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Abstract

:

Earthworms are key indicators of soil quality and health in vineyards, but research that considers different soil management systems, especially in Slovenian viticultural areas is scarce. In this investigation, the impact of different soil management practices such as permanent green cover, the use of herbicides in row and inter-row areas, use of straw mulch, and shallow soil tillage compared to meadow control for earthworm abundance, were assessed. The biomass and abundance of earthworms (m2) and distribution in various soil layers were quantified for three years. Monitoring and a survey covering 22 May 2014 to 5 October 2016 in seven different sampling dates, along with a soil profile at the depth from 0 to 60 cm, were carried out. Our results showed that the lowest mean abundance and biomass of earthworms in all sampling periods were registered along the herbicide strip (within the rows). The highest abundance was found in the straw mulch and permanent green cover treatments (higher than in the control). On the plots where the herbicide was applied to the complete inter-row area, the abundance of the earthworm community decreased from the beginning to the end of the monitoring period. In contrast, shallow tillage showed a similar trend of declining earthworm abundance, which could indicate a deterioration of soil biodiversity conditions. We concluded that different soil management practices greatly affect the soil’s environmental conditions (temperature and humidity), especially in the upper soil layer (up to 15 cm deep), which affects the abundance of the earthworm community. Our results demonstrated that these practices need to be adapted to the climate and weather conditions, and also to human impacts.
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1. Introduction


In sloping vineyards, sustainable inter-row soil management practice is key to improve water retention capacity and control of sediment mobilisation [1,2]. The negative consequences of an inadequate soil supply, according to the climatic conditions, are reflected in increased soil erosion rates [3,4], a loss of water and nutrients, greenhouse gas emissions [5] and depletion of soil quality with regard to acidification, salinization, pollution [6] and poor soil structure [7]. The impact of soil management practices on soil biodiversity is focused on specific key indicators such as insects or micro-organisms [8,9]. For example, the presence of earthworms is a clear indicator of the soil’s biodiversity status and affects soil quality and productivity [10].



It is well known that earthworms respond differently to diverse soil management practices because they are among the largest soil organisms that are sensitive to the mechanical impacts of tillage [11,12]. When they are widely distributed on a plantation, they are useful bioindicators for sustainable land use [13,14,15]. The population size in the soil can be assessed to understand the positive or negative impacts of different soil management practices (inter and within-row) on the physical and biological properties of soil in vineyards [16]. Earthworms in the soil also have a positively recognised impact on increasing nutrient and water availability, increasing macroaggregate stabilisation [17,18,19], organic matter degradation and water infiltration through biopores [20]. All of these advantages directly affect soil erosion rates [21] and stimulate microorganisms that form important microbiological products for plants [22]. Earthworm activity is mainly related to soil moisture, the content of organic matter and calcium in the soil [23,24]. Moreover, the addition of organic matter in the vineyard can increase the abundance of endogenous earthworms [25]



It is worth highlighting the elevated number of different environmental conditions and diverse soil management practices carried out in vineyards, i.e., permanent or occasional green covering of soil, mulching (covering with various organic substances), tillage, weed control with herbicides, especially within the row (vine-strip), and combinations of these. Moreover, soil greening in perennial plantations can improve earthworm species diversity and abundance, because plant residues of turfgrass (including roots) are important sources of food for earthworms [24] and show the least negative impact on the earthworm population [16]. In addition, straw mulch generates ideal conditions for self-regulation of soil temperature and humidity, which directly affects earthworms [26,27]. However, herbicides (especially within the row) are used in perennial plantations to control weeds. Their negative effects are reflected in the formation of a less favourable habitat for earthworms as a result of the absence of vegetation cover [28].



The testing of individual soil management practices and their impact on earthworms are common. Faber [11] tested different tillage tools and found no differences in the earthworm population. The lowest impact of tillage was registered when it was tilled in spring during the dry period. In addition to soil tillage, other practices, such as the use of copper [28], can reduce the earthworm population in orchards, which can further reduce soil quality. From an environmental point of view, green cover is more suitable in vineyards than the use of pesticides [16], but only in regions with enough precipitation to avoid exigent water competition and stresses. This needs to be considered seriously. In our research, different soil management practices in the same pedoclimatic conditions were considered, primarily to obtain more objective estimates of the differences between them. These included the most commonly treated soil tillage, short-term use of herbicides (three seasons), permanent green cover, the long-term use of herbicides (over 20 years) and covering the soil with straw (at the start of the experiment).



In Slovenia, more than two-thirds of vineyards are on hill slopes from 10 to 50%, and less than one third are planted on terraces. Permanent green cover is used in most vineyards to reduce soil erosion, and in the part of the country characterised by a continental climate, it represents more than 95% of soil management in vineyards. In the Mediterranean part, about 45% of the vineyards are located in the Karst area, and up to 86% are along the border with the Italian Collio (Ministry of Agriculture, Forestry and Food, Slovenia). Climate change could be affecting this wine-growing area, and the competition for water between vines and green cover plants [3]. Therefore, it is necessary to adopt a correct soil management system to ensure vine productivity and wine quality with the least environmental impact.



