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Abstract: Permanent grasslands provide a wide array of ecosystem services. Despite this, few
studies have investigated grassland carbon (C) dynamics, and especially those related to the effects
of land-use changes. This study aimed to determine whether the land-use change from permanent
grassland to arable lands resulted in variations in the soil C stock, and whether such variations were
due to increased soil respiration or to management practices. To address this, seasonal variations of
soil respiration, sensitivity of soil respiration to soil temperature (Q10), and soil C stock variations
generated by land-use changes were analyzed in a temperate mountain area of central Italy. The
comparisons were performed for a permanent grassland and two adjacent fields, one cultivated with
lentil and the other with emmer, during the 2015 crop year. Soil respiration and its heterotrophic
component showed different spatial and temporal dynamics. Annual cumulative soil respiration
rates were 6.05, 5.05 and 3.99 t C ha−1 year−1 for grassland, lentil and emmer, respectively. Both soil
respiration and heterotrophic soil respiration were positively correlated with soil temperature at
10 cm depth. Derived Q10 values were from 2.23 to 6.05 for soil respiration, and from 1.82 to 4.06 for
heterotrophic respiration. Soil C stock at over 0.2 m in depth was 93.56, 48.74 and 46.80 t C ha−1 for
grassland, lentil and emmer, respectively. The land-use changes from permanent grassland to arable
land lead to depletion in terms of the soil C stock due to water soil erosion. A more general evaluation
appears necessary to determine the multiple effects of this land-use change at the landscape scale.

Keywords: ecosystem services; C stock; CO2; GHG; land use change; Q10

1. Introduction

Soil respiration is defined as the release of carbon dioxide (CO2) from the soil, and it includes the
respiration of plant roots, the rhizosphere, microbes and fauna. This respiration is the second most
relevant carbon (C) flux between terrestrial ecosystems and the atmosphere [1], and due to climate
change, many studies have been focused on the CO2 emissions over the last decades. Although the C
stored in soils and the living terrestrial biomass is estimated to be about three-fold that in CO2 in the
atmosphere [2], even small changes in soil respiration rates might affect CO2 concentrations in the
atmosphere [3].
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Land use changes are defined as conversion from one land cover type to another, and these can
have key roles in terms of the global C budget [4–6]. This is in turn affected by changes in management
practices (e.g., reduced grazing pressure), which can lead to encroachment of shrubs and/or trees into
grasslands [7]. Although the influence of soil respiration on climatic changes is well recognized and
has been studied for a wide array of terrestrial ecosystems, there remains a lack of extensive assessment
for grassland ecosystems [1,8,9].

Permanent grasslands cover about 13% of the global agricultural area [10]. Grasslands are
considered to be pivotal for biodiversity conservation, and they also have a significant role in greenhouse
gas emission, as they have potential to mitigate global warming [8]. For these reasons, it has become
crucial to study the effects of human activities on C stored in terrestrial ecosystems [11], and particularly
for soil heterotrophic respiration, which is strongly related to soil organic C decomposition [12,13]. Due
to low soil temperatures, soil organic matter in mountain temperate grasslands tends to decompose at
low rates [14], although management practices such as soil tillage might have relevant roles on the
soil C cycling because of their influence on soil aggregate turnover, aeration, erosion, infiltration and
water-holding capacity [15]. Uncertainties and contrasting data on the size and distribution of CO2

sources and sinks such as grasslands indicate the need for further efforts to understand soil respiration
dynamics, so as to better understand how the soil C sock responds to global changes, including
land-use changes [8]. In this context of uncertainties, we investigated whether land-use change from
permanent grassland to arable lands in temperate mountain areas results in variations in soil C stock,
and whether such variations are due to increased soil respiration or to management practices.

