diameter distribution, whereas snag and log size distributions tended to approach a reverse J shape. OGFs and selection MFs in Janj and Lom followed these patterns to a certain extent; however, the OGFs exhibited much greater variability than the MFs (Figure 3). In contrast, the Valbona Reserve exhibited fairly clear CWD size distribution patterns (see [41]). Although a few studies have addressed the issue of CWD size distribution in European OGFs, comparison between OGFs and MFs, but also between differently managed stands, seem to be largely missing. Paletto et al. [37] found significant differences in the size distribution of logs between forests that were managed intensively, extensively, and multi-functionally. Another important contribution was made recently by some authors (e.g., [26,66]) who compared the effects of selection harvesting systems with the experimental approach which they called the structural complexity enhancement (SCE) system. In these cases, the authors also found significant differences. Likewise, the differences in the diameter distribution of individual CWD types (snags, logs, stumps) between multi-functional (selection) MFs and OGFs in Janj and Lom were significant in all tested pairs. Such outcomes were expected, considering the fact that conventional silviculture systems, including selection systems, remove most of the freshly created deadwood from forest stands [26].





5. Conclusions and Management Implications


The study showed a clear advantage of Piceo-Abieti-Fagetum OGFs over neighboring selection MFs in terms of CWD volume, whereas the use of variables related to living trees (BA and GS) yielded varied outcomes. Consequently, CWD could be used as a more reliable structural indicator than BA or GS for the purpose of distinguishing or assessing the naturalness (old-growth condition) of a forest. On the other hand, the frequency and volume of stumps was significantly higher in MFs compared to OGFs; thus, some future studies will hopefully provide the answer to what extent stumps could functionally replace the lack of snags and logs in MFs.



Although selection MFs had significantly lower amounts of CWD compared to adjacent OGFs, these amounts largely exceeded those indicated as the European deadwood threshold for management of mixed mountainous forests. Consequently, this study showed that threshold CWD values of 30–40 m3·ha−1 (sensu [17]) are realistic in selection forests, as the demographic equilibrium of live trees in the study area (see [40]) was not disrupted even by higher deadwood quantities. Thereby, forest management should tend to include all deadwood types and the full range of diameters and decay stages. Yet, the issue of a deadwood threshold for MFs remains an open question, one that will probably have to be solved regionally by taking into account additional biodiversity studies, the specifics of different forest types and silvicultural systems, but also monetary compensations to forest owners (see also [67]).



With respect to CWD in both OGFs and MFs, not only its volume is important but also its structure in terms of decomposition and diameter distribution. The study indicated that the disturbance regime in OGFs and harvesting in MFs were more intensive in the past and that CWD in the Bosnian Dinaric Mountains requires a very long period of time to decompose completely (but see [68]). Finally, the diameter distribution of individual CWD types (snags, logs, stumps) differed significantly between selection MFs and OGFs in all tested pairs. Although OGFs should be used as references for close-to-nature forest management, the amounts of CWD from these forests cannot be realistic target for MFs. However, this study indicated that selection silviculture has the potential to be modified in order to better emulate the size distribution and decay classes of deadwood from OGFs on the landscape scale.
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Figure 1. Frequency distribution of total coarse woody debris (CWD) volume in old-growth forests (OGFs) and managed forests (MFs) in Janj and Lom. 
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Figure 2. Box-plots for the volume of stumps, logs, and snags and total CWD in old-growth forests (OGFs) and managed forests (MFs) in Janj and Lom. The box represents the interquartile range, and the small square inside the box shows the median. The whiskers extend to the lowest and highest values below and above the first and third quartile, respectively, excluding outliers. Circles represent outliers that are more than 1.5 times the interquartile range. 
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Figure 3. Diameter distribution of snags, logs, and stumps in old-growth forests (OGFs) and managed forests (MFs) in Janj and Lom. 
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Table 1. Tree species composition by volume of live trees in old-growth forests (OGFs) and managed forests (MFs) in the study area.
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	Beech (%)
	Fir (%)
	Spruce (%)
	Maple (%)





	OGF Janj
	15.8
	53.3
	30.9
	0.0



	MF Janj
	23.6
	47.7
	27.9
	0.8



	OGF Lom
	27.9
	48.0
	23.4
	0.7



	MF Lom
	15.8
	30.7
	51.4
	2.1
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Table 2. Mean, standard deviation (SD), and range values for coarse woody debris in old-growth forests (OGFs) and managed forests (MFs) in Janj and Lom.
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Snags (m3·ha−1)

	
Logs (m3·ha−1)

