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Abstract

:

Compost amendments, apart from improving fertility and the general characteristics of agricultural soils, have known implications for global C cycling and sequestration in soils. Their effects are usually assessed via the quantification of soil organic carbon (SOC) pools, usually labile (fast) and recalcitrant (slow) pools, with varying intrinsic decomposition rates and distinct resident times. However, the real C-sequestration potential of organic additions to soil is still under discussion. In this study, a field trial and a lab incubation experiment were designed to study the C-sequestration mechanism in an agricultural Mediterranean soil. Soil with a history of C3 photosystem crop was amended with two maize composts from maize harvesting surpluses (C4 photosystem) with different maturity stages (AC: aged compost; NC: new, less mature compost). The evolution of SOM was monitored for 6 months using complementary analytical techniques, including analysis of stable C isotopes (IRMS), thermogravimetry (TG) and C-stock and priming effect (PE) modelling. Based on the natural C-isotope labelling, the proportion of new C was calculated. More than 50% of the C added to the soil with the compost was incorporated into the SOM in only 6 months. However, the application of maize compost did not always enhance soil C-sequestration capacity. The addition of compost caused a general PE, enhancing SOM decay and reducing the fast (labile) SOM mean residence time (MRT) (11.2 days). This was more pronounced with the addition of a higher dose of AC, causing a PE up to a 718%. On the other hand, a higher MRT (54.4 days) occurred in soils with NC applied, likely due to its deleterious effects, limiting heterotrophic activity. Despite that, the average MRT of the slow (recalcitrant) SOM pool was lower than usually reported. The application of higher doses of both composts generally showed greater MRT values compared to control (1.7 years vs. 3.8 and 2.9 years for NC and AC, respectively), leading to an increase in this more stable C pool and effective soil C sequestration. The results described in this work may help readers to better understand SOM dynamics and may be of use in designing appropriate management strategies for improving OM quantity and quality and to optimize C storage in Mediterranean soils.
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1. Introduction


Compost from agricultural surpluses has been widely used to enhance the chemical, physical and microbiological aspects of soil quality [1], as well as to ensure an increase in organic matter (OM) content and the abundance of humic fractions [2]. These increases are usually assessed via the quantification of soil organic carbon (SOC), which generally accounts for two pools with varying intrinsic decomposition rates and reactivity, primarily labile and recalcitrant [3]. Fast or labile SOC fractions degrade quickly (within days or months), whereas slow or recalcitrant fractions degrade slowly (over years), as described in [4]. Hence, SOC has major implications for global C cycling and the sequestration of carbon in soils. However, there is a lack of research on the real potential of organic input for C sequestration and its contribution to the so-called recalcitrant pool, which is primarily composed of humic-like stable substances. Conversely, this input becomes part of the microbial-derived soil substance pool (labile pool) that is consumed by soil heterotroph microorganisms and released as CO2, thus increasing greenhouse gas emissions [5]. The assessment of SOM recalcitrance and its functionality requires a better understanding of the degradation and humification mechanisms involved as well as its chemical composition and structure.



Likewise, soil changes caused by organic amendments will depend on the chemical composition of the compost, its origin and nature, as well as the environmental conditions [6]. This significantly conditions the soil’s decomposition rate and diverse contribution to the labile and recalcitrant SOM fractions. Therefore, the highest environmental quality is usually associated with an equilibrium between resilient SOM, which is usually more humified, chemically complex and aromatic, and the labile forms [7,8]. However, it is evident that the evolution of C content after the application of organic amendments does not necessarily involve greater C stabilization. More research is needed on the so-called “priming effect” (PE), based on the idea that new C inputs to the soil, far from increasing the C content, may induce the decomposition of existing SOC in the short term [9]. Therefore, the microbial processes causing this PE are different from those causing the stabilization of the new C inputs. Hence, the process of C sequestration in soils is complex, and it is important that we develop a better understanding of the dynamics and the molecular composition of the OM provided by compost and its implications for soil C-sequestration potential.