Therefore, the main goal of our research was to demonstrate how different soil management practices in steep-slope vineyards impacts earthworm biomass, abundance, their distribution according to soil layers, while considering soil water content and soil temperature. We hypothesize that treatments where the soil is less exposed to solar radiation (i.e., green cover and mulch) would have a more positive impact on earthworm development. Detailed knowledge of this impact would help in the adoption of sustainable soil management practices in vineyards to be adapted, as much as possible, to the climatic and soil conditions of each wine-growing area and biodiversity conditions.




2. Material and Methods


2.1. Study Site


This research was conducted in the University Centre (UC) of Viticulture and Enology Meranovo, and the Faculty of Agriculture and Life Sciences, University Maribor, Slovenia, in an experimental active vineyard (Cerkvenjak, 46°57′82.8″ N; 15°94′99.0″ E, 245 m a.s.l.). The study area is a steep-slope vineyard with a 17% inclination and an exposure to the SE, and was established in 1996 with different white grape varieties according to the traditional Slovenian cultivation system (inter-row: 2.5 m; per vine plant: 1 m). The vineyard was cultivated according to the viticultural practice of integrated production with an inter-row permanent green soil cover and the use of herbicides within the row (vine-strip). The study was conducted from April 2014 to October 2016. The average amount of precipitation (1 April to 31 October) was 841 mm in 2014, 723 mm in 2015, and 563 mm in 2016 (the long-term average from 1980–2019 was 712 mm). The average temperatures were 15.9 °C (2014), 16.6 °C (2015) and 16.3 °C (2016), and the values of the Huglin index in these years were 1736, 2057, and 2017 °C units, which are near the average for the last 10 years (16.45 °C and 19.81 °C units, respectively), except in 2014 (Meteorological station Maribor, Slovenian Environmental Agency).



The soils are medium deep loams with a pH of about 5.4 (0.1 mol/L KCl). Based on the ammonium lactate extraction procedure, an average sample of soils contains 2.4 mg soluble-P2O5-P, 21.7 mg soluble-K2O-K, 21 mg soluble-MgO-Mg per 100 g, and 2.8% of organic matter of air-dried soil (0–30 cm). These soil characteristics were obtained before starting the trial in April 2014. Fertilizers were not applied during the experimental period.




2.2. Experiment Set Up


In 2014, four 42 m long and 2.5 m wide experimental plots (replicates) were randomly arranged and tested with five different soil management practices: (i) herbicide; applied glyphosate throughout the inter-row area, 1.5 L/ha, every year in early May and late June; (ii) mulched soils with 1.2 kg of straw/m2 in the first year of trial (2014) before the bud burst of the grapevine, and in the following years (2015, 2016) with 0.5 kg/m2; (iii) tillage; inter-rows were cultivated in early April and late June to a depth of 15 cm; (iv) natural permanent green cover; mowing green cover plants with a mulcher used five times in one season; and, (v) herbicide strips; applied herbicide in the same way as in the first above-mentioned treatment, but only within the row (vine-strip). All treatments were compared to a control plot (perennial meadow 15 m from the vineyard, which was mowed twice a year). Each of five soil management practices were randomly assigned to each plot (6 m long and 2.5 m wide). Between the treatments, 6 m long non treated areas were left to avoid any effect (Figure 1).




2.3. Sampling and Measurements


Sampling campaigns were conducted for three years (2014–2016), monitoring the abundance of earthworms (belonging to the Lumbricidae family) along with the soil profile at a depth from 0 to 60 cm. At each sampling date, (22 May 2014, 9 August 2014, 13 October 2014, 13 June 2015, 17 May 2016, 15 June 2016 and 5 October 2016) pedological pits (0.5 × 0.5 m2, depth 0.6 m) were excavated in each treatment in four replicates. Each soil layer (0 to 15 cm 15 to 30 cm, 30 to 45 cm and 45 to 60 cm) was separated into four foils, and the weight and number of earthworms (juvenile and adult), and their density in various layers per m2 were monitored. Manual sampling of earthworms from well-defined depths to a depth of 0.6 m is considered a sufficiently accurate method to estimate the size of earthworm populations [29]. The earthworms were classified by size into three categories: (i) small (up to 3 cm), (ii) medium (3 to 6 cm) and (iii) large (over 6 cm). At each depth, the soil temperature was measured with a laser thermometer (IRT 39650-20, Cole-Parmer Instrument Co., Illinois, USA), and soil samples were taken to determine the gravimetric water content after drying for 48 h at 105 °C [30].




