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Abstract

:

Reduction of soil greenhouse gas emissions is crucial to control increases in atmospheric CO2 concentrations. Permanent grasslands are of considerable importance in climate change mitigation strategies as they cover about 13% of the global agricultural area. However, uncertainties remain for the effects of management practices on soil respiration, especially over the short term. This study investigated the influence of different mowing intensities on soil respiration over the short term for Bromus erectus-dominated grasslands in the central Apennines. From 2016 to 2018, soil respiration, temperature, and moisture were measured under three different management systems: customary management, intensive use, and abandonment. Both soil water content and temperature changed over time, however mowing did not affect soil water content while occasionally altered soil temperature. The intensive use promoted higher seasonal mean soil respiration compared to the abandonment only during the 2016 growing season. Soil temperature was the main driver of soil respiration above a soil water content threshold that varied little among treatments (18.23–22.71%). Below the thresholds, soil moisture was the main driver of soil respiration. These data suggest that different mowing regimes have little influence on soil respiration over the short term in Bromus erectus-dominated grasslands. Thus, more intensive use would not have significative impacts on soil respiration, at least over the short term. Future studies need to clarify the role of root mycorrhizal and microbial respiration in the light of climate change, considering the seasonal redistribution of the rainfall.
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1. Introduction


According to the fifth assessment report of the Intergovernmental Panel on Climate Change, annual greenhouse gas (GHG) emissions from agricultural production in 2000–2010 were estimated at 5.0–5.8 Gt CO2 eq. yr−1 while annual GHG flux from land use and land-use change activities accounted for approximately 4.3–5.5 Gt CO2 eq. yr−1 [1]. The same report estimated that over recent decades, the cumulative CO2 emissions from agricultural land uses (i.e., croplands, forest lands, and grasslands) have increased by about 40%.



The CO2 efflux released into the atmosphere by the biological activities of plant roots, soil microbes and animals is defined as soil respiration [2], and this represents the second-largest carbon flux between the terrestrial ecosystem and the atmosphere on a global scale [3]. As well as global warming, which might have positive feedback on soil CO2 release from the soil carbon pool [4], human activities have crucial roles in soil carbon cycling, in terms of land-use changes and agricultural practices [5,6].



To face this issue, there is a need to adopt mitigation strategies to preserve the carbon pools of terrestrial ecosystems [5,7,8]. In particular, the soil carbon pool of the first soil layers is one of the main abiotic factors affecting soil respiration [9], thus mitigation strategies must include the best practices that address the soil (e.g., tillage, amendments application, land-use change), the crops (e.g., nutrients, residues, water management), and the livestock (e.g., feeding, manure management, stocking densities) to reduce GHG from agricultural systems [1].



Permanent grasslands might indeed be important for climate change mitigation strategies as they cover about 13% of the global agricultural area [10], which represents more than a third of the European agricultural area [11]. Projected scenarios have suggested that grasslands may face major issues due to temperature and atmospheric CO2 concentration increase as well as changes in precipitation patterns [5]. The latter appears to be particularly relevant in areas with low summer rainfall (i.e., southern Europe) because precipitation after prolonged dry periods can enhance CO2 efflux from the soil to the atmosphere [12,13].



Bromus erectus-dominated grasslands are semi-natural communities of secondary origin that are included in the list of habitats of European Community interest: Habitat code 6210(*) “Semi-natural dry grasslands and scrubland facies on calcareous substrates (Festuco-Brometalia) (*important orchid sites)” (EU Habitats Directive 92/42/EEC, Annex I). These are also among the most prevalent grasslands, with about 600,000 ha in the EU Natura 2000 network, with the largest areas reported for Italy (33%) and Romania (25%). Natura 2000 is a network of nature protection areas (both terrestrial and marine) in the territory of the European Union. It is made up of Special Protection Areas (SPA) and Special Areas of Conservation (SAC) designated under the Birds Directive (EU Birds Directive 79/409/EEC replaced by Directive 2009/147/EC) and Habitats Directive (EU Habitats Directive 92/42/EEC), respectively.



