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Abstract

:

Firewood extraction by mule forwarding is still common in oak coppices in Central and Southern Italy. This is due to the scarce presence of aerial extraction systems such as cable yarders. Considering the importance of forest soil for all ecosystem services, the evaluation of the disturbance that a given extraction system has on the forest soil is a fundamental aspect in the framework of sustainable forest management. Therefore, this study was developed to assess the disturbance caused to the physicochemical and biological features of soil and to coppice after mule logging according to the standards of silvicultural treatment, as well as the recovery time needed after the logging intervention. Four cutting blocks located in Central Italy represented the study area, one cutting block represented the unharvested control, while the others were logged 3 years (CB-2019), 8 years (CB-2014) and 10 years (CB-2012) prior to the field surveys. In each harvested cutting block the soil was subdivided into disturbed soil (DIST—mule trails) and low disturbance soil (LD—area within the harvested cutting block not affected by mule passage). This experimental design assessed the disturbance caused by logging operations by mules (DIST soil) and the silvicultural treatment (LD soil) to soil physicochemical (bulk density, penetration resistance, shear resistance, and soil organic matter) and biological properties (soil microarthropod community evaluated with the QBS-ar index). The results revealed a significant disturbance in the mule trails for all the investigated variables. The disturbance was particularly strong for the QBS-ar index, with values which were lower than half of those of the control area. Furthermore, no recovery process was evident even after 10 years from the logging interventions. Instead, values of the various parameters became worse with time after harvesting. On the other hand, no marked disturbance was revealed in LD soil, except for a significant decrease in soil organic matter. Although this is a preliminary evaluation that needs to be confirmed with further study, this trial suggested that mule logging cannot be considered a fully low-impact approach to forest operations and that studies with a longer time span after harvesting are needed to assess the recovery process in the mule trails.
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1. Introduction


Coppicing represents one of the oldest forms of forest management [1,2,3]. A coppice is a flexible system that requires a low level of energy input, is adaptable and can be modified according to the needs of a rural society [4]. Coppice forests are typical of the Mediterranean landscape and in Italy, they cover more than 3.5 million hectares [5,6]. Almost half of this forest cover is oak coppices, totalling nearly 1.6 million ha [4]. These are located in the hilly and mountainous parts of the country, mostly in Central and Southern Italy [5,7].



Logging operations in oak coppices are carried out, for the most part, to retrieve firewood [8,9]. These operations contribute to the production of renewable energy, according to the objectives of European Union environmental policies [10]. In addition, coppice forests provide several ecosystem services. For example, the heterogeneous landscape creates suitable environmental conditions for several endangered species, through its different structures and patterns of full light and shadows which are typical of coppice forests [11]. Furthermore, the high stem density which characterizes coppice forests is particularly effective against soil erosion and rockfall [12,13].



In any case, the fundamental ecosystem services of a forest can only be ensured by sustainable management [14,15,16]. The application of sustainable forest operations is a key aspect [17,18], with a particular reference to safeguarding forest soil after logging operations [19,20,21]. Coppice forests in Italy are, in fact, mostly located in sensitive soil conditions, characterized by steep slopes and high soil roughness [5]. Moreover, logging operations are generally carried out in the context of small-scale forestry, given that coppice forests are more abundant in central and southern Italy, where forest enterprises are usually conducted by a family business, operating with a low or medium level of mechanization [22,23].



The factors described explain why animal logging is still common in coppice forests in central and southern Italy. It is the usual method used on steep slopes (higher than 40%) and high terrain roughness (higher than 50%), considering that aerial extraction systems, such as tower yarders, are hardly available [7]. In particular, the harvesting system which is commonly used is the short wood system with semimechanized felling and processing and mule forwarding extraction [24].



It may seem that animal logging is a low-impact approach [25], and fully environmentally friendly. It generally has a lower level of disturbance to soil, residual stand, and natural regeneration compared to mechanized timber extraction [26,27,28]. However, there is very little literature concerning the evaluation of the disturbance to forest soil after mule forwarding in oak coppices of the Mediterranean area. The current literature available focuses on horse skidding [29] and has been carried out mainly in Iran [30,31]. Furthermore, there is no literature from studies on the evaluation of the impacts of mule logging on the biological features of the soil. The literature available focuses on the physicochemical characteristics of forest soil [32]. Finally, most of the literature was based on a short-term evaluation of the changes in soil features. There is no assessment of the recovery time needed to return to prelogging conditions, which is an important and fundamental aspect [33,34,35].