Considering its intrinsic molecular complexity, a combination of advanced analytical tools has been successfully employed to investigate SOM’s molecular structure. On the one hand, soil incubation experiments represent a widely used, common tool to evaluate the process of SOM’s transformation into diverse C pools [10]. Soil incubation aims to evaluate biological activity primarily via the measurement of CO2 evolution under controlled conditions in microcosm experiments [11]. This type of experiment is usually combined with further physical and/or chemical soil analysis for an improved, more accurate characterization of the incubation outcomes. Thermal analysis methods, specifically thermogravimetry–differential scanning calorimetry (TG-DSC), have been previously used to characterize chemical changes in SOM fractions and compost [12,13,14]. This technique uses a continuous temperature ramp that progressively decomposes (oxidates) the organic compounds in the soil [15]. This temperature increase is coupled with weight loss measurement, known as thermogravimetry (TG). The thermal stability of organic compounds in the soil depends upon their chemical characteristics and possible organo–mineral associations [16]. Weight loss below 190–200 °C reflects the release of free and bound water. At c. 300 °C, an exothermic decomposition of the more labile aliphatic and carboxyl groups occurs, while the aromatic C—which is more refractory—is decomposed at >450 °C [17]. Therefore, this technique also allows for the comparison of the proportion between labile and recalcitrant SOM fractions under different soil management strategies, such as the addition of organic amendments [18].



In this study, a combination of different methods is applied to shed light on soil C-sequestration mechanisms. This may be particularly informative in the study of agricultural Mediterranean soils, that are characterized by a very low SOM content retention (usually <1% w/w) even with frequent organic amendment additions. For this, a combined field and lab incubation experiment was designed in order to evaluate (1) which processes drive C turnover via mineralization or humification; (2) at what extent C remains in soils in the short term; and (3) to which the SOM fraction (labile or recalcitrant) compost amendments with different characteristics contribute. The application of compost at different doses in agricultural soils is believed to enhance soil C content, particularly the most recalcitrant pool, by increasing the input of humified OM and promoting microbial activity. We hypothesize that higher doses of compost will result in higher increases in the most recalcitrant pool of soil C, and that this increase will be proportional to the maturity of the added compost. To the best of our knowledge, this study is unique in that it encompasses a range of analytical techniques providing complementary information to enlighten relevant aspects of OM dynamics in C-depleted agricultural soils.




2. Materials and Methods


2.1. Study Area and Experimental Setup


The experiment was set at “La Hampa”, an experimental farm that belongs to the Institute of Natural Resources and Agrobiology of Seville (IRNAS-CSIC). The farm is in the Coria del Río municipality (37°16′54′′ N, 6°3′47′′ W), 13 km SW of the city of Seville (Spain), with a typical Mediterranean climate. The average temperature during the duration of the experiment was 12.2 °C during winter and 25.8 °C during the spring–summer season, with a mild rainy winter (496 mm mean annual rainfall) (data from the farm’s agroclimatic station). The soil is classified as a Calcaric Cambisol [19] with a sandy clay loam texture (60% sand; 25% lime; 15% clay) and is characterized by low fertility in the first 30 cm of soil and a low organic matter content (an average of 1.5%).



Two parallel experiments were set up: one in the field and the other, an incubation experiment, under controlled conditions (Figure 1):



	
The field experiment (Figure 1a) consisted of a factorial field study with a completely randomized block design. This included three treatments and three repetitions per treatment with a total of nine plots (0.25 m2 each). The treatments involved the application of 2 Kg m−2 of a 2.9-year-aged compost amendment, hereafter called “AC”, and a “younger”, newer compost, “NC” (obtained after 1.7 years of composting). Additionally, an untreated control, “C”, was included.



	
The laboratory incubation experiment (Figure 1b) was used to study the first stages of SOM transformation and the PE that may occur after compost amendment. Forty samples incubated for one month were included. After 1 month, 20 samples intended for C modelling were retired, and the other 20 were maintained in incubation for an additional 5 months. These were later used for thermogravimetric and C stable isotope studies. Detailed technical aspects are described in Section 2.5 and Section 2.8.







2.2. Soil Sampling


For the field experiment, composite soil samples (0–15 cm depth) were randomly collected from each plot (3 sub-samples per plot). In total, 9 samples were taken at each sampling time. Prior to any analysis, the air-dried samples were sieved to fine earth (<2 mm). Any appreciable organic debris and biomass rests (i.e., fine roots) were removed.



For the incubation experiment, soil was collected from untreated areas surrounding the field experiment (not defined within the experimental design but with the same physicochemical properties). The samples were prepared, air-dried and sieved as described before.




