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Abstract

:

Hazelnut orchards are popular for cropping on sloped sites, which are often highly erodible. This study aimed to assess the impact of soil management and season in a hazelnut orchard on soil properties and hydrological response. Three treatments (Tilled, Straw, and Grass) were established in Munije (Croatia) on Stagnosol. In Spring, Summer, and Fall, a rainfall simulation was performed (intensity of 58 mm h−1 for 30 min). Results reveal higher water stable aggregate values were observed for the Straw treatment in all seasons. Higher soil organic matter (SOM) content was noticed for the Grass treatment in all seasons, while lower values were recorded for the Tilled treatment. Sediment loss in Summer was up to 650% and 1300% higher for the Tilled treatment compared with the Straw and Grass treatments. This study strengthens the comprehension of utilizing a permanent ground cover in hazelnut orchards as a sustainable practice, contributing to the mitigation of soil erosion processes and the improvement of soil properties. The Straw treatment is a viable option since it increases soil stability and SOM, consequently preventing high soil erosion.
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1. Introduction


Soil represents an essential resource to all terrestrial life through numerous functions and ecosystem services [1]. The most crucial role of the soil in ecosystems is food production [2]. In addition, soil regulates and filtrates water, regulates climate, remediates contaminants, controls flooding, erosion, and pests, increases biodiversity, and ensures energy supply [3,4]. Since the human population is growing continuously, so is the need for greater food production. Intensive agricultural production helps to ensure food security. However, it can cause soil degradation [5], i.e., soil/water pollution, soil erosion, loss of organic matter and nutrients, crust formation, soil compaction, salinization and acidification, loss of biodiversity, and greenhouse gas emissions. Soil degradation represents a severe global problem [6], which covers up to 30 percent of the global land area and exposes more than 3 billion people to declining ecosystem services [7]. Establishing soil conservation measures is essential [8,9] to halt and reverse the negative impacts of conventional practices.



Soil erosion by water is the most widespread physical soil degradation process, which covers more than 56% of the total degraded land caused by human activity [10]. Typically, soil water erosion appears on sloped areas, primarily vineyards and orchards [11]. Agriculture activities like conventional tillage, continuous machinery trafficking, or agrochemicals are the main drivers of soil erosion by water [12,13]. Intensive tillage and the removal of surface cover leads to direct exposure of the soil to external factors and decreases the soil organic matter (SOM). Low SOM content usually deteriorates soils’ physical, chemical, and hydraulic properties and increases vulnerability to erosion [14,15,16], often causing on-site and off-site problems [17,18]. Some on-site problems are reduced soil effective depth, organic matter and nutrient loss, low yield, and poor soil structure [19]. In contrast, flooding and water and soil pollution represent off-site problems on a larger scale [20]. In the long term, degraded areas are abandoned. Therefore, it is crucial to adopt climate and soil-friendly practices to ensure farmers’ productivity and income and to mitigate soil erosion and degradation.



Proper soil management, establishment of plant cover, use of different mulches, and reduced machinery trafficking (combined operations) significantly affect soil properties and soil erosion [17,21,22,23]. In the previous literature, soil water erosion has been measured in various permanent plantations: vineyards, olives, avocados, citrus, almonds, and figs [24,25,26,27,28], while research performed in hazelnut plantations was only recently conducted by Telak et al. [29]. Based on the mentioned research [29], it is not possible to determine a realistic erosion rate through the hazelnut vegetation season, since the study was performed only on one occasion. Furthermore, the research was conducted in one location, so more comparison information must be provided. The European hazelnut (Corylus avellana L.) is an important crop in Croatia and worldwide [30], and the areas under cultivation constantly increase over the years. Data from 2021 show that the harvested area in Croatia during the 20 years grew from 147 to 6.710 ha and globally from 506.283 to 1.051.684 ha [31]. Hazelnuts usually cover sloping terrain and require more intensive agrotechnical and pomo-technical care during cultivation, including pruning, multiple plant protection applications, several weed management interventions, and harvest, making it a culture suitable for high soil erosion rates [29].