2.4. Statistical Analysis


Before the analysis of variance, all parameters were tested for normality and variance homogeneity using the Levene test. For each sampling term, and between sampling terms and soil depths, one-way ANOVAs on earthworm biomass, density, and individual biomass were conducted. When the main effects were significant, mean comparisons between soil management methods were conducted using Tukey’s test. The relationships between earthworm densities and soil moisture or biomass of earthworms were tested within treatments using Pearson correlations. The data were analysed using IBM SPSS Statistics software (vers. 25, IBM, Incorporation, Armonk, New York, NY, USA).





3. Results and Discussion


3.1. Abundance and Biomass of Earthworm Community


The impact of different soil management practices on the mean abundance and biomass of earthworms in different sampling terms is shown in Figure 2. In the first measurement period (22 May 2014), there was a significantly higher earthworm abundance in the mulch, control and green cover treatments compared to the herbicide strips (p = 0.035, p = 0.021 and p = 0.013, respectively). During summer (9 August 2014), the abundance of the earthworm community slightly decreased in all treatments, except in the herbicide plots where, in addition to the control, it was significantly higher compared to the herbicide strip and tillage plot (p = 0.003 and p = 0.041, respectively). This higher mean abundance of earthworms in the herbicide treatment at the start of the trial could be due to the increased mass of dead plant material (organic matter) present, which represents a large source of food for earthworms. Schreck [16] stated that such conditions can create favourable conditions for their reproduction. The abundance of earthworms in the herbicide strip plots was almost halved from spring to autumn. All treatments except tillage resulted in a significantly higher abundance of earthworms than in the herbicide strip (p ≤ 0.05).



In 2015, we performed only one sampling of earthworms (13 June 2015). In that year, most of the growing season registered water scarcity, apart from in May. In June 2015, there was less rainfall compared to 2014 and 2016. This coincided with a significantly lower abundance of the earthworm community, being the lowest in the herbicide strips and the highest in the control plots (p = 0.007). Compared to the treatments, most earthworms were located in the mulched plots, which clearly shows the positive effects of mulch on vineyard soils during dry conditions [30,31,32]. The treatments of green cover, herbicide, mulch and tillage did not differ significantly from each other (p ≤ 0.05).



At the beginning of the trial in 2016 (17 May), there were no significant differences among treatments (p ≤ 0.05). The lowest earthworm abundance was registered in the herbicide strip plot, with the highest in the mulch plot, and somewhat lower in the green cover plot. After one month (15 June 2016), there were similar dynamics; the lowest abundance was detected in the herbicide strip, the highest in the green cover (p = 0.036), and slightly lower in the mulched plot (p = 0.046). The abundance of the earthworm community almost halved in herbicide and tillage plots. In the last term (5 October 2016), after three years of experimentation, most earthworms were located on the meadow control, and significantly fewer in the cultivated soils (p = 0.030) and herbicide strips (p = 0.014). Throughout the experiment, the earthworm abundance was the most stable in the green cover and mulched plots. This agrees with Vršič [3], who states that there were three times more earthworms in green cover plots and mulch than in the cultivated soils. Chan [33] found using meta-analysis that the total earthworm abundance under no-tilled soils can be from two to nine times higher than with conventional tillage. In our experiment, on average, the highest abundance of earthworm community was obtained in the green-covered soil compared to other methods. This can be related to the benefits obtained with the availability of plant residue food [25,27]. Since earthworms were provided from different plant residues throughout the year in green cover and mulch, they can grow and proliferate more rapidly in these soils. As reported by other authors [e.g., 33], less disturbed systems are also key; thus, these factors can provide a good habitat for earthworm growth, with longer periods for feeding and cocoon production.



Earthworm abundance in the herbicide treatment was among the highest in the first year, but declined in the following years, possibly due to the reduction of the amount of food available for earthworms coinciding with the reduced vegetation cover. Deteriorating living conditions (higher soil temperature and lower soil water content) could also contribute to the reduction of earthworm abundance as reported by [29]. In the tillage plot, the mean earthworm abundance decreased from the beginning of the experiment to the end. Similar findings were found by Schreck, Andersen, and Ernest [16,26,34] in an apple orchard plantation. Dekemati [12] also found significantly higher earthworm abundance in no-tillage soil compared to ploughed soils, and in reduced and conventional tillage treatments. Our hypothesis, i.e., that green cover and mulch would have the highest earthworm abundances compared to the other treatments (herbicide and tillage), was justified.