2.3. Chemical and Physical Analysis


In the field experiment, soil cores of 200 cm3 from each plot were dried and used to calculate the bulk density at 5–10 cm at each designated sampling time, as in [20]. The pH was measured in triplicate in the supernatant of 1:2.5 (w/v) soil–water ratio, and a compost–water mix at a 1:5 (w/v) ratio after 30 min of shaking and 30 min of resting, using a CRISON glass electrode (pH measured using a Basic 20). Electrical conductivity was also measured in the filtered supernatant using a CRISON Micro CM 2201.



The analysis of organic C and N was carried out via dry combustion in an elemental analyser (EA), as described in Section 2.6. Given their high carbonate content (approximately 27%), the soils were treated with HCl 1M for 24 h at room temperature [21] before the analysis and acid rests were eliminated via repeated washes with distilled water until pH 5-6 was reached. The soil C/N ratio evolution was calculated for all treatments with the intention of estimating the organic matter mineralization of the amendment added to the soil.




2.4. Compost Samples


Surpluses of maize were collected after harvesting and formed into an outdoor 2 m3 composting pile of maize biomass in November 2017. These surpluses included various parts, such as stalks, leaves, husks and roots. To avoid altering the natural 13C abundance of the maize (C4 photosystem), no other type of biomass was included in the compost. Further details on the mechanical composting process, as well as the composts’ molecular characterization, are provided in [6]. Two composts were prepared for this experiment, as described above, and sampled in September 2020: the “AC” aged compost established in November 2017 (35 months) and the “NC” most recent compost established in February 2019 (20 months). The main characteristics of the composts are shown in Table 1.




2.5. Soil Incubation


A Respicond IV conductimetric automated respirometer (Nordgren Innovations, Sweden) was used for the continuous monitoring of CO2 released during the incubation experiment in an accelerated ageing process of amended soil samples, as previously described in [22]. Fast or labile and slow or recalcitrant SOC fractions were estimated based on the calculated turnover time using a double exponential decay model.



Before incubation, the water content of each soil sample was adjusted to ca. 60% of its maximum water holding capacity (WHC). Later, the controlled microbial degradation experiment was prepared as follows. For each treatment and compost dose, 100 mL glass beakers (n = 3) were randomly distributed at the respirometer with 20 g of compost-amended soil, using 0.6 g for the low dose (3%) and 1.0 g for high dose (5%), along with the corresponding untreated control soils. All soils were inoculated with 1 ml of a microbial suspension obtained from the extraction of gardening soil with deionized water and subsequent filtering (5 µm pore size). In addition, three vessels were prepared as blanks without any sample to monitor possible alterations during the incubation.



To allow optimal conditions for the development of microorganisms and accelerate organic matter degradation, the incubation temperature was kept constant at 25 °C via the samples’ immersion in a covered water bath for the entire duration of the experiment (6 months). All the glass beakers were placed into closed vessels (250 mL). The CO2 produced during the incubation was measured every 6 h for one month, as described in [23], by measuring the shift in conductivity in the 10 mL of 0.6 M KOH solution contained in a small vial attached to the lid of the 250 mL jar.



The amount of CO2 released was calculated by normalizing the CO2 production to the C content of each sample and using a calibration constant provided by the instrument manufacturer. This constant converts the decrease in the electrical conductance to accumulated CO2 at a constant temperature (25 °C). The remaining C calculated was plotted against the incubation time and fitted to a double exponential decay model, as defined in [24], using the following Equation (1):


  C  ( t )  =  A  f a s t   ·  e  −  k  f a s t   × t   +  A  s l o w   ·  e  −  k  s l o w   × t    



(1)




where C(t) is the remaining C as a % of the total carbon; Afast and Aslow are the amount of C relatively labile and more stable against mineralization as a % of the total C, respectively; kfast and kslow are the degradation constants (curve slopes) corresponding to the labile and the more stable pools in years−1, respectively; and t is the incubation time.