The aim of this case study was to assess the disturbance caused by mule forwarding on the physicochemical and biological properties of the soil of Mediterranean oak coppices. The evaluation of the recovery capacity of the forest soil over a 10-year period after logging was also included.



The research hypotheses behind the experimental design were therefore: (i) mule forwarding causes a significant soil disturbance with negative effects also on the biological features of the soil; (ii) a 10-year period is enough to allow the values of physicochemical and biological properties of soil in the mule trails to return to prelogging conditions; and (iii) short wood extraction by mule forwarding is a fully environmental-friendly approach to forest operations for firewood production.




2. Materials and Methods


2.1. Study Area


The study area is located in Central Italy in the Municipality of Montopoli (Latium, Italy, coordinates WGS84UTM33T 311861 E; 4682966 N) and it consists of four cutting blocks belonging to the local municipal authority. A vision of the four parcels on the local topographic map is given in Figure 1. The average annual temperature in the zone is 14.2 °C with the highest temperatures in July (23.4 °C) and lowest in January (5.7 °C). The average annual precipitation is 857 mm. The bedrock is limestone, and the soil texture is the same in all the four cutting blocks which show a clay–loam soil. The cutting blocks consist of holm oak (Quercus ilex L.) coppices, the rotation period in the study area is 40 years and the interventions are usually carried out releasing 120 standards per hectare. Such a long rotation period is a consequence of the low soil fertility in the area, which is characterized by a steep slope, high terrain roughness and shallow soils with a depth of 10–20 cm. Logging interventions were carried out in 2019 (CB-2019, 3 years before the field surveys), 2014 (CB-2014, 8 years before the field surveys), and 2012 (CB-2012, 10 years before the field surveys). In the harvested cutting blocks logging was performed, applying the short wood system by semimechanized felling and processing with a chainsaw, and log extraction was performed by forwarding 1-m long logs with mules. A team of 10 mules and two operators carried out the extraction operation, the average load weight was 180–200 kg of firewood per mule. The values of the topographical features of the four cutting blocks are similar to each other in terms of slope, elevation, terrain roughness and aspect (Table 1). Terrain roughness was not excessive in the three harvested cutting blocks and, therefore, mules were selected for logging due to the steep slope, which was higher than 40% in all of the cutting blocks.




2.2. Experimental Design


The applied experimental design was the same as suggested by a recent review on the topic [36] which allows for investigating separately the disturbance to the forest soil related to logging operations and silvicultural treatment. In the three harvested cutting blocks, the soil was divided into two different portions: the soil affected by mule passage (disturbed soil–DIST) and the soil in which the silvicultural treatment was applied but no animal passage was detected (low disturbance soil–LD). In the disturbed soil it is possible to assess the disturbance directly related to logging operations, while in the low-disturbance soil, only the disturbance related to the silvicultural treatment which was applied (in this case coppicing with 120 standards per hectare) was assessed. A further unharvested cutting block was used as a control area (CON). Applying the same design to cutting blocks harvested in different years allowed for the evaluation of the recovery process of soil features. Therefore, the experimental design presented seven experimental treatments (CB-2019 DIST; CB-2019 LD; CB-2014 DIST; CB-2014 LD; CB-2012 DIST; CB-2012 LD, and CON).



The values of soil physicochemical properties (bulk density, penetration resistance, shear resistance, and organic matter) and biological properties (QBS-ar index) were assessed in the four investigated parcels, as described below. Prior to this, the authors performed an assessment of the percentage of soil affected by mule passage, that is the percentage of disturbed soil. To carry out this evaluation, eight linear transects were established in each harvested cutting block (CB-2019, CB-2014, and CB-2012). Each transect was 50 m long and 1 m wide and established by a compass and tape measure. Along the transect, the visual assessment was performed for the presence or absence of bent understory, crushed litter, ruts, or soil mixing, in order to discriminate between disturbed soil and low-disturbance soil. Subsequently, the detected disturbed surface was reported as a percentage of the overall surface of the transect.



2.2.1. Soil Physicochemical Features


Penetration resistance (MPa) and shear resistance (Mg m−2) were evaluated by applying a dedicated handheld instrument in the first 5 cm of soil. Obtained values were subsequently referred to the soil water-holding capacity according to Saxton et al. [37]. Penetration resistance and shear resistance were measured eighteen times in each treatment for a total of 126 measurements for each of the two variables.