Often the size of the earthworm community, expressed by the number of specimens, does not reflect the current condition of the soil because it does not include the size of earthworms. Depending on their size, earthworms have different effects on the soil [29]. In our experiment, there was a strong correlation between the mean abundance and biomass of earthworms (r = 0.85), so that the earthworm abundance in most cases coincided with their biomass (Figure 3). At the beginning of the experiment, the mean biomass of earthworms was the highest in the green cover, and slightly lower in the herbicide and mulch plots, and almost three times higher as in the herbicide strip plot (p = 0.008, p = 0.028 and p = 0.048, respectively). In the second term, the values remained at a similar level, but the differences were not significant. At the end of the experiment during the first year (13 October 2014), the mean biomass of earthworms in the herbicide and green cover were 4.2 (p = 0.011) and 4.7 (p = 0.003) times higher than in the herbicide strip, respectively.



Like abundance, earthworm biomass confirms that soil moisture has a major impact on earthworm development. Due to the drought conditions in 2015, especially in the spring, the biomass of earthworms was significantly lower compared to 2014, with above-average rainfall (p < 0.0001; Figure 2), but the ratio in biomass between the soil management practices was even higher. The mean biomass of earthworms in herbicide (p = 0.016) or in control (p = 0.023) plots was almost 10 times higher than in the herbicide strip. In the case of mulch, the mean biomass of earthworms was 30 g/m2. Even though the mean biomass of earthworms in the mulch plot was lower compared to the herbicide plot, the mean abundance of earthworms was twice as high (96/m2) as in the herbicide plots (44/m2).



In 2016, from the first to the third term, the lowest mean biomass of earthworms was in the herbicide strip. In the first term, there was a significantly higher mean biomass in the mulched plot (p = 0.041), in the second in the green cover (p = 0.036), and in the third period the differences were not significant. The highest value was registered in the mulch (155.2 g/m2) and green cover (146.9 g/m2) soils. De Vetter [27] also observed this using straw mulch.



Permanent green cover and mulching had a favourable effect on the mean biomass of earthworms, better than the control (meadow), except in the driest year of 2015. With the treatment of herbicides, there was initially a higher mean biomass of earthworms, but it decreased from the first term from 152.6 g/m2 to 98.4 g/m2. Correia [35] confirmed that the biomass of earthworms in soil treated with glyphosate was halved and the earthworms remained alive in the soil at all stages of development, but their biomass decreased. This was similar to the tillage plot, except that the mean biomass was slightly higher at the beginning and at the end of the experiment) compared to the herbicide strip. However, the availability of organic matter was lower in both cases, which can affect the biomass of earthworms [25].



From the mean abundance and biomass of earthworms during the entire experimental period (from 22 May 2014 to 5 October 2016), we can conclude that different soil management practices had significant effects (p ≤ 0.05) on both parameters of the earthworm community (Table 1). On average, the lowest earthworm abundance was in the herbicide strip with a mean biomass of 34.9 dt ha−1. Significantly larger earthworm communities were in the permanent green cover, mulch and control plots compared to the herbicide strip (p < 0.0001) and tillage (p = 0.024, p = 0.004 and p = 0.017, respectively). Schreck [16] also reported that mechanical weeding dramatically decreases the biomass of earthworms in the vineyard. The use of different soil tillage methods [11] was not found to decrease the earthworm abundance. The mean biomass of earthworms was significantly higher in the permanent green cover compared to the herbicide strip (p < 0.0001), tillage (p = 0.030) and control (p = 0.048) plots. The mean biomass of earthworms in the permanent green cover was 12.9 dt ha−1 and in the mulch 11.9 dt ha−1, which is 56% and 44% higher, respectively, then in the tillage soils (8.3 dt ha−1). Similar dynamics in vineyards and orchards were also reported by Paoletti [36]. In the herbicide strip, the mean biomass of earthworm was only a third of that in a permanent greening treatment.




3.2. Earthworm Abundance and Biomass at Different Soil Depths


In the third year of the experiment (2016), the density of earthworms was also determined according to the soil depth, considering different layers (Figure 4). About two-thirds of the earthworms were distributed in the first 15 cm (from 64.1% in the herbicide to 69.7% in the mulched plot). In the mulched plot there were almost twice as many earthworms as in the tilled soils. The lowest amount was found in the herbicide strip. A total of 13.3% was reached in the mulch and tillage plots from 15 to 30 cm. In this soil layer, 25.5% of the total abundance was found in the control plot. At a depth of 30–60 cm the earthworm abundance was 8.1% in the herbicide strip and control plots and reached 20.4% in the tilled soils. This means that when tillage machines or herbicides are used, the earthworms are homogeneously distributed along with the upper layers. Several authors attribute this fact to the increase in bulk density and soil compaction, affecting soil porosity, aeration, as well as loss of nutrients and organic carbon [2,37,38].