2. Materials and Methods

2.1. Study Area

The study area was located in the territory of Castelluccio di Norcia (42◦49′ N, 13◦13′ E; central
Italy), inside the Monti Sibillini National Park, and within the Natura 2000 site of “Site of Community
Importance” IT5210052 “Piani di Castelluccio di Norcia”, which includes two main priority grassland
habitats (habitat code 6210* and 6170; EU Habitat Directive, Annex I). The bedrock of the study area
is calcareous, and the climate is temperate oceanic, characterized by an annual mean temperature
of 8.2 ◦C and mean precipitation of 867 mm, with the higher values in autumn and spring and the
minima in summer [16]. The monthly mean air temperature and precipitation during the study period
(January–December 2015) are shown in Figure 1. The area is characterized by a low-input cropping
system. The main crops for these grassland-dominated landscapes, which are mostly used for summer
grazing by cattle or transhumant flocks [17], are winter cereals, including emmer (Triticum turgidum L.
ssp. dicoccum (Schrank) Thell.), oat (Avena sativa L.), and legumes, mainly lentil (Lens culinaris Medik.).Agriculture 2019, 9, x FOR PEER REVIEW 3 of 14 
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The study site (altitude, 1345 m a.s.l.; south-west exposure; 20◦ slope) is composed of a homogenous
portion of permanent grassland dominated by Bromus erectus Hud., and two adjacent and seamless
fields (�0.5 ha each) that until 1995 were part of the same grassland; one was cultivated with lentil and
the other with emmer for the 2015 crop year (data obtained through interviews with farmers and aerial
photographs). The lentil was sown in the first week of May, and harvested in the last week of August.
The emmer was sown in the first week of April, and harvested in the second week of September. The
crop rotation system of these fields had been an alternation of emmer, lentil and fallow on a yearly basis
since at least 1990. Both lentil and emmer were rain fed and did not require any particular treatments,
except for soil plowing to 20 cm depth, which was performed 1 month before sowing. No fertilization
was applied anywhere.

The soils in the experimental fields were classified as Mollisols, according to the USDA Soil
Taxonomy system [18], and their basic physicochemical characteristics are shown in Table 1. Soil
samples were collected at the beginning of the monitoring period following the nonsystematic “W”
pattern described by [19]. Five soil samples (�1 kg each) were collected from 0–20 cm depth for each
field. Soil C stock (t C ha−1) at 0.2 m in depth was estimated according to Equation (1):

Soil C stock = TOC × SBD × depth (0.2 m) × (100− gravel)/100, (1)

where TOC is the total organic C (g C kg−1 soil; Springer–Klee method), SBD is the soil bulk density
(g soil cm−3), and the soil gravel content is expressed in %.

Table 1. Basic physicochemical characteristics of the soils in the three experimental fields, from the first
0 cm to 20 cm layer. Soil bulk density was determined through tests for gravelly and rocky soils, and
total organic carbon by the Springer–Klee method. Data are means ±standard error (n = 5 subsamples
per field).

Field
Cultivation pH Sand (%) Silt (%) Clay ( %) Gravel (%)

Soil Bulk
Density
(g cm−3)

Wilting
Point (%)

Field
Capacity

(%)

Total
Organic C

(%)

Grassland 7.6 ± 0.13 60.83 ± 1.36 35.70 ± 2.65 3.47 ± 1.31 65.33 ± 5.03 0.92 ± 0.06 45.30 ± 4.23 56.16 ± 6.53 14.68 ± 0.77
Lentil 8.0 ± 0.01 43.37 ± 2.08 45.53 ± 1.42 11.10 ± 2.72 72.33 ± 4.04 1.10 ± 0.11 24.64 ± 1.96 37.21 ± 3.61 6.80 ± 1.27

Emmer 7.9 ± 0.04 48.03 ± 1.00 44.87 ± 0.46 7.10 ± 0.62 67.67 ± 2.52 0.80 ± 0.10 33.39 ± 1.78 44.64 ± 12.9 10.40 ± 1.38

2.2. Soil CO2 Efflux, Temperature and Water Content Analysis

In November 2014, for each field, six polyvinyl chloride collars (inner diameter, 10 cm; height,
10 cm; perforated walls for the first 5 cm from the bottom) were inserted into the soil to a depth of
9 cm. Three of these were used to measure the total soil respiration, and three were isolated from
roots using a polyvinyl chloride cylinder (diameter, 40 cm; height, 40 cm; open at both ends), to
measure heterotrophic soil respiration following the method described by [20]. This method, known as
‘trenching’, has been widely applied to similar studies (e.g., [13,20,21]), with the aim of estimating the
root contributions to total soil respiration by physically excluding any root access to the isolated area,
regardless of root biomass. The collars were placed at about 10 m from each other in a homogenous
area within each field.