The two mean residence times (MRTs) for the labile and more stable pools, MRTfast and MRTslow, were calculated according to Equation (2):


  M R T =  1 k   



(2)








2.6. Elemental (EA) and Stable Isotope Analyses (EA-IRMS)


Soil C and N (%) content and stable isotope composition (δ13C ‰) were analysed simultaneously in decarbonated soil samples (2.5 mg). The samples were placed into tin capsules and analysed in duplicate (n = 3). The analysis was performed using an EA IsoLink™ IRMS System (Thermo Fisher Scientific, Bremen, Germany). The EA was equipped with a combustion furnace set to 1020 °C and coupled via a ConFlo IV Interface unit to a continuous-flow Delta V Advantage isotope ratio mass spectrometer (IRMS) for measuring δ13C. Isotopic values were corrected using appropriate standards recognized by the International Atomic Energy Agency (IAEA).



The stable isotope abundances are reported in the delta (δ) notation (e.g., δ13C) in variations relative to an international standard. The isotope value is defined as in [25], according to Equation (3).


   δ  13    C  s a m p l e   =   R    (     C      13      C      12      )  s a m p l e    (     C      13      C      12      )  s t a n d a r d   − 1  



(3)




where “R” is the molar ratio of heavy (13C) to light (12C) and was used to determine the most abundant isotope of carbon. The “δ” values are reported in per mil (‰). The stable isotope standard used for reporting carbon measurements was the Vienna Pee Dee Belemnite limestone (VPDB scale). The analytical precision of bulk δ13C values was typically less than ± 0.2 (standard deviation). The total C and total N contents were determined with the dry combustion method using the same instrument specified above (EA IsoLink) in the CN analyser mode using appropriate soil standards (Elemental Microanalysis, Ltd., Okehampton, UK) for C and N content.



Finally, as the incorporation of C into the soil—which has previously only been carried out for C3 photosystem plant cultivation—along with the application of compost amendments was naturally labelled as heavy C from the maize (C4 photosystem) biomass, the C in the amended soil could be calculated using a mixing model, as proposed in [26], using Equation (4).


   f  C 4  (  c o m p o s t  )    =    δ  13    C  s o i l + c o m p o s t   −  δ  13    C  s o i l    (  C 3  )       δ  13    C  c o m p o s t    (  C 4  )    −  δ  13    C  s o i l    (  C 3  )       



(4)








2.7. Priming Effect


The absolute priming effect (or primed soil CO2–C) with the addition of compost was calculated as in [27] using Equation (5):


  P r i m e d   s o i l   C  O 2  – C    (  μ g C ·  g  − 1   s o i l  )  = C  O 2  −  C  t r e a t m e n t   − C  O 2  −  C  c o n t r o l    



(5)




where CO2–C treatment is the non-isotopically labelled CO2–C evolved from compost-amended soil, CO2–C control is the total CO2–C evolved from the control.



The priming effect of soil organic C, expressed as the % increase compared to CO2–C evolved from the control, was calculated from Equation (6):


  P r i m i n g   e f f e c t    ( % )  = 100 ×   ( C  O 2  −  C  t r e a t m e n t   − C  O 2  −  C  c o n t r o l   )   C  O 2  −  C  c o n t r o l      



(6)








2.8. Thermal Analysis


Thermogravimetric (TG) analysis was carried out in a Discovery SDT 650 Simultaneous TG-DSC (TA Instruments, New Castle, Delaware, USA). Briefly, for each sample, 10 mg of dry ground soil sample, as well as pure compost material, was placed in previously tared open alumina crucibles under a N2 flux (flow rate, 50 mL min−1; 10 mL min−1 at the micro-furnace), then heated and scanned at a rate of 20 K min−1 from 50 to 900 °C. The total weight loss in TGtot (%) was determined by integrating the TG curves (in Wg−1) over the region (105–600 °C). The derivative of weight loss (DTg; Tg−1) allowed us to distinguish 3 distinct regions in the compost samples representing different degrees of resistance to thermal oxidation [28]: (i) 105–200 °C; (ii) 200–425 °C; and (iii) 425–600 °C. The resulting partial weights were designated W1 (moisture and labile OM), W2 (intermediate OM) and W3 (recalcitrant OM).




2.9. Statistical Analysis


The IBM SPSS Statistics 26.0 (SPSS, Chicago, IL, USA) software was used to analyse data before and after incubation. For testing data normality and homoscedasticity, Shapiro–Wilk and Levene tests, respectively, were used. Multivariate factorial analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test were performed to study the differences between control and amended soils and the effect of composting dose on the incubation experiment. The Kruskal–Wallis test followed by the Dunn’s Test for significant difference between factors were performed in case normality and homoscedasticity were not met. For all analyses, the significance level was p < 0.05. The software Sigmaplot 14 (Systat Software Inc., Urbana, IL, USA) was used for fitting the curves of remaining carbon versus incubation time according to Equation (1). All obtained curves showed coefficients of determination of R2 > 0.994.