In this research, three different types of soil management were observed. Tillage is the most common practice used in permanent plantations and a known accelerator of soil erosion, while permanent grass cover and straw mulch are two soil conservation measures. Furthermore, this research is carried out over three seasons to determine which treatment can mitigate the adverse effects of intensive management on soil properties and erosion during the hazelnut growing season. Usually, measurements during several seasons in rainfall simulation experiments are missing [11,17,23,24,29] and are often identified as a study limitation, supporting present work as novel and justified. We hypothesize that soil tillage will degrade soil physical properties and enhance the overland flow, while permanent grass cover conserves the soil and water and enhances structure stabilization. Moreover, the straw treatments with surface cover will mitigate the soil erosion but will have lower soil quality in addition to grass treatment. This research aims to expand knowledge about soil erosion in hazelnut plantations and find an adequate measure for its mitigation with a favorable long-term impact on soil properties and hazelnut plantations. Moreover, there are three specific objectives of this paper: (1) to evaluate the impact of various management practices in hazelnut orchards on soil properties, considering different seasons; (2) to identify the most effective sustainable soil management practice for permanent plantation; and (3) to establish a relationship between the soil properties and hydrological response.




2. Materials and Methods


2.1. Study Area and Climate


The study was carried out in central Croatia (Munije: 45°68′ N; 17°29′ E, 296 m a.s.l) in a hazelnut orchard (Figure 1) at an average elevation of 185 m a.s.l and an average slope of 10%. The orchard was planted with a spacing of 5 m between rows and 4 m within rows. The landscape of the studied area was dominantly hilly. The parent material is loess, while the soil is classified as Stagnosol [32]. According to Köppen climate classification, the climate is moderate continental with a Cfwbx description. The annual precipitation (2020) was 856.6 mm (Figure 2), ranging from a minimum of 11.9  mm (April) to a maximum of 158.1  mm (October). The mean annual temperature for 2020 was 12.1 °C, where January is the coldest (0.7 °C) and August is the warmest (22.3 °C) [33]. Cropland is the dominant land use in this region. However, vineyards and orchards cover the slopes in the study area.




2.2. Fieldwork


Three different treatments were studied at the location: grass-covered hazelnut orchard (Grass)—natural grass cover; tilled hazelnut orchard (Tilled)—tillage was conducted four times during the experiment (with the use of rotary tiller); and Straw mulched hazelnut orchard (Straw)—Straw was applied every time before the rainfall experiment was conducted at a dosage of 2.5 t ha−1. The grass-covered treatment was mowed five times per year. Each treatment represents an interrow with a length of 40 m. Ten plots were selected for each treatment to conduct the rainfall simulation experiment and to sample the soil using core and additional undisturbed samples. A paired plot strategy was used to ensure similar geomorphological conditions. Ten rainfall simulations with a ring-to-ring distance of approximately 3 m were performed in every treatment. Rainfall simulation experiments were carried out during Spring, Summer, and Fall. In total, 90 rainfall simulation experiments were carried out (3 seasons × 3 treatments × 10 repetitions). Over each plot, a rainfall simulator (UGT Rainmaker, Müncheberg, Germany) [34] was placed to ensure a rainfall at 58 mm h−1 for 30 min. Each plot was enclosed by a metal ring (1 m diameter; 0.785 m2). Before each simulation started, soil core samples (0–10 cm) and undisturbed soil samples (0–10 cm) were collected near the metal ring to determine soil properties. After the rainfall simulation started, the plastic canisters were connected to the faucet on the metal ring to catch the overland flow. Time to ponding (TP) and time to runoff (TR) were measured with a chronometer (CASIO HS-6-1EF chronometer, Tokyo, Japan) during the simulation.