Soil CO2 efflux was measured in situ using a portable closed-chamber soil respiration system
(EGM-4; with SRC-1; PP-Systems, Hitchin, UK) placed on top of the 10 cm polyvinyl chloride collars.
The measurement time was 120 s. Due to snow cover between January and March, the measurements
started in April 2015, and ended in November 2015, with a frequency of two to three measurements
per month, depending on the weather variability and agricultural practices (n = 18 per field). Soil
respiration and its heterotrophic component were always measured between 8:30 am and 12:00 noon
(standard time), to avoid efflux fluctuations [22]. Soil temperatures were measured for each plot at the
same time as the CO2 efflux, using the built-in temperature probe of the respiration system (EMG-4),
at 10 cm in depth. The soil water content (SWC) was determined on each sampling date from soil
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samples collected from the top 0.2 m layer, using oven drying at 105 ◦C until a constant weight was
reached [23].

2.3. Data Analysis

One-way analysis of variance (ANOVA; general linear model procedure (ProcGLM); SAS) followed
by Tukey tests, were used to compare seasonal cumulative total soil respiration, heterotrophic soil
respiration and soil C stock. Seasonal cumulative total and heterotrophic soil respiration were calculated
by linear interpolation according to [14]. Exponential regression analysis was used to examine the
relationships between total soil respiration or heterotrophic soil respiration and soil temperature [24],
according to Equation (2):

y = a ebx, (2)

where y is the measured total or heterotrophic soil respiration (g CO2 m−2 h−1), b is the soil temperature
coefficient and x is the constant coefficient.

The sensitivity of soil respiration to soil temperature (Q10) was calculated from the differences in
the rates of the soil and heterotrophic respiration at 10 ◦C intervals, using an exponential regression
model [25], according to Equations (3) and (4):

R10 = a e10b, (3)

Q10 = e10b, (4)

where R10 is the basal respiration rate at the reference temperature of 10 ◦C.
All of the statistical analyses were performed using the SAS/Studio software, version 3.5 (SAS

System for Windows).

3. Results and Discussion

3.1. Soil CO2 Dynamics

Soil respiration, and its heterotrophic component in particular, is considered a major source of
soil C depletion [12]. Soil respiration dynamics are influenced by climate and weather conditions,
and different patterns of CO2 fluxes have been reported in different climate areas. For example, soil
respiration dynamics of croplands in temperate areas are mainly controlled by soil temperature [8,15,26],
while soil CO2 efflux in areas under Mediterranean conditions are often constrained by soil water content
during the dry periods, when pulses of soil respiration can occur after prolonged dry periods [9,27].
Thus, reporting the dynamics of soil CO2 effluxes is pivotal to understanding the implications of a
land-use change from permanent grasslands to arable lands in terms of soil C stock variations [8,15,28].

The seasonal variations in the soil respiration and its heterotrophic component for the grassland
and the lentil and emmer fields are summarized in Figure 2. For the grassland (Figure 2A), the total
soil respiration reached its first peak in the first half of May (0.65 g CO2 m−2 h−1), in conjunction with
a rapid increase in soil temperature. The following decreasing trend for the total soil respiration to
the end of May appears to have been related to the drop in the relative SWC to mid-May and the soil
temperature (to the end of May) (Figure 2). High peaks were seen for the total soil respiration in the
second (0.71 g CO2 m−2 h−1) and third (0.83 g CO2 m−2 h−1) weeks of June, when the grassland was in
full vegetative activity, with relatively high SWC. The drop in the total soil respiration in July appears
to have been related to the low SWC (6.92%), even though the soil temperature was at its highest
(23.77 ◦C). This indicates that the SWC acted as a limiting factor for the total soil respiration [29]. From
the end of July to the end of August, the total soil respiration ranged from 0.54 to 0.79 g CO2 m−2 h−1 on
the basis of the favorable (relatively high) conditions of the soil temperature and the SWC. A gradual
decrease in the total soil respiration was then seen until the end of the monitoring period (i.e., end of
December), along with a decreasing trend for soil temperature, despite the increased SWC.
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For lentil, the total soil respiration from April to June was always lower than for the grassland.
From July to October, the total soil respiration rates for lentil were very similar to those for the grassland,
except in the second half of July, where lentil showed higher CO2 emissions compared to the grassland
(0.54 vs. 0.17 g CO2 m−2 h−1, respectively). Lentil reached its maximum total soil respiration rates
in the second week of August (0.91 g CO2 m−2 h−1), when the soil temperature was also at its peak
(22.07 ◦C). The high total soil respiration rates for lentil between July and August (i.e., from 0.50 to
0.91 g CO2 m−2 h−1) were probably related to the optimal and stable range of the soil temperature
and SWC [29]. A large fall in the total soil respiration for the lentils was seen in September, which
was attributed to the effects of crop harvesting on the root activities [13]. From October onwards,
the total soil respiration remained at these low levels until December, when the CO2 emissions were
0.01 g CO2 m−2 h−1.
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Figure 2. Seasonal variations of the soil and heterotrophic respiration, and the soil water content (SWC)
and soil temperature (as indicated), for the three cultivation types of permanent grassland (A), lentil (B)
and emmer (C). SWC was defined at 20 cm in depth; soil temperature was defined at 10 cm in depth.
Vertical bars represent standard errors. Black arrow, sowing date; white arrow, harvesting date, for
lentil and emmer cultivation.
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For emmer, again, the total soil respiration was always lower than that for the grassland, with
the exception of the first half of July. The total soil respiration for emmer reached its maximum in
the second week of August (0.63 g CO2 m−2 h−1), and then decreased gradually until the end of the
monitoring period. The highest levels of CO2 emission for emmer were between July and the first half
of August, and this was attributed to the root contributions to the total soil respiration, which was
higher during the growing season [12]. Several studies that investigated total soil respiration dynamics
have shown how soil CO2 emissions depend mostly on soil temperature and SWC (e.g., [27]). If the
soil temperature is generally positively correlated to total soil respiration, precipitation might have
the opposite effect if the soil reaches anaerobic conditions [8]. In general, this was not the case with
the total soil respiration rates for grassland, lentil or emmer, as the relatively scarce precipitation in
November and December (94 mm), coupled with the elevated gravel and sand contents of the soil
(Table 1), avoided anaerobic conditions.