3. Results and Discussion


3.1. Effect of Compost Application on Physicochemical Properties of Soils


The main physicochemical variables for the untreated control and amended soils are shown in Table 2. A significant increase in the C:N ratio with composting time was observed, especially with the AC showing a higher C:N ratio. Generally, higher C:N values have been proven to foster more favourable soil biological properties in previous studies [29]. Indeed, this large increased soil C:N ratio after the AC addition may indicate a favorable incorporation of carbon to soil microbes, because of the large input of high-quality aboveground litter [30]. Considering that an optimal C:N ratio for compost material should be between 20–30, where mineralization and immobilization rates are balanced [31], these agree with C:N ratios from maize compost (Table 1). Indeed, higher C:N values under the AC pile are observed along with a relative lower C:N ratio (21.5 vs. 32.4), whereas the NC pile showing a greater C:N ratio could fit to less accessibility to soil microbes, hence a relative greater nutrient immobilization [32].



Moreover, the application of compost showed a significant increase in the EC and a decrease in pH. These exerted changes agree with a possible improvement in soil structure related to increased TOC [33]. Finally, values of bulk density significantly decreased in amended soils, which correlated well with an increase in organic matter and may indicate an improvement in soil quality [34].



In the field experiment (Figure 2a), the application of maize compost clearly increased SOC content over time. Consequently, the bulk carbon isotope composition showed more enriched values with the application of compost, especially from T4 onwards (after 4 months; Figure 2b). It is notable how the application of the AC caused a significant 13C enrichment from the beginning of the experiment (Figure 2b) as well as an early increase in SOC content compared to when NC was applied (Figure 2c).



During the incubation experiment under controlled conditions, the SOC content significantly increased after the application of both compost piles and at all doses (Figure 2c). Smaller differences, although not statistically significant, may be attributed to the maturity of the compost, as discussed later. Regarding the differences observed in 𝛿13C values (Figure 2d), significant changes were observed with the application of maize compost, causing an enrichment in 13C. After 6 months of incubation, a significant enrichment occurred for all treatments, including the control, and a further significant enrichment was observed at the higher amendment dose for both types of composts. This effect was most likely due to the heterotrophic activity reworking SOM that is usually seen in 𝛿13C enrichments [6,35,36].




3.2. Degradation of Compost into SOC Pools


The data corresponding to the evolution of the remaining C in each sample over one month of incubation are the result of an exponential decay model with two components fitted to the samples’ mean CO2 production. The curves of amended soil samples’ remaining carbon (% initial C content) vs. incubation time (h) fitted well to a double exponential model (R2 > 0.99) (Figure 3).



The contribution of the composts to both “slow” and “fast” pools at two different doses (3%, 5%) is shown in Table 3. The amount of C lost changed with the application of both types of composts, especially under the high dose of AC. This significant increase, observed after only one month, could be attributed to the presence of a minor C pool with high microbial accessibility, in accordance with the greater maturity of this material as confirmed by the polysaccharide:lignin ratio of the AC compost (Table 1)



The C in the labile fraction at T1 ranged from 1.7 in the control to 14.1 at AC-5% of the TC content. The biochemical degradability, as seen in the incubation experiment, showed that the amended soils contained higher proportions of labile C pool relative to the recalcitrant pool. This may indicate that the control soils were subjected to intense microbial activity that consumed the labile C pool [37]. However, a remarkable increase in this fraction was observed for the low-dose NC (3%) treatment. It was also noticeable that, in contrast to the higher NC dose, the higher AC dose produced a larger C labile fraction. This is later explained in terms of the PE and possible allelopathic effects of immature composts.



The most recalcitrant “slow” C fraction, likely composed of lignin, varied from 86.0% for AC at the higher dose and 98.3% of TC for the control (Table 3). The amended soils generally showed lower values when compared to control soils, although significant differences were found only for the soils amended with AC. The highest dose of applied compost caused greater values, especially for the NC treatment. Low doses of both compost piles caused the same effect: a lower, stable C proportion. High doses of NC (5%) did not affect this fraction compared to the control.