High levels of animal and plant biodiversity are linked to permanent grasslands [14,15], which in turn provide a large number of ecosystem services [10,16]. These include supporting services (e.g., primary production, nutrient cycling), cultural services (e.g., landscape aesthetic value, recreational experiences), provisioning services (e.g., food and forage production), and regulating services (e.g., carbon sequestration, erosion control) [17]. Secondary grasslands include numerous plant communities whose characteristics vary in relation to the environmental conditions and, in relation to their potential production, they are subject to different management intensities [18].



Many studies on permanent grasslands have focused on the effects of management practices on forage yield and herbage quality (e.g., [19]) and/or on plant diversity (e.g., [20,21]), but little is known about soil respiration compared to other ecosystems (e.g., forests) [22]. The need to further investigate their role in GHG mitigation strategies is highlighted by the few inconsistent data about the effect of management practices (e.g., grazing and/or mowing intensity) on soil respiration and its drivers [23]. Indeed, many papers reported contrasting results on the effect of management practices that involve herbage removal on soil temperature and/ or water content, which are among the main drivers of soil respiration. For example, herbage removal might increase soil temperature [24], but the tall-grass cover might cause a shading effect and thus decrease it [25]. In many case-studies mowing had no effect on soil moisture (e.g., [24,26]), while in some other cases the opposite effect is reported (e.g., [25,27]).



Results on the effect of management practices on soil respiration and its drivers appear even more uncertain when the time-scale is also considered. For example, it has been reported that over the medium to long term, heavy grazing on permanent grasslands might alter the soil respiration by alterations to the soil microbial communities, while light grazing has more limited effects [23]. A recent study on permanent grasslands reported that a land-use change from permanent grasslands to arable lands does not influence the microbial soil respiration in mountain areas, while the soil carbon stock can be halved over a few decades due to soil tillage and erosion [28]. Switching from the long-term to the short-term perspective (1–3 years), some studies have reported that mowing results in reduction of soil respiration [24,25], while other studies have reported that soil respiration of permanent grasslands might not be influenced by mowing [26]. A 2 year experiment in a Mediterranean grassland showed that defoliation reduced the carbohydrates translocated to the roots affecting/reducing both microbial and root-derived CO2 effluxes [29]. In contrast, a short-term experiment (8–14 days) carried out in temperate mountain grasslands reported a soil respiration decrease due to a reduction in microbial activity (e.g., [30]). At the same time, root respiration was affected to a lesser extent since it was supported by carbohydrates present in the reserve organs. Thus, management practices appear to have significant effects on soil respiration even over the short-term, although on a basis that tends to be context-dependent.



To date, many studies have investigated the effect of management practices on soil respiration of dry or semi-dry grasslands (e.g., [24,26,31,32]), very few on Bromus spp.-dominated grasslands (e.g., [25]), and to the best of our knowledge, no one has reported data on the effect of management practices on soil respiration for Bromus erectus-dominated grasslands, despite covering large areas, being of the greatest conservational importance [10,16], and being largely used in large scale grazing systems [33].



In line with this perspective, the present study was designed to investigate the effects of different management intensities, in terms of mowing regimes applied for three consecutive years, on soil respiration, soil temperature, and soil moisture (i.e., dynamics and seasonal mean values) for a permanent mountain Bromus erectus-dominated grassland of the central Apennines.




2. Materials and Methods


2.1. Study Area


The study area is located in the territory of Monte San Vicino (central Apennines, Marche Region, Italy) and within the Natura 2000 SPA IT5330025—“Monte San Vicino e Monte Canfaito”, which includes two SAC (IT5330015—“Monte San Vicino”; IT5320012—“Valle Vite-Valle dell’Acquarella”) and two main grassland habitats (i.e., habitat code 6210 and 6170; EU Habitats Directive 92/43/EEC). The bedrock of the study area is calcareous, and the climate is temperate-oceanic, which is characterized by an annual mean temperature of 13 °C and a mean precipitation of 865 mm, with higher values in autumn and spring, and the minima in summer [34]. Figure 1 shows the monthly mean air temperatures and precipitation during the study period (January 2016–December 2018), when the precipitation that occurred from June to September 2016 (374.2 mm) was almost double that of the same period in 2017 (191.8 mm) and 2018 (197.8 mm).