In general, the heterotrophic soil respiration showed spatial and temporal variability that was
less pronounced than for the total soil respiration (Figure 2). For the grassland, the heterotrophic soil
respiration in April was from 0.05 to 0.26 g CO2 m−2 h−1. The peak of heterotrophic soil respiration
for the grassland was in June (0.55 g CO2 m−2 h−1). From the second half of June, however, the
heterotrophic soil respiration decreased markedly, down to 0.17 g CO2 m−2 h−1 (in mid-July), when the
SWC was at its lowest (6.92%), and the soil temperature was at its highest (21.53 ◦C). This suggests that
the SWC was the limiting factor for heterotrophic soil respiration [29]. Indeed, the heterotrophic soil
respiration for the grassland then gradually increased again until the end of August, when together
with the soil temperature, it decreased once again, to reach its lowest rate of 0.03 g CO2 m−2 h−1 at the
end of December.

Compared to the grassland, lentil showed a less marked temporal variability for the heterotrophic
soil respiration. The peak here was in the second week of August (0.36 g CO2 m−2 h−1), with the
optimal conditions of the soil temperature and the SWC [29]. The lowest heterotrophic CO2 emissions
for lentil were observed in the first week of October, despite the soil temperature of 11.37 ◦C and the
particularly high SWC (40.53%). This will probably have created temporary anaerobic conditions [8].

In April, emmer showed relatively low heterotrophic soil respiration rates, from 0.05 to
0.07 g CO2 m−2 h−1. The first particular peak of heterotrophic soil respiration for emmer was in
May (0.29 g CO2 m−2 h−1), in conjunction with a large increase in the soil temperature. The highest
heterotrophic soil respiration peak for emmer was at the end of July (0.42 g CO2 m−2 h−1), approximately
1 week after the highest soil temperature (24.83 ◦C) and the lowest SWC (4.26%). In this case, the favorable
soil temperature and the increase in SWC would have stimulated the soil microbial activities [29].

3.2. Relationships between Soil CO2 Efflux and Soil Temperature and Water Content

Soil respiration can be affected by many biotic and abiotic factors, although it is widely accepted
that soil temperature and moisture represent the two main drivers of soil CO2 effluxes [3,30]. However,
no general rule can be identified for such drivers, because the data tend to be highly context
dependent [13,24]. Indeed, many studies carried out in different pedo-climatic contents have shown
that soil temperature is the main driver of soil respiration, and that its relationship with soil respiration
is exponential [22,23,27,31]. On the other hand, soil moisture usually shows a linear relationship with
soil respiration, and sometimes it might act as a limiting factor, to reduce soil aeration or constrain the
metabolic activities of soil microbial communities and/or root respiration [23].