2.3. Laboratory Work


Bulk density (BD) and soil water content (SWC) were determined using soil core samples. Weighing was carried out before and after capillary wetting and after drying at 105 °C for 48 h, after which they were calculated according to the gravimetric method:


  B D = d r y   s a m p l e / s o i l   v o l u m e  



(1)






  S W C =     s a m p l e   w i t h   f i e l d   w a t e r   c o n t e n t − d r y   s a m p l e   s o i l   v o l u m e     × 100  



(2)







Undisturbed soil samples were prepared by hand, following the method of Diaz-Zorita et al. [35]. Samples were air dried for one week in the laboratory at room temperature (25 °C) and dry sieved in a sieve shaker for 30 s [36] to obtain particular aggregate size fractions (<0.25, 0.25–0.5, 0.5–1.0, 1.0–2.0, 2.0–4.0, 0.4–0.5, and 0.5–0.8 mm) and calculate mean weight diameter (MWD) using the following formula for calculation after weighting each aggregate size:


  M W D =   ∑  i = 1   n    x i × w i    



(3)




where xi is the mean diameter of any particular size range of aggregates separated by sieving, and wi is the weight of aggregates in that size range as a fraction of the total dry weight of soil used. Eijkelkamp’s wet sieving method derived from Kemper and Rosenau [37] was used to determine water-stable aggregates (WSA) with Eijkelkamp’s wet sieving apparatus on all previously dry sieved samples in the particle size range 1.0–2.0 mm. The percentage of WSA was calculated with the following equation:


  W S A =   W d s   W d s + W d w   × 100  



(4)




where WSA is the percentage of stable water aggregates, Wds is the weight of aggregates dispersed in dispersing solution (g), and Wdw is the weight of aggregates dispersed in distilled water (g).



Sediment yield was determined after air drying at room temperature (25 °C) for two weeks and the weighting of the filter paper. Sediment concentration (SC) was calculated by dividing the sediment mass by the overland flow mass. The mass of the sediment loss (SL) was given from the mass of overland flow to obtain the runoff [24]. After determining MWD and WSA, all the undisturbed samples were milled and sieved through a 2 mm sieve so the samples could be prepared to determine SOM following the digestion method of Walkley and Black [38].




2.4. Statistical Analysis


Before further data analysis could be performed, the Shapiro–Wilk test (p > 0.05) was used to assess the normality of the data and homogeneity of variances. Since some variables did not follow the normal distribution (except for BD and WSA), some were normalized with SQRT, natural logarithm, and Box–Cox transformations (SOM, TR, SWC, SC). The two-way ANOVA and Kruskal–Wallis tests (MWD, TP, runoff, and SL) were performed to assess the impact of soil management and season on soil properties and soil hydrological response. For results that did not show significant differences at a p < 0,05, Tukey’s LSD post hoc test was performed. Based on the correlation matrix, principal component analysis (PCA) was applied to determine the association between variables. For this purpose, were used Box–Cox transformed data. Data analyses were carried out using Statistica 12.0 [39] for MS Windows. Figures were drawn with Plotly [40]. The original data set was used to create all tables and graphs.





3. Results


3.1. Soil Properties


The statistical analysis showed a significant difference in BD for the Tilled and Straw treatment, where lower values were observed during Spring than in Summer and Fall. Unlike the Tilled and Straw treatments, the Grass treatment showed no significant differences for BD across seasons (Table 1). As for differences in season, significantly higher BD values were recorded for the Grass treatment during Spring compared to Tilled and Straw. BD did not differ between the treatments in Summer and Fall, although the Grass recorded the highest compaction level. The SWC values for the Grass treatment were significantly lower in Summer compared to Spring, while the values in Fall did not differ significantly from those observed in Summer and Spring. Significant differences in SWC values between treatments were observed only in Summer, where the Grass treatment had significantly lower values than Straw.



Statistical analysis showed significantly higher MWD values for the Tilled treatment in Spring compared to Summer and Fall. Straw treatment showed significantly lower MWD values in Fall than in Spring (Table 1). The highest MWD value in Spring was for the Tilled treatment, which was followed by the Grass treatment and the Straw treatment. During Summer, MWD values were significantly higher in the Grass treatment compared to Tilled and Straw. The same pattern was noticed in the Fall (Table 1). The WSA values for the Tilled treatment were significantly lower in the Fall than in the Spring. Straw treatment showed significantly lower WSA values during Fall and Summer compared to Spring. As for intra-seasonal differences, the Straw treatment had significantly higher WSA values across all seasons than the Tilled and Grass treatments (Table 1).