With regard to the estimated carbon mean resident times (MRTs), the control soils showed similar MRTfast values to those reported by other authors for unamended agricultural soils [38,39]. The MRTfast was significantly higher with the application of the NC at both doses—especially at a low dose, being up to 54.4 days—in contrast with AC, which did not cause any remarkable changes compared to the control. Significantly lower MRTfast could be related to intense microbial activity that quickly degrades labile C. The MRTslow values in control soils (1.7 yr ± 0.1) indicate that the non-labile pool of organic matter was unstable under the extreme conditions of our incubation experiment [40]. Nonetheless, this could also indicate that MRTslow values are due to the organic amendment as, in the short term, an increase was observed with higher doses of both compost piles.




3.3. Compost-Derived Carbon Contribution


The proportions of newly incorporated C (as C4) in the field and incubation experiments are shown in Figure 4. Approximately 30% of C was replaced by new carbon associated with the application of compost.



This increase was observed after only one month of the experiment, with similar values in both field and incubation trials. This rapid incorporation of new carbon could be firstly attributed to the rapid, high biomass incorporation, and secondly by the incorporation of carbon in the labile form [41], as later confirmed by the incubation results (Table 3). After six months, roughly 60% of new carbon was already incorporated in soils under field conditions; greater values were observed under controlled conditions. The latter indicates that the conditions used in the Respicond accelerate OM dynamics and are suitable as a simulator for SOM degradation [42,43]. Indeed, nearly all the carbon was reworked and incorporated in soils when the higher dose of both compost piles was applied in the Respicond. No differences were spotted between the two different compost piles.




3.4. Priming Effect


A PE was observed during the first few hours after the application of both compost piles (Figure 5). This could be explained by the well-known boost of microbial activity caused by the addition of exogenous organic matter, primarily in the short term [44]. In this respect, the PE caused by the application of a high dose of AC is noteworthy. This microbial response could be due to an accelerated metabolism, with soil microorganisms moving from a dormant to an active growth state, a “triggering effect” caused by the presence of certain low-molecular-weight compounds added to the soil with the amendment [45].



Lower PE were observed for soils amended with NC application, which were almost unappreciable at the higher dose. This could be explained by a lower accessibility of soil microorganisms to the compost material, likely due to the lower maturity of the compost pile [46]. This phenomenon may be also related to the presence of allelopathic substances (phenolics, hydroxamic acids or short-chain fatty acids) present in immature composts that may act as inhibitors of microbial activity, especially when applied above the regular dose [47,48].



On the other hand, a remarkable high priming effect in soils amended with the highest dose of AC (5%) was observed. This notable priming effect is also confirmed by the changes in the labile organic carbon pool (Afast in Table 3); higher Afast values were obtained for the higher dose of AC amendment. This significant rate of primed CO2 may be indicating an immediate bloom of microbial activities after the addition of an appropriate source of exogenous OM [49]. This greater C input from higher doses of plant material is compensated by faster C turnover due to this accelerated microbial growth, metabolism and respiration [50]. This is even more pronounced when the addition of material implies an increase in labile C input [51,52], as confirmed by modelling data. This is of a special interest in agroecosystems such as cropland soils, as microorganism are more strongly C limited and respond intensively to fresh C inputs [53]. Thus, this significant PE with the application of a more mature compost material indicates that this practice may stimulate soil microbial activation by greater C availability [9,54]; however, this may not necessarily involve an enhance in soil C sequestration.




3.5. Thermal Alteration in SOM during Degradation


The results of the thermal analyses are shown in Table 4, and the TG curves can be found in Supplementary Figures S1 and S2 for soils and compost samples, respectively. The interpretation of TG analysis follows the partitioning of the thermograms according to the diverse biogenic groups of compounds. Usually, the signal in the first part of the thermogram (W1) corresponds to the loss of water, carbohydrate dehydration and the release of other loosely bound compounds, such as amino acids and aliphatic and simple lipids. This is related to the SOM fraction most prone to degradation and pore water. Likewise, signals at higher temperatures (W3) correspond to the thermal decomposition of more recalcitrant organic matter, usually composed of lignin polyphenols and other condensed aromatic compounds, characteristic of a more stable and humified SOM [12,55].