In the present study, there were significant exponential relationships between the soil and
heterotrophic respiration in each experimental field and the seasonal variations of the soil temperature
(p < 0.05). Here, the seasonal variations of the soil temperature explained 45.33% of the total soil
respiration for the grassland, 67.53% for lentil and 74.40% for emmer. The heterotrophic component of
soil respiration explained 54.83%, 42.18% and 68.97% of these seasonal variations for grassland, lentil
and emmer, respectively (Figure 3). In contrast with these results, no significant relationships were
observed between the total or heterotrophic soil respiration and soil water content in each experimental



Agriculture 2019, 9, 165 7 of 12

field. However, some other studies (e.g., [32]) have reported that while soil CO2 efflux of mountain
systems increased with temperature, soil water content had no effects due to the relatively low soil
temperature. In the present study, the lack of a significant relationship between soil respiration and
soil water content was attributed to the observed values of soil water content, which was rarely under
the considered limiting values [21,23]. The Q10 values calculated were all above the median of 2.1 from
a global survey of soil respiration carried out by [33], except for lentil heterotrophic soil respiration.
Despite the minimal spatial distance, the experimental fields showed Q10 values from 2.23 to 6.05 for
total soil respiration, and from 1.82 to 4.06 for heterotrophic soil respiration (Table 2). Different studies
have suggested that although Q10 values are used in many studies, these can be biased by confounding
effects of crop phenology, soil biophysical characteristics and SWC on the soil temperature (e.g., [25]).
This might well explain the wide range of Q10 values here, which for lentil heterotrophic soil respiration
and emmer soil and heterotrophic soil respiration are considerably greater than the median reported
by [33]. For the Q10 derived from the total soil respiration, the different phenology of lentil and emmer
with respect to the grassland might have promoted variations in photosynthate supply from the canopy
to the rhizosphere that might have altered the total soil respiration. Consequently, the high Q10 values
might reflect variations in the labile C supply to the roots and rhizosphere, and the root growth and
activity [34]. Thus, to have a complete, systemic and organic vision, future studies should address the
multiple factors involved in total and heterotrophic soil respiration. Such factors include, for example,
enzyme activities, soil aeration, passage of soluble C substrates through the soil, air and water, and
across the cellular membranes, and the dynamics of microbial populations and roots [25].Agriculture 2019, 9, x FOR PEER REVIEW 9 of 14 
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Figure 3. Relationships between the variations of the total (closed circles, full line) and heterotrophic
(open circles, dashed line) respiration and the soil temperature (at 10 cm in depth) for the grassland (A),
lentil (B), and emmer (C) experimental fields. Data are means of three plots per field. * p < 0.05.

Table 2. R10 and Q10 values for the grassland, lentil and emmer experimental fields.

Experimental Field Soil Respiration a b R10 Q10

Grassland Total 0.10 0.08 0.22 2.23
Heterotrophic 0.06 0.09 0.15 2.46

Lentil Total 0.02 0.15 0.09 4.48
Heterotrophic 0.07 0.06 0.13 1.82

Emmer Total 0.01 0.18 0.06 6.05
Heterotrophic 0.02 0.14 0.08 4.06

3.3. Seasonal Cumulative Total Respiration and Heterotrophic Respiration Rates

Despite the large and growing number of studies that have dealt with the soil C cycle, some major
uncertainties and contrasting data have emerged from the literature (e.g., [13,21,27]). While some
studies conducted at global scale have reported that soil respiration rates are primarily controlled by
climatic and substrate factors, and secondly by vegetation type (i.e., grassland, cropped soils) [30],
other studies have indicated that factors such as management practices (i.e., soil ploughing, harvesting,
mowing) have greater control over the total soil respiration rates even under the same pedo-climatic
conditions (e.g., [13]).

In the present study, significant differences were seen between the cumulative total soil
respiration rates for the grassland (6.05 t C ha−1 year−1) over lentil (5.05 t C ha−1 year−1) and emmer
(3.99 t C ha−1 year−1) (Figure 4) supporting the findings of [28], who reported that soil respiration of
temperate mountain grasslands is amongst the highest reported for any type of ecosystem.

The contribution of heterotrophic soil respiration to the cumulative total soil respiration was
61.99% for grassland, 64.15% for lentil, and 72.89% for emmer, with no significant differences between
the study fields (Figure 4). These data appear to be aligned with the mean annual percentage of 60.4%
reported by [12] for the contribution of the heterotrophic soil respiration to the total soil respiration in
studies on nonforest vegetation, except for emmer, which was out of this range. Similar differences
were seen previously by [13] for forage-based and cereal-based cropping systems, and these were
attributed to the lower root CO2 emissions of cereals, which have a shorter growing season.