Considering the biomass of the earthworms at different soil depths, we observed slightly different relationships compared to their density (Figure 4). The biomass of earthworms at a depth up to 15 cm was most proportional to their amount in the control plot; 66.4% of density represented 66.2% of the biomass. The other treatments also had a similar proportion of earthworm density at this depth, from 64.1% in the herbicide to 69.7% in the mulch, but their amounts represented from 30.5% in green cover to 50.7% of earthworm biomass in the herbicide strip. The highest biomass of earthworms was found in the mulch and green cover plots. Although there were 20% or fewer earthworms at a depth of 30– 60 cm, except in the control and herbicide strips (8.1%), their biomass in these soil layers represented about 50% of the earthworm community, except in the control (15.4%) and the herbicide strip (16.4%) plots. This means that in the case of mulch, green cover, tillage, and herbicide plots, the biomass of earthworms was more or less evenly distributed to a depth up to 60 cm, which could not be confirmed by their abundance. Although ecological categories were not assessed in the current experiment, the mean biomass of individual earthworms increased from the top to the bottom of the soil profile except in the herbicide strip (Figure 5). The highest mean biomass of individuals in the first layer was found in the control plot (748 mg). In the next two soil layers, the highest mean values were 1183 mg and 2092 mg, respectively, corresponding to the green cover plot. Finally, in the last surveyed layer, 1842 mg was the highest, which was found in the mulched soils. Along with the soil profile, on average, the largest earthworms were found in the green cover plots (1329 mg per ind.) and the lowest ones in the herbicide strip plots (502 mg per ind.). The relationships between biomass and abundance of earthworms per m2 were different according to the soil layer (Figure 6). The correlation was higher in the second part of the studied profile, which was also confirmed by the fact that at a depth of 30–60 cm the majority of earthworm biomass was represented by larger specimens, except in the herbicide strip at the fourth depth (Figure 5). The most likely reason for this is that larger species are located deeper in the soil, as stated by Jiménez [39]. The mature worms of some species are located deeper in the soil than the immature worms [15].




3.3. Soil Temperature and Moisture


In the third year of the trial (2016) at each depth, at the same time as the earthworm abundance was monitored, soil temperature and moisture were also measured. The mean soil temperature and moisture in Spring samples 2016 (Figure 7), considering the different soil management practices, were significantly different in the first depths (p ≤ 0.05) during the survey. The lowest temperature (19.2 °C) and highest moisture (20.3%) was registered in the mulched plot. Higher temperature and lower moisture were registered in treatments where the soil was more exposed to solar radiation (herbicide, tillage, herbicide strip). Earthworms had good conditions in the Spring for their activities and reproduction in green cover, mulch and control plots. Differences in temperature, especially in the upper layer, may have influenced the development of earthworms. Viljoen [40] found that the highest maturation rate of earthworms was obtained at 22 and 25 °C, which were the optimal temperatures for cocoon production. They also noted that although higher temperatures favoured growth, fecundity would be higher at this range. Upper lethal temperatures of earthworms typically range between 25 and 35 °C but vary substantially among species [41].



In the following layers of the soil profile up to 60 cm, the differences were lower. Due to the higher water content in covered soils, more energy is needed to heat the soil, but the reason for the lower soil temperature under the mulch is also that straw has a low thermal conductivity and heat transfer from the atmosphere to the soil and vice versa [20].



The influence of soil moisture on earthworm abundance was found along with the soil profile at depths from 0 to 60 cm during the survey (Figure 8). With the increase in soil moisture, the abundance and biomass of earthworms (r = 0.776; p = 0.001 and r = 0.625; p = 0.011, respectively) increased, while the biomass of individual earthworms decreased (r = −0.496; p = 0.028). From the first to the fourth soil layer these relationships weakened. The highest share of this connection was represented in data from the first half of the profile (0–30 cm), both in number (r = 0.833) and the biomass of earthworms (r = 0.891). Soil moisture had an important effect on the vertical distribution of earthworms as stated by Fründ [42], but these temperature connections could not be confirmed. Wever, Berry, and Eriksen-Hammel [43,44,45] stated that the greatest increase in earthworm biomass was found in soil with 25–30% moisture and 15–20 °C. The correlations between earthworm parameters, soil moisture and temperature, according to the different soil management practices, are in Table 2.