Soil sampling for bulk density (g cm−3) estimation was carried out with a dedicated corer (6 soil samples in each experimental treatment for a total number of 42 soil samples). Samples were placed in plastic bags and shipped to the laboratory. Soil samples were subsequently weighed after oven drying at 105 °C to constant weight (dry weight). The ratio between the dry weight and the volume of the cylinder of the corer (100 cm3) is the value of soil bulk density [1].



Soil organic matter, in terms of percentage, was evaluated by collecting 6 soil samples in each experimental treatment (42 samples in total). The same instrument, as for bulk density sampling, was applied. The percentage of organic matter in the soil was then determined by incineration in a muffle incinerator at 400 °C for 4 h [1].




2.2.2. QBS-ar Index (Soil Biological Quality Based on Microarthropods)


The QBS-ar index was used to assess the disturbance to the biological component of the forest soil. QBS-ar is a qualitative index which evaluates the complexity of the microarthropod community in the soil. The basic concept behind this index is that soil of high quality is characterized by the presence of a high number of microarthropod groups which are specifically adapted to the soil environment.



Thus, soil microarthropods are clustered into several biological forms based on their morphological adaptation to the soil environment. A score called EMI (ecomorphological index), which ranges from 1 to 20 in proportion to the degree of adaptation, is assigned to each form [38]. The QBS-ar Index is then calculated as the sum of the EMIs of all the groups within a given soil sample. To calculate the QBS-ar index, 6 soil samples 10 × 10 × 10 cm were collected using a specific corer in each treatment (42 soil samples in total). Berlese–Tüllgren funnels were subsequently used to extract the microarthropods from the soil samples. The various specimens in each sample were then stored in a preserving solution (75% ethyl alcohol and 25% glycerol by volume) and further identified at different taxonomic levels (order for Insecta, Collembola, Chelicerata, and Crustacea and class for Myriapoda) using a stereo microscope.





2.3. Statistical Analysis


Being an experimental design with a single study area, a fixed effects approach was applied for the statistical analysis of the data.



Prior to proper analysis, data homoschedasticity and normality were checked by a Levene test [39] and a Shapiro–Wilk test [40], respectively. In this case, the assumptions of data normality and homoschedasticity were confirmed and a one-way ANOVA [41] was applied to check for the presence of statistically significant differences (p < 0.05) among the values of the various experimental treatments. The HSD Tukey test [42] was applied as a post hoc in case one-way ANOVA reported significant differences among treatments. Due to data nonnormality for QBS-ar values, a nonparametric approach was used by applying the Kruskall–Wallis test [43] and the Duncan test [44] as post hoc tests. All the analyses were performed using the software Statistica 7.0 (Statsoft, Tulsa, OK, USA) [45].





3. Results


3.1. Percentage of Surface Affected by Mule Trails


The percentage of disturbed soil in the three investigated cutting blocks was 60% on average, ranging from 55% in CB-2019 to 64% in CB-2014. However, no statistically significant difference was detected among the values of the disturbed surface among the three cutting blocks, as reported in Figure 2.




3.2. Soil Physicochemical Properties


The one-way ANOVA revealed the presence of statistically significant differences among the values of bulk density in the experimental treatments (Figure 3). Bulk density in the low-disturbance soil was significantly higher than the control values only in the cutting block CB-2014, while no differences were detected for CB-2019 and CB-2012. On the other hand, the soil affected by mule passage showed significantly higher values of bulk density in comparison to the control area, with a significant increase of 19% in CB-2019 and an even higher soil compaction was detected in CB-2014 and CB-2012 with an average increase of about 36%.



Statistically significant differences were also detected regarding the values of soil penetration and shear resistance (Figure 4a,b, respectively), with the two variables showing a similar trend. Interestingly, a significant increase in penetration resistance was shown only in the mule trails in CB-2014 and CB-2012, while for shear resistance, an increase was shown only in the disturbed soil in CB-2012. It seems, therefore, that soil compaction in terms of penetration and shear resistance did not change significantly in a short time after logging, but tended to grow after a longer period. No significant alteration was instead detected concerning the values in the low disturbance soil not affected by the passage of the mules.



A statistically significant alteration was also revealed by one-way ANOVA for the values of soil organic matter in the various experimental treatments (Figure 5). Differently from what was shown for the other physicochemical variables, it seems that also the silvicultural treatment applied, i.e., coppicing with standards, can significantly decrease soil organic matter. Indeed, the obtained data revealed a statistically significant decrease in CB-2019, which is not recovered in CB-2012. Organic matter in the mule trails showed instead a particular trend, increasing significantly after logging but rapidly decreasing until reaching values significantly lower than the control ones in CB-2012.