SOM did not show significant differences in treatment through the seasons (Table 1). During the Summer, Straw and Grass treatments had significantly higher SOM values than the Tilled treatment. The Grass treatment in Fall had a significantly higher SOM value compared to the Tilled.




3.2. Hydrological Properties


Soil hydrological response showed significant differences for treatment and season (Table 2). Time to ponding values for the Tilled and Straw treatments were the lowest in Fall and the highest in Spring, and there were no statistically significant differences among seasons. Grass treatment also shows the highest TP value in Spring, which is significantly higher than in Fall. Between treatments, in the Fall, the TP value is significantly lower in the Grass treatment compared to the other two treatments. Straw treatment had a significantly higher value of TR in Spring than in Fall, while Grass treatment showed significantly lower values for TR in Fall compared to Summer and Spring. Tilled and Straw treatment during all seasons showed significantly higher TR values than Grass treatment. Furthermore, Straw treatment in all seasons had the highest values for TR (Table 2). Runoff did not show significant differences for any treatment during the seasons, while significant differences between the treatments occurred in each season. The Grass treatment in Spring had significantly higher runoff values compared to the Tilled and Straw treatments. Significantly higher runoff values were observed in the Grass treatment in Summer and Fall compared to the Straw treatment. Sediment concentration for the Tilled treatment was significantly higher in Summer compared to Spring. Straw treatment recorded a significantly lower SC during Spring than in other seasons. The SC values in the Grass treatment increased from Spring to Fall, and no significant differences in results were recorded between seasons. In Spring, the lower SC value was in the Grass treatment compared to the tilled, while the Straw treatment did not show a significant difference compared to the other two. During the Summer, there was a significant difference between all three treatments. The tilled treatment recorded the highest value of SC, which was followed by the Straw and Grass treatment. Sediment loss for the Tilled treatment was significantly higher in the Summer and Fall periods than in Spring. The Straw treatment followed the same pattern as Tilled, with the highest value of SL in Summer and the lowest in Spring. SL values increased from Spring to Fall for Grass treatment, and no significant difference existed between seasons (Table 2).




3.3. Principal Component Analysis


The PCA revealed two major factors that explain 51.45% of the total variance: Factor 1—27.30% and Factor 2—24.16%. Figure 3 shows the projection of the variables for the relation between two major factors. Factor 1 showed a strong negative connection between BD and runoff with TP, TR, and WSA. While Factor 2 explains a positive relation between SC and SL, there is also a negative correlation between SOM and MWD with SWC (Figure 3). Differences are more clearly distinct for treatments than for seasons. The Tilled treatment is more closely related to negative variables, such as SC and SL.





4. Discussion


4.1. Soil Properties


The higher BD values were recorded for the Grass treatment compared to Tilled and Straw in all seasons. This behavior was expected, since tillage was conducted for the Tilled and Straw treatment. Tillage loosens the topsoil layer and modifies soil structure [21,41], while greater compaction for the Grass treatment occurs due to natural settling and machinery trafficking, as observed previously [42,43,44,45]. There were no differences in SWC in Spring due to similar conditions between the treatments since the tillage and straw application were carried out where Grass was grown. In the Summer and Fall periods, lower SWC values were recorded for the Grass treatment compared to Tilled and Straw. This could be explained by high rainfall throughout the vegetation season (Figure 2), which ensures high SWC in all treatments. Partial consumption of SWC for the Grass treatment decreases the moisture in addition to other treatments. In this context, the Tilled and Straw treatments did not have vegetation consumption of water, while straw application additionally conserved soil moisture [46,47] through the high-temperature period in Summer and early Fall (Figure 2). Although SWC differences in treatments occur, the high SWC enables hazelnut water needs.