4. Conclusions


Different soil management practices in the vineyard affected soil moisture and temperature, indicating significant differences in earthworm abundance and their distribution by soil profile. The highest soil temperatures and the lowest soil moisture at a depth of 15 cm were recorded in the treatments where the soil was more exposed to solar radiation (herbicide, herbicide strip, and shallow tillage). On average, at all depths, the lowest temperature was in the mulched plot, and the soil moisture was the highest compared to other soil treatments, except the control (meadow). This is because straw reflects more sunlight into the atmosphere, causing less solar energy to be absorbed into the soil. In the soil with a permanent green cover there was slightly lower soil moisture than in the mulched soil. The earthworm abundance was highest in permanent green cover and mulch (higher than in control), which provided favourable conditions for earthworm development. At the beginning of the experiment, the abundance of the earthworm community was also similar in the herbicide plot (over the entire surface). This can be related to the benefits obtained by the rapid availability of plant residue food (organic matter). Towards the end of the experiment, however, the abundance began to decline in this treatment, indicating a deterioration in soil conditions. The lowest mean earthworm abundance and biomass per individual were found in the herbicide strip. Although no toxicity was detected in this experiment, it could be concluded that the use of glyphosate adversely affects the development of earthworms. Shallow tillage also harmed earthworms, as their abundance decreased during this experiment due to disturbances in habitat and deterioration of natural conditions. The differences in the abundance of the earthworm community according to the different soil management practices showed that earthworms are good bioindicators for the assessment of soil fertility and sustainable land use, and for monitoring the efficiency of ecosystem services in viticulture. According to the hypothesis, permanent green covering and straw mulch proved to be the most suitable soil management practices for earthworms in vineyards in the continental part of Slovenia. Long-term use of herbicides had a very negative effect on earthworms that was slightly less in its effect than soil tillage. However, the most commonly used soil management practice (green cover) will have to be adapted to climate change in the future. Less precipitation and higher temperatures have a negative impact on the development of earthworms, which, in addition to difference between treatments, was also confirmed by the differences between sampling terms. Alternating tillage in the vineyard is possible every second inter-row space, which would allow repopulation of earthworms in the disturbed inter-rows from neighbouring vegetated inter-rows.
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Figure 1. Different soil management practices. (1) herbicide, (2) mulch, (3) tillage, (4) green cover, (5) herbicide strip (left in the vineyard, right the experiment plan sketch). Picture is original (photo Marko Breznik). 
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Figure 2. Abundance and fresh biomass (g) of earthworms per m2 according to different soil management practices in the vineyard from 2014 to 2016. Different lowercase letters denote significant differences among the soil management practices within the sampling term with a > b > c, and uppercase between the sampling terms A > B > C > D (p ≤ 0.05). Values are mean ± standard error (SE), errors bars are SE. 
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Figure 3. The connection between abundance and biomass of earthworms within treatments (2014–2016; p = 0.001). 
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Figure 4. Earthworm abundance and their biomass at different soil depths per m2 according to different soil management practices during the last year of the trial. Different letters denote significant differences among soil management practices in each depth (p ≤ 0.05), error bars are standard errors. 
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Figure 5. Mean biomass of individual adult earthworms per m2 at different soil depths according to different soil management practices. Different letters denote significant differences among soil management practices in each depth (p ≤ 0.05). 
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Figure 6. Relationship between mean biomass and number of earthworms per m2 at different soil depths (in all depths p = 0.001, except 15–30 cm p = 0.038) according to different soil management practices in vineyard; r—Pearson correlation index. 
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Figure 7. Mean soil temperature and moisture of spring samples in the third year of the trial along with the soil profile at depths from 0 to 60 cm. according to different soil management practices. Different letters denote significant differences among soil management practices in each depth (p ≤ 0.05). 
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Figure 8. Relationship between mean soil moisture and the mean number and weight of earthworms along with the soil profile at depths from 0 to 60 cm; r—Pearson correlation index. 
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Table 1. Abundance and biomass (g) of earthworms per m2 in soil with different soil management practices in the period from 22 May 2014 to 5 October 2016.
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Soil Management System

	
Number of Earthworms

	
Weight of Earthworms




	
Average ± SE

	

	
Average ± SE

	






	
Green cover

	
167 ± 14.2

	
a

	
129.19 ± 14.42

	
a




	
Herbicide strip

	
66 ± 7.18

	
c

	
34.89 ± 5.56

	
c




	
Mulch (straw)

	
178 ± 14.57

	
a

	
118.94 ± 13.56

	
ab




	
Herbicide

	
157 ± 17.13

	
ab

	
107.54 ± 12.03

	
ab




	
Tillage

	
110 ± 9.71

	
bc

	
82.73 ± 9.37

	
b




	
Control

	
169 ± 11.04

	
a

	
85.27 ± 5.80

	
b








Different letters denote significant differences among soil management practices with a > b > c (p ≤ 0.05); values are mean ± standard error (SE).
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Table 2. Correlations between earthworm parameters and soil moisture and temperature according to different soil management practices along with the soil profile at depths from 0 to 60 cm.
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Earthworms

	
Soil Management Practices/Depth of Soil

	
Pearson Correlation

(Soil Moisture)

	
Pearson Correlation

(Soil Temperature)