3.3. Soil Biological Properties


The Kruskall–Wallis test revealed the presence of statistically significant differences among the values of the QBS-ar index in the experimental treatments (Figure 6). Similar to what was revealed for a major part of the physicochemical properties of the soil, practically no significant alteration was detected in the low-disturbance soil, with values in CB-2012 that were even higher than in the control area. On the other hand, the soil microarthropod community was significantly disturbed by the passage of mules. Indeed, values of the QBS-ar index in the mule trails were significantly lower than in the control area. This impact was evident in CB-2019 and there seems to have been no recovery at all in CB-2012, with values which were at the same level in the cutting block harvested 3 years (CB-2019) and 10 years (CB-2012) prior to the field surveys. The alteration of the QBS-ar index in the mule trails is particularly marked, with values which were less than half those in the control area.





4. Discussion


4.1. Discussion of the Obtained Results


The obtained results can only partially confirm the statement that animal logging represents a low-impact approach to forest operations [25]. It was indeed demonstrated that animal logging is effective in reducing pollutant emissions from forest operations [24,29] as well as limiting damage to the residual stand [27]. On the other hand, the results of the present study revealed a substantial alteration of soil features related to mule logging, confirming the first research hypothesis. Furthermore, the percentage of disturbed surface which resulted to be approximately 60% showed a widespread soil disturbance, almost double what happens in the case of the application of mechanized ground-based extraction systems [36].



The results in terms of increased soil compaction in the mule trails are in line with what is reported in the current literature. The percentage of bulk density increase in the soil affected by mule passage is indeed comparable with the range of +11% to +38.66% found in similar studies carried out in Iran in selective logging interventions in mature mixed hardwood forests [26,30,31,32]. The results are also partially in line with the previous research carried out in the similar context of Mediterranean coppice forests but evaluating the effects on forest soil of different levels of mechanization. Indeed the average increase in soil compaction is in line with the values reported for coppicing with standard interventions in central Italy oak and chestnut coppices, however, extracting the wooden material using forestry-fitted farm tractors, grapple skidders, or forwarders [1,46,47,48]. On the other hand, the recovery time for both physicochemical and biological soil features was five years in oak coppices [1,46] and eight years in chestnut coppices [47], while values found in this study have not yet recovered and have therefore have not returned to pre-logging conditions after 10 years from harvesting operations. Thus, the second research hypothesis is rejected. It is, however, worth noting how the faster recovery observed in the current literature for similar stands and interventions can be related to different conditions of soil fertility. These conditions in this trial were particularly poor in comparison to the fresh and fertile volcanic soils investigated by Venanzi et al. [1,46,47].



The two major findings of this study are on the one hand the lack of a recovery trend of all the investigated variables, and on the other hand, the strong disturbance of the microarthropod community in the mule trails.



Although the full recovery of soil features after logging can take decades, a recovery trend has always been reported in every study which focused on this type of issue [33,49,50]. However, there is no recovery trend in this trial, though soil features seem to become worse with time after harvesting intervention. The effect of grazing can be excluded to explain such an unusual trend, considering that grazing is forbidden for several years after harvesting by local forest regulations. Moreover, it has to be noted that this was observed only in the mule trails, while a grazing effect would be evident in the low-disturbance soil as well. Therefore, a possible explanation of the worsening of soil physicochemical features can be explained by the fact that mule trails could become with time preferential lines of water flow. Strong compaction, limited width and steep slopes could indeed force the repeated passage of water flow along the mule trails, further deteriorating overall soil features along them. This is also evident for soil organic matter, which, after an initial increase, probably as a consequence of animal defecation, rapidly decreases to values which are lower than in the control area.



The very strong impact on the microarthropod community in the mule trails, along with the complete absence of any recovery trend, is the other major finding of this trial. It is probable that such a strong disturbance could also be related to the particularly poor soil conditions in the study area. Given that areas with this type of conditions are usually where mule logging is applied, the investigation of such an important aspect should be a priority in future research on the same topic.



Considering these preliminary findings, it cannot be concluded that mule forwarding is a fully environmentally friendly approach in the study area context, thus rejecting the third research hypothesis. On the other hand, it currently represents the only option applicable for firewood production from oak coppices located in harsh soil conditions in the silvicultural context of Central and Southern Italy. The gradual substitution of animal extraction with aerial systems seems therefore recommended in order to increase the overall sustainability of the forest operations in such a context. Aerial systems would render higher productivity while causing a lower level of soil disturbance [51,52,53,54,55]. Moreover, the ergonomic aspect is fundamental when dealing with the sustainability of a given harvesting system, and the operators who work with mules carry out their activities in harsher conditions than the ones operating tower yarders [56,57,58]. Obviously, an extensive training program based on the collaboration among forest enterprises, researchers, and public entities is crucial to gradually reach the goal of replacing animal extraction with more modern and complex technologies such as tower yarders [59,60,61].