The MWD in Summer and Fall recorded higher values for the Grass treatment compared to Tilled and Straw due to (1) higher machinery-induced compaction [48,49], (2) absence of tillage for the Grass treatment, and (3) short period of straw decomposition to affect soil aggregation [50]. The Tilled and Straw treatment recorded higher MWD values in Spring than in Summer and Fall because of (1) frequent tillage events for the Tilled treatment later in the season [51], (2) lack of time for the soil to form aggregates [21], and (3) straw application, which enabled natural conditions to affect the soil, because the straw layer served as a physical barrier [52]. The Grass treatment did not show any significant differences in all seasons since the grass cover is well known for its established root system, which will contribute to stable aggregates by promoting root growth and the secretion of organic compounds [53,54]. The WSA in Spring and Summer recorded significantly lower values for the Tilled and Grass treatment. As Straw protects against the impact of raindrops, preventing soil particles from being dislodged and reducing soil crusting [55], it contributes to preserving soil aggregates. Likely, this affected the higher WSA values observed in the Straw treatment. As the SWC data highlight, the straw cover shields the soil from direct sunlight and wind, reducing the evaporation rate. This helps maintain a more consistent moisture content in the soil [56], supporting aggregate stability. Moreover, the straw cover creates a conducive environment for root growth [57], which aids in binding soil particles and enhancing aggregate stability. In Fall, lower values of WSA were noticed for the Tilled treatment compared to Straw and Grass. This pattern follows the values of SOM in that period, since SOM is most responsible for binding soil particles into larger and more stable aggregates [58]. Tilled treatment through seasons recorded lower WSA values in Fall, when the effect of frequent tillage was noticeable, because of soil disturbance and air exposure, which led to a decrease in SOM, thus directly affecting aggregate stability [59]. The Grass treatment showed no significant differences for WSA between seasons, since the permanent grass cover and well-developed root system secured aggregate stability through seasons. This is achieved when the root system binds soil particles together, thus enhancing aggregate stability [60]. On the other hand, grass plants shed organic material through roots, shoots, fallen leaves, and mowed grass, so this organic matter serves as a food resource for microorganisms. This activity will produce a substance that acts as natural glue that binds soil particles into aggregates [61]. In Summer and Fall, the Tilled treatment had lower SOM values than Grass and Straw, as observed elsewhere [62,63,64,65,66]. This phenomenon occurred due to (1) accelerated decomposition under high oxygen levels [67], (2) disruption of soil structure due to constant tillage events [58,68], and (3) a lack of vegetation cover, which plays a vital role in protecting the soil from erosion (loss of SOM by erosion) [69,70]. The Tilled treatment has higher SOM values in Spring than in other seasons, which is very likely due to soil loss between investigated periods, as presented in Table 2. Also, organic matter mineralization can explain lower SOM values in later periods [71].




4.2. Hydrological Response


The Tilled and Straw treatment did not have any significant differences in TP between seasons because of the lower soil compaction, thus increasing the infiltration rate due to frequent tillage [45,72] and straw application, which served as a physical barrier, thus slowing the formation of surface ponds [52]. Time to runoff was low in the Grass treatment through all three seasons, as noted in other works [73,74,75]. The TR values were slightly higher for the Straw treatment than for the Tilled treatment during each season. So, the straw application contributed to reducing TR, as it served as a surface cover that acted as a physical barrier between raindrop impact and soil surface cover [76,77]. Straw, like grass, also absorbs moisture, thus postponing surface runoff [78]. The Tilled treatment recorded no significant differences between seasons for TR. In contrast, the Straw treatment had higher TR values in Spring because the first straw application successfully reduced TR. Later in the season, during Summer, Straw was slowly incorporated into the soil surface, thus losing its initial capability of reducing TR [79]. In Fall, TR was significantly lower on the Straw treatment compared to other seasons since (1) the Straw decomposed in time, thus increasing TR, (2) vegetation growth in Fall was lower and made soil prone to erosion [80], and (3) the absence of Straw contributed to crusting during the Fall period; because of decomposition, it can lose its protective qualities and transform into small particles that can clog soil pores [81]. The Grass treatment showed higher TR values in Spring and Summer than in Fall, which are also affected by mowing and the higher surface cover. At the same time, there was no additional cover in Fall, and regular vegetation growth was lower than in Spring and Summer. The runoff followed the behavior of TR. In every season, higher runoff was recorded for the Grass treatment compared to Tilled and Straw. This is attributed to several reasons: (1) higher compaction for the Grass treatment [82,83], (2) lack of surface roughness for the Grass treatment [84], and (3) the Straw treatment had a mulching effect [77,85]. Sediment concentration recorded significantly lower values for the Grass treatment since grass decreases sediment detachment during rainfall because of greater soil structure and a developed root system, which holds the soil particles bonded through root exudates [86,87]. Higher values of SC for the Tilled treatment occur primarily due to tillage, which decreases soil size particles and makes them more prone to soil erosion [88]. The Straw treatment recorded lower SC in Spring and Summer than in Fall due to losing the straw capability through the season and its incorporation into the soil surface [89]. An increase in SC for the mulched treatment is possible when the finer mulch particles are easily transferable during rainfall [90].