	
Up to 15 cm

	
15–30 cm

	
30–45 cm

	
45–60 cm

	
Up to 15 cm

	
15–30 cm

	
30–45 cm

	
45–60 cm






	
Number/m2

	
Green cover

	
−0.418

	
0.223

	
−0.518

	
0.138

	
−0.056

	
−0.038

	
0.740 **

	
0.237




	
Herbicide strip

	
0.346

	
−0.302

	
0.167

	
0.476

	
0.063

	
0.127

	
−0.141

	
0.425




	
Mulch

	
−0.157

	
−0.034

	
−0.207

	
0.461

	
0.095

	
0.069

	
0.842 ***

	
−0.07




	
Herbicide

	
−0.131

	
0.359

	
0.362

	
0.803 **

	
−0.398

	
0.466

	
0.865 ***

	
0.489




	
Tillage

	
−0.527

	
0.468

	
0.392

	
0.354

	
−0.357

	
0.083

	
0.466

	
−0.099




	
Control

	
0.840 ***

	
0.879 ***

	
0.651 *

	
0.232

	
0.826 **

	
0.906 ***

	
0.403

	
0.511




	
Biomass/m2

	
Green cover

	
−0.454

	
−0.096

	
−0.435

	
−0.212

	
0.096

	
−0.281

	
0.740 **

	
0.532




	
Herbicide strip

	
0.437

	
−0.121

	
−0.096

	
0.131

	
0.171

	
0.229

	
−0.258

	
0.562




	
Mulch

	
0.356

	
−0.357

	
−0.194

	
0.393

	
0.087

	
−0.034

	
0.805 **

	
0.141




	
Herbicide

	
−0.11

	
0.572

	
0.151

	
0.694

	
0.299

	
0.534

	
0.739 **

	
0.342




	
Tillage

	
−0.517

	
0.071

	
0.303

	
0.394

	
−0.193

	
0.002

	
0.292

	
0.054




	
Control

	
−0.893 ***

	
0.888 ***

	
0.511

	
−0.001

	
−0.700 *

	
0.939 ***

	
0.253

	
0.343




	
Weight per individual

	
Green cover

	
−0.366

	
−0.459

	
0.181

	
−0.101

	
0.094

	
−0.468

	
0.038

	
0.583




	
Herbicide strip

	
−0.25

	
0.086

	
0.101

	
0.172

	
−0.417

	
−0.006

	
0.086

	
0.465




	
Mulch

	
0.692*

	
−0.676 *

	
0.016

	
0.294

	
0.117

	
0.007

	
−0.192

	
0.304




	
Herbicide

	
0.044

	
0.646 *

	
0.404

	
0.016

	
0.724 **

	
0.704 *

	
0.583

	
0.213




	
Tillage

	
−0.197

	
0.05

	
−0.071

	
0.587

	
0.058

	
0.408

	
−0.194

	
0.455




	
Control

	
−0.859 ***

	
−0.299

	
−0.154

	
−0.296

	
−0.931 ***

	
−0.253

	
−0.195

	
0.083








*, ** and *** indicate significance at the 0.10, 0.05 and 0.01 levels, respectively.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
50

10

10

100

o Greencover e stip
SR w e
o wTme G

Soil depths.

Pr——

20

o

160

150

20

o-tsem

1530em
‘Saildopths

s0ssem

ss0am





media/file4.png
Biomass of earthworms (g per m?)

Number of earthworms

250

200

150

100

50

350
300
250
200
150
100

50

m Green cover

22.5.2014

A

22.5.2014

AB
©
© (8]
o o
© ©c © © o
©
©

0.8.2014

Q

o]

©
o

9.8.2014

m Herbicide strip

13.10.2014

ABC

(L]
]
© ©
(4]

13.10.2014

~ Mulch
&

13.6.2015

13.6.2015

m Herbicide mTillage m Control

AB BC A

@

L0
o @
o
L0
©

e
©

17.5.2016 15.6.2016 5.10.2016

ABC CcD BC

17.5.2016 15.6.2016 5.10.2016





nav.xhtml


  agronomy-11-01241


  
    		
      agronomy-11-01241
    


  




  





media/file16.png
Number of earthworms (m?)

140.0

120.0

100.0

80.0

60.0

40.0

20.0

0.0

12.0

¢

y = 18.284x - 227.99
® r= 7659

A!llllil

140 16.0 180 20.0
Soil moisture (%)

Weight of earthworms (g/m?)

60.0

50.0

40.0

30.0

20.0 |

v

10.0

00 ©
12.0

'.v

) I T T

| I T T —

5.6639x — 58.374

r=0.6245

) T

J

14.0

16.0

18.0

Soil moisture (%)

20.0

Weight mg per earthworms

2500
@
2000 —.:
I o O
1500 - @
° y=-212.03x+ 4150
I . r=0.4959
1000 - © .
I ‘ @
- . @
500 -
~ ‘ O ° O
0 I RS TR T Y L) 1 i T P
120 140 160 180 200

Soil moisture (%)





media/file2.png
pieAduiA ayj wolj w T — (mopeaw |eluualad) |043u0)

wort






media/file5.jpg
.6621x - 0.3721
r=0.853

150 200 250
Weight of earthworms (g)

300





media/file3.jpg
Biomass of earthworms (g per m?)