2.2. Study Site and Experimental Design


In November 2015, an area homogenous for soil, vegetation and topographic conditions (43°21′13.4″ N 13°03′31.6″ E; 900 m a.s.l.; NE exposure; 10% slope) was identified and fenced off to prevent any disturbance. The site was characterized by a semi-natural permanent grassland that was dominated by Bromus erectus and was considered as a priority habitat (i.e., 6210(*) Semi-natural dry grasslands and scrubland facies on calcareous substrates (Festuco-Brometalia) (*important orchid sites), Council Directive 92/43/EEC). It belonged to the association Brizo mediae-Brometum erecti Bruno in Bruno and Covarelli 1968 corr. Biondi and Ballelli 1982. The soil was classified as Mollisol, according to the United States Department of Agriculture Soil Taxonomy system [35]. The soil texture from 0 cm to 20 cm in depth was clay loam, with a rocky component of 7%, a pH of 6.79, a total C content of 5.92%, and a total N content of 5.25%.



A complete randomized block design with three replicates was applied to test the responses of the grassland to different use regimes from 2016 to 2018, as: (i) customary management (CST), with herbage mowing performed by the end of June and by the end of October each year; (ii) intensive use (INT), with herbage mowing performed every month from April until the end of October each year, when the herbage production was available; (iii) under abandonment (ABN), with no herbage mowing performed throughout the study period. Each experimental unit was 2.0 m × 2.0 m. The herbage mowing within the experimental units was carried out every year using a bar mower (cutting height, 5 cm) and a standard rake was used to collect and remove the cut herbage immediately after the mowing. For each experimental unit, the soil respiration, temperature, and water content were measured from March 2016 to October 2018, for a total of 52 surveys.




2.3. Measurement Descriptions


For each experimental unit, one polyvinyl chloride collar was installed (inner diameter, 10 cm; height, 10 cm; with perforated walls), which was inserted ~9 cm into the soil to measure total soil respiration. The measurements were performed in situ using a portable CO2 infrared gas analyzer with a soil respiration closed chamber (EGM-4 with SRC-1, PP-Systems, Hitchin, UK), equipped with a thermometer probe. For each measurement, soil temperature was measured at 10 cm soil depth. Soil water content was determined on soil samples collected from the top 10 cm layer, using oven drying at 105 °C to constant weight. Soil respiration, soil temperature, and soil water content were monitored between 9:00 am and 12:00 noon (standard time), to avoid efflux fluctuations [36].




2.4. Data Analysis


Two-way mixed analysis of variance (General linear model procedure for repeated measure) was carried out to assess the effect of time, mowing frequency as well as their interactions on seasonal mean soil respiration, temperature, and water content. When a significative interaction emerged, a Tukey test was carried out on mowing frequency to detect differences in each date of measurements. Conversely (i.e., with no significant interaction between mowing and time) only the main effect of mowing frequencies was compared with Tukey honest significant difference (HSD) tests. Data had been previously tested for normality distribution by Shapiro-Wilk’s test and sphericity by Mauchly’s test.



Seasonal mean soil respiration, temperature, and water content were calculated by linear interpolation between close dates of measurement, assuming a linear flux change between sampling days [37].



Regression analysis was used to determine the relationships between soil respiration and soil temperature and water content [38]. Breakpoints within the functional relationship between respiration and soil water content were detected with a piecewise regression approach. The following equations were used:



For soil respiration and soil water content:


   y   =   a   +   b x ,   



(1)




where y is the measured soil respiration (g CO2 m−2 h−1), a and b are the equation coefficients, and x is the measured soil water content.



For soil respiration and soil temperature:


   y   =   a    e  b x   ,   



(2)




where y is the measured soil respiration (g CO2 m−2 h−1), a and b are the equation coefficients, and x is the measured soil temperature.





3. Results


3.1. Soil Water Content and Temperature Dynamics as Affected by Mowing Intensity


Both the soil water content and temperature varied markedly throughout the study period, with similar trends across all three of the management treatments, customary (CST), intensive (INT), and abandonment (ABN). In general, the peaks in the temperature coincided with the minimum water content in summer, while the minimum soil temperatures were recorded in winter along with the highest soil moisture (Figure 2A,B).



The soil water content at 10 cm in depth ranged from 11.12% to 35.45% for CST, from 10.13% to 36.18% for INT, and from 12.15% to 35.83% for ABN. During the 3 year study period, the mean soil water content at 10 cm depth was 24.89%, 24.24%, and 25.07% for CST, INT, and ABN, respectively.