First and foremost, both organic amendments (AC and NC) displayed very similar compositions, dominated by intermediate OM, which suggests that they were composed primarily of lignin derivatives and cellulose. Despite this, the AC showed a slightly greater recalcitrant fraction than NC, with a relatively greater labile fraction. These differences matched what was expected according to the respective maturity of both compost piles; in AC, a greater fraction of the labile fraction was degraded, as confirmed via a detailed previous qualitative and semi-quantitative chemical characterization of both compost piles [6].



The thermograms of the soils from the field experiment show a higher abundance of OM in the compost-amended soils, indicated by the greater total weight loss compared to the control soils. At T1, the addition of compost increased the total weight loss in all cases, especially in the field experiment, in comparison with the soils from the control plots (2.5 vs. 4.1 in field experiment at T1, and 2.9 vs. 5.0 in incubation experiment at T6). This increase corresponded to a greater abundance of intermediate and recalcitrant OM fractions (W2 and W3, respectively) in all cases.



It was observed that, in the field experiment, the control soils presented a significant relative abundance of the most stable fraction (W3) with no changes over time. Comparatively, the amendment increased the presence of labile OM (relative abundances up to 21% to 24%) after one month of application. Nevertheless, at T6, that labile fraction was lost, while the relative abundance of the recalcitrant OM increased until values resembling those of control soils were attained. This may indicate that the added labile OM had already degraded after six months.



In the incubation experiment carried out in the Respicond, the results are similar. Soils amended with compost showed a higher presence of intermediate OM (W2) than the control, which was almost exclusively composed of stable OM (W3). Over time, from T1 to T6, the relative abundance of the recalcitrant OM of soils amended by both composts increased at the expense of W2. However, these absolute changes were small and do not imply a change in relative abundance.





4. Conclusions


The application of maize compost as an amendment to agricultural soils under the Mediterranean climate caused the rapid incorporation of biomass to the soil and produced changes in the labile and recalcitrant SOM fractions. This incorporation was slowed when using immature compost (NC) and much faster when using mature compost (AC). However, it must be noted that the models for estimating slow and fast C pools and their decay rates in lab incubation experiments may not entirely reflect real SOM dynamics. The addition of AC, which was more beneficial for the soil microbial community, caused a pronounced short-term priming effect (PE), enhancing SOM decay and reducing the fast (labile) SOM mean residence time (MRT). On the contrary, higher MRTs were observed for the fast carbon pool in the soils amended with NC, likely due to the activity of agents in the NC that limit bacterial growth and PE. Regarding the effect of amendments in the slow (recalcitrant) SOM, the AC and control treatments showed similarly low MRT values, and higher MRTs were observed for both compost types when applied at higher doses. However, the degradation of this slow C fraction was lower (higher MRTs) than in the control soils, leading to an increase in this more stable C pool.



The obtained results may help readers to better understand SOM dynamics and when designing appropriate management strategies for improving SOM quantity and quality. This is of particular interest for agricultural Mediterranean soils, which usually retain a low C content and where C mineralization is accelerated by extreme climatic and edaphic characteristics. This study is of agronomic interest since the application of organic amendments, a recurrent practice in Mediterranean agroecosystems, may also enhance C-storage potential in soil. However, the quality (i.e., maturity degree) of the applied amendment should be considered; this is critical for directing C dynamics towards a more recalcitrant, slower-release C pool and an effective sequestration of C in the soil.