Number of earthworms

250

20

150

100

50

a0
0
20
20
150
100

50

= Green cover

2252014

2252014

982014

28

abe

982014

= Herbicide strip

13102014

agc

13102014

“Muleh

1362015

[

Wil

1362015

‘= Herbicide

8

175206

agc

1752016

=Tilage
8C

1562016

1562016

=Control

5102016

5102016





media/file1.jpg





media/file7.jpg
Number of earthworms per

Weight of earthworms per m?

160
140
120
100
80
60
a0
20

80
70
60
50
40
30
20
10

s =Green cover =Herbicide strip
ab ~ Muleh =Herbicide
abe =Tilage = Control
abe
bl
o
ab _abap a
& i 8 0y Pape,
o-15em 15-30cm 30-45¢m 45-60 cm
Soil depths
ab a 2
ab a
ab e
b b a ab e
aza ab abe
a e
b b be
o0-15em 15-30cm 30-45cm 45-60 cm

Soil depths





media/file10.png
mg per earthworm

2200

2000

1800

1600

1400

1200

1000

800

600

400

200

0

ma

Green cover Herbicide strip

=& 0-15ecm -~ 15-30 cm

...........

Mulch Herbicide

..... A 30_45 cm

& 45—-60 cm

W a

Tillage Control





media/file12.png
Biomass of earthworms (g per m?)

120 | 35 45 . 60
- upto15cm - 15-30cm : 30-45cm - 45-60cm
| * 40 |
| 30 | . ®
100 - ; 50 -
: @ - 0 35 @ e ; ®
I o5 | @) ¥
80 ® o 30 | . 40 | .
: s “ I o e b ? : o
60 - V : ® 30 | ;i
[ 15 ‘. 20 90 K
40 | 0 15 | ' 20 @
: 10 [ 7 y=1.5403x - 0.102 "y =2.0955x - 0.3423
0® 0 fF r=0.890 @ r=0.912
20 5 [ y=0.2667x+ 10.497 ‘ 10
y=0.4035x+ 16812 = @B r = 0.402 B b ’
- @ r=0.732 i
0 PRI S S T TR W S W O O W O O A OO Y O O 0 PR SR TR N SN W SN AN (NN WY WY SN T Y SR S S S | O.JA‘.“x“J“‘.J 0 PR TN SN SN NN N N N T NN WY SN SRR SO NN SN S S S |
0O 40 80 120 160 200 O 20 40 60 80 O 10 20 30 40 0 10 20 30 40

Number of earthworms per m?





media/file9.jpg
‘mg per earthworm

2200

2000

1800

1600

1400

1200

1000

ot

Green cover

- 0-15 cm

sl
iy

s
b

Herbicide strip

5 15-30em
oa
Aab oa
Xa»
sa
ob .
Mulch  Herbicide

3045 cm

+b

Tilage

4560 om

Control





media/file0.png





media/file14.png
Soil temperature (°C)

28.0

26.0

24.0

22.0

20.0

18.0

16.0

0-15cm

—9—Green cover  —l-Herbicide strip
~ /A Mulch
- Tillage

15-30cm 30-45cm
Soil depths

—- Herbicide
—®— Control

45-60 cm

Soil moisture (%)

21.0

20.0

19.0

18.0

17.0

16.0

15.0

14.0

13.0

12.0

0-15cm

15-30cm 30-45cm
Soil depths

45-60 cm





media/file8.png
Number of earthworms per m?

Weight of earthworms per m?

160
140
120
100
80
60
40
20

80
70
60
50
40
30
20
10

m Green cover m Herbicide strip
© Mulch m Herbicide
mTillage m Control
a
ab abgp
C a a a a ab
= a 2 a abcabc
B mmie B Fmeebo
0—-15cm 15-30cm 30—45cm 45—-60cm
Soil depths
a a
ab -
2 ab abc
ab b
ab abpcC
b b bc
c

0—15cm 15—-30cm 30—45cm 45—-60cm
Soil depths





media/file11.jpg
2

LA

o @m0 ;0
S s

o

15-30em.

B

® 0 @ w0

?

B

o002
=

® % o

e

©





media/file6.png
200 |

Number of earthworms
— p— — — —
N B OO © O N D O ©
O O O O O O O O O

o

@%e
o
o ® o ©
O .,,--"'.
@ ©
.o; % @
o 0® .‘ y = 0.6621x - 0.3721
= 0.853
O x‘"c' O
e 9 °eo
O
© | | 1
50 100 150 200 250 300

Weight of earthworms (g)





media/file15.jpg
o
1200 s
R o
Tumn £
E ° T w0
™
i Y :
L £
o, y-sesmn-saare B 10
- —
L S
“®
. o
00 s L o,
.
00 e o
120 140 180 180 200 120 140 160 180 200 120 140 160 180 200

Sailmoistre (%) ‘Soilmoisture (%) ‘Soi moisture (%)