In the Summer, a higher SL was identified in the Tilled treatment than in Grass and Straw. This was due to the low SOM, which helps bind soil particles, making them more stable [91,92], and the lower surface roughness because of recent tillage events [88,93]. The Tilled treatment had a significantly lower SL in Spring than in Summer and Fall due to the freshly tilled soil surface, higher infiltration rate, and lower soil compaction [13]. Similar results were found for the Straw treatment, where higher SL was noticed in Summer and Fall when the straw application was insufficient to mitigate soil erosion processes and because of straw incorporation into the soil surface [52,78]. The Grass treatment showed no statistical differences for SL during all three seasons, with a slight increase in Fall, which was probably due to mowing grass residues, which ended up in the overland flow.




4.3. Interrelations between Properties


The PCA results showed that lower soil compaction leads to postponed pond forming on the soil surface layer and the start of the Runoff, which was also observed previously [94,95,96,97]. Moreover, the WSA showed a positive relation with TP and TR because of (1) WSA’s capability to create channels within the soil that will enable water to infiltrate and move down the soil profile, which will improve the soil’s ability to store more water, thus reducing the water available for runoff [98,99], (2) higher aggregate stability will prevent crusting, since the soil particles are bounded into aggregates that are less prone to soil detachment during the raindrop impact [97,100], and (3) well-aggregated soil had a rougher surface texture due to the presence of clumps and particles, which will enlarge the surface area for rainfall catchment [101]. Another positive correlation was observed between BD and runoff, which can be associated with the previously mentioned statement that BD directly affects TP and TR. Due to higher soil compaction, there will be more time to produce the overland flow, which will enlarge the final amount [102,103]. The BD decreases porosity, resulting in limited storage capacity and lower infiltration capacity [104,105]. Furthermore, compacted soils are more prone to soil crust formation, thus enabling the rainfall drop impact to initiate soil detachment [106,107].



Factor 2 explains a positive relation between MWD and SOM. Soil organic matter acts as a binding agent that holds the soil particles together in aggregates [58,108,109]. Larger aggregates created through organic matter enhanced aggregation and will increase the pore space in the soil, thus enabling water to infiltrate and move through the soil [110,111]. A strong positive relation occurred between SC and SL, meaning SL is directly influenced by the amount of sediment in the overland flow [112,113]. In the case of this study, this statement could not be completely applicable because the Grass treatment in Spring recorded higher SL than the other two treatments, therefore not having the highest SC under higher runoff rates (Table 2). Similar findings were observed in Römkens et al. [93]. Finally, a positive correlation was observed between SWC, SC, and SL. This relation was expected because higher SWC will lead to pore clogging, thus decreasing the soil infiltration capacity [113]. On the other hand, it will also expedite the time to runoff, thereby increasing overland flow mass and with that increasing SL. Another vital thing to mention is the SWC’s effect on hydraulic conductivity, where wetter soil can lead to rapid surface runoff, carrying away more sediment than in drier conditions [113].