The soil temperatures at 10 cm depth ranged from 0.63 °C to 26.72 °C for CST, from 0.98 °C to 26.90 °C for INT, and from 2.10 °C to 24.53 °C for ABN. During the 3 year study period, the mean soil temperatures at 10 cm depth were 15.39 °C, 15.71 °C, and 14.58 °C for CST, INT, and ABN, respectively.



Both soil water content and temperature changed over the growing or vegetative periods of the monitored years, however, within the dates of measurements, mowing did not affect soil water content, but occasionally altered soil temperature (Table 1).



Seasonal mean soil water content was never affected by the combination of time and mowing regimes. Conversely, the time was found to significantly affect the seasonal mean soil water content of each mowing regime with the exception of the 2017 stasis (p = 0.06). Mowing frequencies did not have significant effects in any of the monitored growing or vegetative periods (Table 1).



For seasonal mean soil temperature, a significant interaction between time and mowing regime was observed in all of the growing and vegetative stasis periods throughout the monitoring period (Table 1). Higher soil temperatures were occasionally observed in INT compared to ABN after the mowing performed in spring for INT in each year of the monitoring period. Conversely, during the vegetative stasis, occasional significantly higher soil temperatures were observed in ABN compared to the other treatments (Figure 2B).




3.2. Soil Respiration Dynamics as Affected by Mowing Intensity


The soil respiration varied markedly among and within the years of the study. This generally following the changes in the soil temperature over most of the year, except in summer, when the soil respiration followed changes in the soil water content (Figure 2C). Multiple peaks of soil respiration were observed for all three of the treatments throughout the 3 year monitoring period. In particular, in 2016, all of the treatments showed fluctuating dynamics that were characterized by three peaks for the soil respiration between March and October, with a less marked trend for ABN compared to CST and INT. In 2017, the first peak of the soil respiration was in the third week of May for all of the treatments (0.78, 0.72, 0.69 g CO2 m−2 h−1 for CST, INT, ABN, respectively). This was followed by a marked drop in the soil respiration and a subsequent second peak (0.78, 0.50, 0.62 g CO2 m−2 h−1 for CST, INT, ABN, respectively). In 2018, the first peak of the soil respiration occurred at the end of May for all of the treatments (0.67, 0.65, 0.78 g CO2 m−2 h−1 for CST, INT, ABN, respectively), with a less pronounced subsequent drop in the soil respiration compared to 2016 and 2017. The second peak of the soil respiration in 2018 occurred at the end of July for CST (0.60 g CO2 m−2 h−1) and in the third week of September for ABN (0.63 g CO2 m−2 h−1), while there was no second peak here for INT (Figure 2C). During the whole study period, the soil respiration ranged from 0.02 to 0.87 g CO2 m−2 h−1 for CST, from 0.03 to 0.94 g CO2 m−2 h−1 for INT, and from 0.05 to 0.94 g CO2 m−2 h−1 for ABN (Figure 2C). During the 3 year study period, the mean soil respiration was 0.36 g CO2 m−2 h−1, 0.33 g CO2 m−2 h−1, and 0.41 g CO2 m−2 h−1 for CST, INT, and ABN, respectively.



Soil respiration changed over time and, within the dates of measurements, it was occasionally affected by the mowing regime (Table 1). In general, seasonal mean soil respiration was found to be much higher during the growing period compared to vegetational stasis for all the treatments (Table 1). A significant interaction between time and mowing regimes emerged in all the growing seasons while seasonal mean soil respiration was found to be lower in INT compared to ABN only during the 2016 growing season.



Within the 2016 growing period, the first cut performed in INT had no effect on the soil respiration rates, which were 0.83, 0.85, and 0.86 g CO2 m−2 h−1 in CST, INT, and ABN, respectively (Figure 2C). Conversely, approximately 2 weeks after the second mowing performed for INT, a significant decrease in soil respiration was observed in INT (0.59 g CO2 m−2 h−1) compared to CST (0.79 g CO2 m−2 h−1) and ABN (0.81 g CO2 m−2 h−1). After the first mowing for CST (i.e., the third mowing for INT, Figure 2C) both CST and INT showed significantly lower soil CO2 emission compared to the other treatment (0.39, 0.32, and 0.67 g CO2 m−2 h−1 in CST, INT, and ABN, respectively).