	
Stumps (m3·ha−1)

	
Total (m3·ha−1)






	
OGF Janj

	
Mean

	
71

	
307

	
9

	
387




	
SD

	
108

	
125

	
6

	
170




	
Range

	
0–510

	
104–582

	
0–26

	
162–893




	
MF Janj

	
Mean

	
2

	
53

	
20

	
75




	
SD

	
5

	
51

	
9

	
52




	
Range

	
0–39

	
1–215

	
2–51

	
6–233




	
OGF Lom

	
Mean

	
81

	
236

	
10

	
327




	
SD

	
81

	
109

	
7.5

	
128




	
Range

	
0–299

	
49–487

	
0–33

	
88–578




	
MF Lom

	
Mean

	
3

	
40

	
20

	
63




	
SD

	
13

	
30

	
8

	
33




	
Range

	
0–101

	
2–132

	
6–42

	
13–150
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Table 3. Different decay classes of CWD in the studied old-growth (OGFs) and selection managed forests (MFs).
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Decay Classes

	
Snags (m3·ha−1)

	
Logs (m3·ha−1)

	
Stumps (m3·ha−1)






	
OGF Janj

	
1

	
20.1

	
2.2

	
0.0




	
2

	
16.2

	
30.3

	
0.5




	
3

	
18.8

	
64.2

	
3.0




	
4

	
15.8

	
88.8

	
5.3




	
5

	
0.0

	
121.2

	
0.0




	
MF Janj

	
1

	
0.1

	
0.5

	
0.2




	
2

	
0.2

	
1.0

	
1.2




	
3

	
0.4

	
4.9

	
5.7




	
4

	
1.3

	
21.8

	
13.1




	
5

	
0.1

	
24.9

	
0.0




	
OGF Lom

	
1

	
2.3

	
4.0

	
0.0




	
2

	
24.2

	
16.3

	
1.1




	
3

	
32.5

	
42.7

	
2.5




	
4

	
22.4

	
77.7

	
5.9




	
5

	
0.0

	
95.8

	
0.0




	
MF Lom

	
1

	
0.0

	
0.1

	
0.3




	
2

	
1.8

	
1.1

	
2.7




	
3

	
0.5

	
7.2

	
4.9




	
4

	
0.3

	
15.2

	
12.3




	
5

	
0.0

	
16.3

	
0.0
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Table 4. Percentage of small (7.5–27.5 cm diameters), medium-sized (27.6–50.0 cm diameters), and large (diameters > 50.0 cm) logs, snags, and stumps in old-growth forests (OGFs) and managed forests (MFs) in Janj and Lom.
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Studied Forests

	
Logs (%)

	
Snags (%)

	
Stumps (%)




	
Small

	
Medium

	
Large

	
Small

	
Medium

	
Large

	
Small

	
Medium

	
Large






	
OGF Janj

	
30.3

	
47.0

	
22.7

	
26.5

	
20.6

	
52.9

	
6.0

	
42.0

	
52.0




	
MF Janj

	
77.5

	
18.6

	
3.9

	
95.0

	
5.0

	
0.0

	
10.1

	
42.6

	
47.3




	
OGF Lom

	
31.7

	
46.6

	
21.7

	
40.9

	
15.9

	
43.2

	
17.3

	
49.3

	
33.3




	
MF Lom

	
87.1

	
11.2

	
1.7

	
90.0

	
10.0

	
0.0

	
22.0

	
39.0

	
39.0
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Table 5. The mean volume of deadwood in several old-growth forests of South-East Europe.
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	Country
	Old-Growth Forest
	Dominant Tree Species
	Mean Deadwood Volume (m3·ha−1)
	Reference





	Bosnia-Herzegovina
	Janj
	fir, spruce, beech
	387
	This paper



	Bosnia-Herzegovina
	Lom
	fir, beech, spruce
	327
	Motta et al. [44]



	Bosnia-Herzegovina
	Perućica
	fir, beech, spruce
	406
	Motta et al. [51]



	Bosnia-Herzegovina
	Grmeč
	beech, fir
	157
	Višnjić et al. [53]



	Montenegro
	Biogradska Gora
	fir, beech, spruce
	420
	Motta et al. [29]



	Romania
	Sinca
	beech, fir
	135
	Petritan et al. [54]



	Slovenia
	Kopa
	beech
	144
	Rugani et al. [55]



	Slovenia
	Gorjanci
	beech
	171
	Rugani et al. [55]



	Slovenia
	Rajhenavski Rog
	beech, fir
	378
	Debeljak [31]
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