This research yields valuable insight with significant implications and recommendations that can arise from it. However, some issues need to be mentioned. The timing of practices should be considered since the research showed the effectiveness of grass cover use, and as such, it could be crucial to emphasize and maintain the grass cover before the rainy season starts. Long-term research is necessary to obtain more appropriate information for identifying the practices that offer the most effective protection against soil loss. With that in mind, implementing practices that enhance soil structure to mitigate erosion must be broadened and applicable to this location and other endangered areas. Further investigation of the impacts of conservation practices is recommendable to minimize erosion events, thus mitigating sediment transport, which can lead to the pollution of soil and waterways. These practices must be emphasized long term to contribute to soil health, erosion prevention, and environmental conservation. Unfortunately, the rainfall simulator has shortcomings, such as a need for standardized methods and equipment. An experiment conducted on a small-scale area is unsuitable for large-scale modeling and needs to provide accurate data under natural climate conditions. One of the essential things that needs to be mentioned is the use of surface cover, whether it will be a permanent cover or just a temporal cover such as Straw. Straw use will mimic permanent grass cover in some percentage. However, its most significant advantage lies in its availability, cost-effectiveness, and immediate soil conservation, thus enhancing soil properties and hydrological response.





5. Conclusions


This study presented significant results regarding how different soil management and seasons affect soil properties and hydrological response. The Grass treatment was the most sustainable, as it enhanced soil properties, such as increasing SOM and WSA while decreasing BD, and effectively mitigated erosion processes to the bare minimum. Conversely, the Tilled treatment exhibited shortcomings, disrupting soil properties by decreasing MWD, SOM, and WSA while increasing runoff, SC, and SL. Meanwhile, the Straw treatment showcased its positive aspects, notably improving soil properties by decreasing BD, increasing WSA and SOM, and having a beneficial impact on mitigating sediment movement downslope. The primary seasonal effect was observed in the hydrological response, with higher TR and TP in Spring and increased runoff rates, SC and SL in Fall across treatments. Conservation management must be deeply implemented into agricultural practices since it can reduce and slow down further degradation processes in endangered areas, such as permanent plantations characterized by wide rows and lack of surface cover, as a weeding practice. The Grass and Straw treatments demonstrated their sustainable and dependable practices, enhancing soil properties and minimizing potential degradation in hazelnut plantations.
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Figure 1. Study site and treatments. Green, yellow and red dots indicate positions of rainfall simulations for grass covered, straw-mulched and tilled plots, respectively. 
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Figure 2. Monthly precipitation and temperature throughout the time of experimenting. The arrows indicate the time when the measurements were conducted. 
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Figure 3. Relation between Factors 1 and 2 (A) variables and (B) cases. Bulk density (BD); soil water content (SWC); mean weight diameter (MWD); water stable aggregates (WSA); time to ponding (TP); time to runoff (TR); sediment concentration (SC); sediment loss (SL). 
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Table 1. Results of two-way ANOVA analysis considering soil properties (mean ± standard error). Different letters after mean values in the columns represent significant differences at p < 0.05. Capital letters show statistical differences in treatment between seasons. Lowercase letters show statistical differences between treatments in season. Abbreviations: BD, bulk density, SWC, soil water content, MWD, mean weight diameter, SOM, soil organic matter.
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	Treatment × Season
	BD (g cm−3)
	SWC (%)
	MWD (mm)
	WSA (%)
	SOM (%)





	Tilled (Spring)
	1.08 ± 0.30 Bb
	29.69 ± 1.93 Aa
	3.67 ± 0.53 Aa
	66.27 ± 1.46 Ab
	1.81 ± 0.46 Aa



	Straw (Spring)
	1.09 ± 0.31 Bb
	28.58 ± 1.89 Aa
	3.45 ± 0.55 Aa
	75.67 ± 2.22 Aa
	1.80 ± 0.44 Aa