Within the 2017 growing season, a significant decrease in soil respiration was observed only after the second mowing performed in INT when CST was higher (0.78 g CO2 m−2 h−1) than INT (0.50 g CO2 m−2 h−1). Despite showing always lower CO2 emissions, the mowing performed in CST and/or INT did not result in significant emissions until the end of the 2017 growing season.



During the 2018 growing season, the first two mowings performed in INT did not result in any differences in terms of soil respiration among the treatments. However, approximately one month after the first mowing performed for CST (i.e., the third mowing for INT, Figure 2C), the soil CO2 emission was higher for CST (0.19 g CO2 m−2 h−1) compared to INT (0.07 g CO2 m−2 h−1).



In general, the soil respiration for CST decreased after each mowing, with a sharper decrease after the first compared to the second. Similarly, the soil respiration for INT decreased after each mowing, except for those performed in the first week of June 2016 and in the second week of May 2018. In general, the soil respiration decreased more sharply for the mowing events performed for CST, compared to INT. For ABN, the soil respiration was generally higher than for CST and INT, especially in the periods after the mowing events, with more marked differences during 2016, compared to 2017 and 2018 (Figure 2C).




3.3. Relationships Between Soil Respiration, Soil Water Content, and Temperature


The regression analysis showed that soil moisture was the main driver of soil respiration below a soil water content threshold that varied little among treatments (18.23–22.71%). Above the thresholds, soil temperature was the main driver of soil respiration (Figure 3).



A positive correlation between soil water content and soil respiration was observed when the soil water content was below 22.51%, 22.71%, and 18.23% in CST, INT, and ABN, respectively. In that case, the linear model (Equation (1)) explained 42%, 44%, and 46% of the seasonal variation in the soil respiration for CST, INT, and ABN, respectively (p < 0.05). Above such threshold, a negative and weaker relationship was observed for soil respiration and soil water content only in CST and ABN, explaining 21% and 26% of the soil respiration seasonal variation, respectively. A not significant relationship was found in INT.



In contrast, a positive and significant relationship was observed with soil temperature where the exponential model (Equation (2)) explained 66%, 63%, and 77% of the seasonal variation in the soil respiration for CST, INT, and ABN, respectively (p < 0.05).





4. Discussion


4.1. Relationships Between Soil Respiration, Water Content and Temperature


A role for grasslands in climate change mitigation is widely recognized, and the numerous studies that have been carried out recently testify their importance at the global level [5,24,26,32,39,40,41]. Future climate scenarios in southern Europe suggest that changes in annual temperatures, precipitation patterns, and atmospheric CO2 concentrations might negatively alter grassland biodiversity and the associated ecosystem services, including regulating services linked to carbon cycling, especially in areas with low summer rainfall [5,41]. It is well known that the soil respiration of grasslands is largely driven by the soil temperature and the soil moisture [13,26] although the data tend to be context-dependent and related to human disturbances, such as management practices (e.g., grazing, fertilization) and changes in land use [6].



In the present study, the soil temperature was the main driver of the soil respiration only when the soil water content was not a limiting factor. Indeed, the soil respiration dynamics generally followed the soil temperature trends from autumn to the end of spring, while in summer, its pattern was bound to the soil water content dynamics (Figure 2). This was confirmed by the regression analysis that highlighted the relationships between the soil respiration and the soil water content under certain thresholds (Figure 3). Similar data have been reported in other studies carried out in areas with dry summer seasons or where the main limitation is water shortage (e.g., [12,41]). In line with these studies, when water was a limiting factor here, the soil respiration increased sharply, together with the increase in the soil water content due to the rainfall events (Figure 2). Such soil respiration ‘pulses’ are typical of Mediterranean regions, and they are associated with rainfall events during the prolonged dry season and are controlled by both biotic (e.g., fine roots, mycorrhizal, and microbial activities) and abiotic (e.g., CO2 released by soil carbonates) factors [12].