4.2. Study Limitations and Future Research Efforts


This study represents a preliminary trial carried out with a case-study approach, the obtained results are innovative and interesting, but preliminary. Studies dealing with natural environments imply a high level of uncontrolled variability, related to the numerous variables which could affect the results. Therefore, the results of single case studies are limited and cannot be used to shape a general conclusion. However, such studies are the platform from which scientific debates are launched to update more complex studies including meta-analysis.



The findings showed that the disturbance to soil physicochemical and biological features related to mule logging in Mediterranean oak coppices is far from negligible. Mostly, the complete absence of a recovery trend, even after 10 years from logging operations, is among the major concerns which should be investigated in future research. It is equally important to prolong the time span of the evaluation to assess the amount of time needed to start and complete the recovery of soil features. It is, however, worth acknowledging how the long rotation period of about 40 years applied in the study area could be a positive factor to promote the recovery of soil features after harvesting intervention.





5. Conclusions


Notwithstanding the general worldwide trend of increasing the level of mechanization in forest operations, mule logging is still a common extraction system to retrieve firewood from oak coppice stands in central and southern Italy. There is currently a lack of knowledge regarding the disturbance related to mule logging on soil physicochemical and biological features in this kind of forest stand. Therefore, the present case study aimed to carry out a preliminary evaluation of this important aspect in the context of the sustainability of forest management. The findings revealed how mule logging can cause a significant increase in soil compaction with subsequent detrimental effects on the soil microarthropod community, thus suggesting that this system cannot be considered fully environmentally friendly in the studied context. It is interesting to note that different from similar studies on higher levels of mechanization, no recovery trend of soil features was detected in the mule trails. In fact, the values of soil physicochemical and biological parameters became worse with time after logging operations. This suggests that mule trails can act as a preferential line for water flow, with subsequent concerns about hydrological as well as biological aspects. In this case, the long rotation period of about 40 years seems suitable to provide a sufficient amount of time to allow the forest soil to recover.



Future studies on the topic should be therefore aimed to confirm this aspect, by allowing more time for evaluation after logging interventions.
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Figure 1. Investigated cutting blocks on the local topographic map. 
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Figure 2. Percentage of the disturbed soil surface in the three investigated harvested cutting blocks. No statistically significant differences (p < 0.05) were detected by one-way ANOVA. Different colors refer to different treatments. 
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Figure 3. Values of soil bulk density in the various experimental treatments. Different lowercase letters indicate different homogeneous groups (p < 0.05) according to the HSD Tukey test. Error bars represent the standard deviation. Green color refers to control area. 
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Figure 4. (A) values of soil penetration resistance in the various experimental treatments. (B) values of soil shear resistance in the various experimental treatments. Different lowercase letters indicate different homogeneous groups (p < 0.05) according to the HSD Tukey test. Error bars represent the standard deviation. Green color refers to control area. 






Figure 4. (A) values of soil penetration resistance in the various experimental treatments. (B) values of soil shear resistance in the various experimental treatments. Different lowercase letters indicate different homogeneous groups (p < 0.05) according to the HSD Tukey test. Error bars represent the standard deviation. Green color refers to control area.
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Figure 5. Values of soil organic matter in the various experimental treatments. Different lowercase letters indicate different homogeneous groups (p < 0.05) according to the HSD Tukey test. Error bars represent the standard deviation. Green color refers to control area. 
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Figure 6. Values of QBS-ar index in the various experimental treatments. Different lowercase letters indicate different homogeneous groups (p < 0.05) according to the Duncan test. Green color refers to control area. 
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Table 1. Main topographical features of the four cutting blocks.
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	Parameter
	CB-2019
	CB-2015
	CB-2012
	Control





	Surface (ha)
	15
	11
	16
	11



	Mean elevation (m a.s.l.)
	650
	500
	500
	500



	Slope (%)
	43
	52
	42
	43



	Aspect
	Southwest
	Southwest
	Southeast
	Southeast



	Terrain roughness (%) *
	20
	25
	20
	25







* terrain roughness is calculated as the percentage of the surface of the cutting block occupied by obstacles to the movement of mechanized machinery (rocks and stones).
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