	Grass (Spring)
	1.49 ± 0.26 Aa
	31.86 ± 1.76 Aa
	3.52 ± 0.41 Aa
	67.12 ± 1.99 Ab
	1.95 ± 0.35 Aa



	Tilled (Summer)
	1.37 ± 0.32 Aa
	30.35 ± 2.18 Aab
	2.78 ± 0.47 Bb
	61.21 ± 1.62 ABb
	1.50 ± 0.48 Ab



	Straw (Summer)
	1.33 ± 0.29 Aa
	30.86 ± 1.42 Aa
	2.8 ± 0.38 ABb
	71.82 ± 2.22 Ba
	1.91 ± 0.44 Aa



	Grass (Summer)
	1.44 ± 0.34 Aa
	25.31 ± 1.89 Bb
	3.53 ± 0.43 Aa
	63.39 ± 2.03 Ab
	2.08 ± 0.52 Aa



	Tilled (Fall)
	1.29 ± 0.34 Aa
	31.92 ± 1.50 Aa
	2.68 ± 0.50 Bb
	59.32 ± 1.96 Bb
	1.42 ± 0.53 Ab



	Straw (Fall)
	1.32 ± 0.34 Aa
	32.21 ± 1.22 Aa
	2.59 ± 0.61 Bb
	69.47 ± 1.74 Ba
	1.83 ± 0.61 Aab



	Grass (fall)
	1.36 ± 0.25 Aa
	29.25 ± 2.23 ABa
	3.49 ± 0.38 Aa
	68.63± 2.10 Aa
	1.93 ± 0.76 Aa










 





Table 2. Results of two-way ANOVA analysis considering hydrological properties (mean ± standard error). Different letters after mean values in the columns represent significant differences at p < 0.05. Capital letters show statistical differences in treatment between seasons. Lowercase letters show statistical differences between treatments in season. Abbreviations: TP, time to ponding; TR, time to runoff; SC, sediment concentration; SL, sediment loss.
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	Treatment × Season
	TP (s)
	TR (s)
	Runoff (m3 ha−1)
	SC (g kg−1)
	SL (kg ha−1)





	Tilled (Spring)
	192 ± 7.87 Aa
	582 ± 12.24 Aa
	19.71 ± 3.63 Ab
	4.86 ± 1.56 Ba
	87.15 ± 7.81 Ba



	Straw (Spring)
	288 ± 15.37 Aa
	996 ± 20.51 Aa
	2.47 ± 1.63 Ab
	2.96 ± 1.81 Bab
	11.97 ± 4.22 Ba



	Grass (Spring)
	198 ± 9.22 Aa
	348 ± 8.89 Ab
	160.24 ± 4.42 Aa
	0.73 ± 0.62 Ab
	118.08 ± 8.26 Aa



	Tilled (Summer)
	144 ± 7.11 Aa
	462 ± 12.45 Aa
	90.15 ± 5.77 Aab
	18.79 ± 2.25 Aa
	1742.84 ± 29.99 Aa



	Straw (Summer)
	180 ± 8.32 Aa
	606 ± 10.71 ABa
	45.78 ± 6.09 Ab
	5.64 ± 1.25 Ab
	268.4 ± 15.15 Aab



	Grass (Summer)
	120 ± 5.32 ABa
	342 ± 9.22 Ab
	159.31 ± 6.63 Aa
	0.83 ± 0.54 Ac
	133.2 ± 8.52 Ab



	Tilled (Fall)
	120 ± 7.00 Aa
	444 ± 12.77 Aa
	70.64 ± 6.15 Aab
	11.57 ± 2.93 ABa
	850.23 ± 25.94 Aa



	Straw (Fall)
	156 ± 8.02 Aa
	484 ± 12.77 Ba
	35.75 ± 6.83 Ab
	11.53 ± 4.43 Aa
	204.07 ± 15.65 Aa



	Grass (Fall)
	86 ± 6.87 Ba
	225 ± 11.25 Bb
	194.62 ± 6.41 Aa
	2.67 ± 2.48 Ab
	406.42 ± 29.30 Aa
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