4.2. The Effects of Management Practices on Soil Water Content and Temperature


The soil water content was always influenced by time except for the 2017 stasis, but it was never influenced either by mowing or by the mowing × time interaction. In agreement with the present study, mowing did not affect the soil water content of tall grass prairies [25] or semi-arid grasslands [24,26]. In contrast, herbage mowing significantly altered soil water content in alpine meadows only when soil temperature was increased with infrared heaters [27]. As suggested by [26], the lack of a significant effect of herbage mowing on this study may be attributed to an offset of enhanced evaporation by decreased transpiration. Indeed, for both CST and INT the mowing caused a drastic reduction of the photosynthetic tissues that due to the aridity conditions in summer (i.e., high temperature and low rainfall) did not return to grow, except belatedly in autumn. At the same time, the low transpiration for ABN may be related to a low photosynthetic activity due to sward aging.



The mowing regime had a significant effect on soil temperatures measured at 10 cm. As observed by [24], herbage removal by mowing exposes soil to higher incident solar radiation and this might result in a stimulation of both microbial and plant root activities. At the same time, the shading effect of ABN is expected to result in lower soil temperature [25]. Indeed, in the present study a higher mean soil temperature was found in INT compared with ABN in the 2017 growing season (Table 1). Despite that, during the vegetative stasis, when significant differences emerged for soil respiration, ABN was found to be higher compared to CST and INT (Figure 2C). This may be attributed to a “shelter” effect of ABN which still had a relevant sward biomass.



Despite the mowing frequency affecting seasonal mean soil temperature in the 2017 growing season, this did not result in differences in terms of seasonal mean soil respiration rates within the same period.




4.3. The Effects of Management Practices on Soil Respiration


The results of the effects of use intensity on the soil respiration for grasslands tend to be highly context-dependent, and sometimes contrasting because many other biotic and abiotic factors can affect soil respiration (e.g., grazing, fertilization, substrate supply) and contribute to the soil CO2 release [6]. For example, as reported by [26] for semi-dry grasslands in inner Mongolia, the soil respiration was not affected by mowing and, contrary to expectation this did not alter the soil water content nor the supply of C substrate to the soil microorganisms. On the other hand, as reported by [24] for similar semi-dry grasslands, mowing significantly decreased the soil respiration, because root production was significantly reduced after the mowing.



In the present case study, the effects of mowing on the soil respiration generally emerged 1 week or 2 weeks after its application, with significant effects only in the 2016 growing season. The effects of mowing led to soil respiration suppression that is explainable as a reduction in the photosynthetic assimilates supply from the above-ground plant parts to the roots [22], and in the labile C substrate for the rhizosphere microorganisms [25].



In the present case study, this mowing effect on the soil respiration was more visible in 2016, compared to 2017 and 2018, because of the limited amount of rainfall that occurred in these latter 2 years that might suppress both the microbial activities [42] and the root respiration [40]. Some studies have reported that mowing has an indirect effect on the soil respiration due to herbage removal and exposure of the soil to higher incident solar radiation, which might stimulate the soil microbial activity due to the soil temperature increase [24]. However, this was not the case for the present study as the soil temperature was not influenced by mowing frequency in the 2016 growing season.



These limited effects of mowing on the soil respiration of this Bromus erectus-dominated grassland regardless of use intensity suggest that future studies should also consider the effects on microbial respiration [6] and the potential synergies and trade-offs between the other ecosystem services [16,39].





5. Conclusions


The different mowing frequency had no effect on soil moisture over the 3 year monitoring period. Conversely, it occasionally changed the soil temperature both in the growing season and vegetative stasis. At any rate, such changes in soil temperature did not have any impact on seasonal mean soil respiration among the treatments, except for the 2016 growing season when the intensive use showed lower soil seasonal mean respiration rates compared to the abandonment. Such differences in soil CO2 emissions were imputable only to the effect of mowing and not to the alteration of soil water content or temperature.



Within the same mowing frequency, the soil temperature was the main driver of the soil respiration only when the soil water content was above a threshold. Below this threshold, soil respiration was mainly controlled by the soil water content, as highlighted by soil respiration pulses that occurred after rainfall events during prolonged dry seasons.



These effects on soil respiration, that emerged only in the first growing season with high rainfall, suggest that in this study site, a more intensive use would not have significative impacts on soil respiration of Bromus erectus-dominated grasslands. The integrated analysis of multiple case studies, also using modeling applications, would contribute to confirming the dynamics observed for the whole Bromus erectus-dominated grassland ecosystem, regardless of the study site.