Such data have suggested that in temperate mountain areas, excluding other any source of soil
C loss, the land-use change from grassland to arable lands should not generate any increases in
heterotrophic soil respiration. Thus, the differences in total soil respiration are attributable exclusively
to the plant roots.
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3.4. Soil Carbon Stock

Enhancement of the soil C stock is considered a virtuous practice at the global scale, and there is
wide agreement that conversion from arable land to grassland leads to soil C stock increases [4,13,29,35].
However, some recent studies have suggested that a change in short-term land use from permanent
grassland (i.e., of >30 years) to arable lands (e.g., 2 years of corn) followed by a return to grassland can
actually increase the soil C stock [15], although other studies have suggested that the light fraction of
the organic matter of grasslands might be lost soon after the tillage [11].

Although the experimental fields were formerly part of the same grassland, the conversion
into arable land that occurred two decades before has resulted in marked differences in the soil
physicochemical characteristics. For example, although the three fields are just few meters away from
each other, they are at the base of a mountainside with 20◦ slope, and the grassland has about 61%
sand, while lentil and emmer have 43% and 48%, respectively (Table 1). Such differences in these
study fields have derived from the repeated soil plowing and from the consequent water soil erosion
that has occurred over the years [36,37]. In turn, the soil erosion has led to changes in soil C stock for
lentil and emmer. Indeed, the soil C stock at 0.2 m in depth was significantly higher (p < 0.05) for the
grassland compared to both lentil and emmer fields, at 93.56, 48.74 and 46.80 t C ha−1, respectively.
The reasons behind the soil C depletion are not ascribable to microbial activities, as the heterotrophic
soil respiration showed no differences between grassland, lentil and emmer (Figure 4). Nevertheless,
similarly to other studies, the conversion of permanent grassland to cropland has indeed been shown
to lead to decreased soil C stock [4,11]. The debate on the effects of water soil erosion on the soil C
sink/source is still open, as diametrically opposing data emerge from the recent literature (e.g., [23]).
Indeed, switching from the field-scale to the catchment-scale perspective, rather than the soil C from
the arable lands being lost, they might have been redistributed through lateral fluxes, such as soil
detachment and sediment transportation and deposition. These lateral movements might even have
resulted in a carbon sink of the system, as the lateral soil C movements might have had positive effects
due to the recovery of new vegetation and/or buried eroded sediments [38].
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However, regardless of the effects of management practices, the value obtained for the estimation
of the soil C stock of the grassland was higher than those reported in other studies on grasslands
(e.g., [39]), and the soil C stock values for lentil and emmer were higher than those of other studies
conducted on Mollisols (e.g., [40]). This highlights the importance of these cropping systems as sources
for the provision of regulation of ecosystem services [1]. Finally, to maximize the impact of specific
management practices that are designed to reduce soil greenhouse gases and/or increase soil C stocks,
these should be included in any agri-environmental measures undertaken at the landscape scale, to
involve more farmers (e.g., [41]).

4. Conclusions

Although the cumulative total soil respiration is different for grassland compared to lentil and
emmer, there were no differences for the cumulative heterotrophic soil respiration, which indicates
that these differences in CO2 emissions depend on the differences in root respiration. Overall, the
seasonal variations of both the total and heterotrophic soil respiration are mainly controlled by the
variations in the soil temperature, while the SWC has limited effects that occur only in specific periods.
The Q10 shows a wide contrasting range of values, which suggests that future studies need to address
this course of action.

As expected, the land-use changes from permanent grassland to arable land lead to depletion
in terms of the soil C stock, which, however, was not imputable to heterotrophic soil respiration.
Conversely, soil erosion promoted by soil plowing was the main reason behind the soil C stock changes
between the permanent grasslands and these arable lands. However, such analysis should also be
conducted through a landscape-scale approach that takes into account the actual budget of the soil C
for the land-use change, including the soil C lateral fluxes and other ecosystem services (e.g., food
provisioning, habitat services, landscape aesthetic value). In this vision, the development of indicators
that take into account not only the ecosystem C dynamics (i.e., soil C stock), but also the trade-offs
between the ecosystem services at the landscape scale would represent further valid contributions to
the community of scientists and other stakeholders, alike.
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