Future studies should include aspects such as the contributions of the root, mycorrhizal, and microbial respiration in the light of climate change, especially considering the project scenarios of the seasonal redistribution of precipitation patterns, with a focus on the effects of rainfall on prolonged dry periods.
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Figure 1. Monthly mean air temperatures and precipitation in the study area during the experimental period from 2016 to 2018 (source: Regione Marche, Servizio Protezione Civile). 
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Figure 2. Seasonal variations of the soil water content (A, 10 cm depth), soil temperature (B, 10 cm depth), and soil respiration (C) during the study period from April 2016 to November 2018. Black triangles, dates of the mowing applied for customary management (CST); white triangles, dates of the mowing applied for intensive use (INT); no mowing was applied for abandonment (ABN). Vertical bars, standard errors. Data are means of three replicates per treatment. *, p < 0.05. 
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Figure 3. Relationships between the variations in the soil respiration and the soil water content at 10 cm depth (A) and the soil temperature at 10 cm depth (B) for customary management (CST), intensive use (INT), and abandonment (ABN). Black symbols refer to data below the threshold for soil water content modeling and above the threshold for soil temperature modeling. Gray symbols refer to data above the threshold for soil water content modeling and below the threshold for soil temperature modeling. Data are means of three replicates per treatment. * p < 0.05. 
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Table 1. Repeated measure ANOVA for soil water content, temperature, and respiration during the growing periods (G) and the vegetative stasis (S) for customary management (CST), intensive use (INT), and abandonment (ABN). Different letters indicate significant differences (Tukey HSD test, p < 0.05).
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Variable

	
Source of Variation

	
p Values

	
Mowing Regime

	
Seasonal Mean ± Standard Error




	
2016

	
2017

	
2018

	
2016

	
2017

	
2018




	
G

	
S

	
G

	
S

	
G

	
G

	
S

	
G

	
S

	
G






	
Soil water content (% Vol.)

	
Time

	
0.01

	
0.01

	
0.01

	
0.06

	
0.01

	
CST

	
26.91

± 0.49

	
32.11

± 0.22

	
19.28

± 0.88

	
31.92

± 0.44

	
22.62

± 0.63




	
Mowing

	
0.43

	
0.72

	
0.55

	
0.34

	
0.20

	
INT

	
26.13

± 0.81

	
30.89

± 0.70

	
19.29

± 0.29

	
30.95

± 0.41

	
22.21

± 0.20




	
Time × Mowing

	
0.49

	
0.30

	
0.29

	
0.08

	
0.95

	
ABN

	
25.94

± 0.51

	
32.47

± 0.50

	
19.98

± 0.41

	
32.05

± 0.61

	
23.16

± 0.59




	
Soil temperature (°C)

	
Time

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
CST

	
16.85

± 0.52

	
6.77

± 0.31

	
20.10

± 0.85 ab

	
3.45

± 0.21

	
18.07

± 0.60




	
Mowing

	
0.13

	
0.73

	
0.01

	
0.16

	
0.10

	
INT

	
17.34

± 0.53

	
6.76

± 0.50

	
20.18

± 0.95 a

	
3.54

± 0.19

	
18.64

± 0.83




	
Time × Mowing

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
ABN

	
16.44

± 0.28

	
6.58

± 0.27

	
18.57

± 0.73 b

	
3.92

± 0.05

	
16.80

± 0.25




	
Soil respiration (g CO2 m−2 h−1)

	
Time

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
CST

	
0.56

± 0.01 ab

	
0.19

± 0.02

	
0.35

± 0.02

	
0.05

± 0.01

	
0.37

± 0.05




	
Mowing

	
0.04

	
0.40

	
0.28

	
0.23

	
0.23

	
INT

	
0.54

± 0.01 b

	
0.16

± 0.01

	
0.33

± 0.02

	
0.06

± 0.01

	
0.32

± 0.04




	
Time × Mowing

	
0.01

	
0.08

	
0.01

	
0.82

	
0.01

	
ABN

	
0.67

± 0.05 a

	
0.18

± 0.01

	
0.37

± 0.03

	
0.07

± 0.01

	
0.45

± 0.01
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