Further studies on the microbial processes involved in C dynamics under Mediterranean conditions are being conducted, including several exploring C, N and H stable isotope analysis, extracted PLFA biomarkers and microbial profiling via 16S rDNA sequencing. Moreover, effects of compost amendment based on detailed soil physical properties (i.e., soil aggregation, porosity and hydraulic conductivity) are greatly encouraged, primarily attending to the clay and loam proportion.
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Figure 1. Scheme and timeline of the experimental design of the (a) field experiment with the in situ application of both compost piles and (b) incubation experiment (microcosm), where C: control soil; NC: newest, most recent compost pile; AC: aged compost pile. Numbers after “T” indicates sampling time in months. 
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Figure 2. Changes in SOC content and 𝛿13C in the field (a,b) and incubation (c,d) experiment. Uppercase letters denote significant differences between treatments and lowercase letters indicate significant differences between sampling times; “*” indicates differences between amendment doses ((Two-way ANOVA, Tukey HSD, p < 0.05; means n = 3 ± standard error). Numbers after “T” indicates sampling time in months. 
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Figure 3. Remaining carbon (% of initial C content) as a function of incubation time (h) for the studied control and compost-amended soils at different doses. Dashed lines indicate confidence interval of 95% for treatment of the same colour. 
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Figure 4. Proportion of C4-derived carbon (fC4) in the field (a) and in the incubation experiment (b). Uppercase letters denote significant differences between treatments and lowercase letters indicate significant differences between sampling times (T1: one month after the addition; T6: six months after the addition). (Two-way ANOVA, Tukey HSD p < 0.05, means n = 3 ± standard error). 
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Figure 5. Relative changes in primed CO2 (expressed in µg C g−1 TC- h−1; AC: aged compost, greenish lines; NC: new compost, brownish lines), and priming effect (%; boxplot) induced by the addition of both compost piles at both doses (3%, 5% w/w). TC = total carbon. Letters in boxplot indicate significant differences among treatments (Kruskal-Wallis, Dunn’ Test, p < 0.05). 
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Table 1. Physicochemical properties of composts (means n = 3 ± standard error).
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	NC
	AC





	C content (%)
	35.6 ± 0.2
	30.1 ± 0.0



	N content (%)
	1.1 ± 0.1
	1.4 ± 0.3



	C:N ratio
	32.4
	21.5



	Lignin/polysaccharide ratio *
	2.2
	2.3



	δ13C
	−17.5 ± 0.0
	−18.1 ± 0.1



	δ15N
	9.4 ± 0.4
	9.6 ± 0.3



	pH (1:5 w/v)
	7.9 ± 0.0
	6.1 ± 0.0



	EC (µS/cm)
	422.5 ± 0.7
	413 ± 1.5







* Data retrieved from [6].
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Table 2. Physicochemical properties of control and amended soils in the field after 6 months (T6). Letters indicate significant differences between treatments (retrieved from ANOVA, p < 0.05, means n = 3 ± standard error).
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	Control
	NC
	AC





	C:N ratio
	11.7 ± 1.2 a
	13.2 ± 1.1 b
	16.0 ± 3.0 c



	pH (1:2.5 w/v)
	8.7 ± 0.0 b
	8.2 ± 0.0 a
	8.1 ± 0.0 a



	EC (µS/cm)
	201.0 ± 1.2 a
	315.8 ± 4.8c
	295.3 ± 9.4 b



	Bulk density (g·cm−3)
	1.6 ± 0.1 b
	1.3 ± 0.3 a
	1.4 ± 0.2 a







EC: electrical conductivity. significant NC: newest compost; AC: aged compost. Different letters (a,b,c) indicate significant differences among treatments (Two-way ANOVA, Tukey HSD Test p < 0.05).
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Table 3. Parameters calculated by the incubation experiment. Carbon loses, C fast and slow pools (Afast, Aslow), degradation constants (kfast, kslow) and the respective mean residence time (MRTfast, MRTslow) of control and amended soils.
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	C Loss (mg)
	Total C Loss

(% of TC)
	Afast (% of TC)
	Kfast (year−1)
	MRTfast

(days)
	Aslow (% of TC)
	Kslow (year−1)
	MRTslow (years)





	Control
	9.6 ± 0.4 a
	4.7 ± 0.3 a
	1.7 ± 0.4 a
	38.5 ± 9.1 b
	10.8 ± 2.0 a
	98.3 ± 0.4 b
	0.58 ± 0.02 a
	1.7 ± 0.1 b



	NC-3%
	23.2 ± 2.6 b
	6.2 ± 0.7 b
	7.9 ± 1.7 b
	7.0 ± 1.0 a
	54.4 ± 8.1 c,*
	92.2 ± 1.7 a,b
	0.99 ± 0.09 b,*
	1.2 ± 0.2 a



	NC-5%
	24.5 ± 1.5 b
	6.0 ± 0.2 b
	4.2 ± 1.0 b
	16.9 ± 3.0 b,*
	23.5 ± 3.6 b
	96.0 ± 1.1 b,*
	0.44 ± 0.14 a
	3.8 ± 1.7 c,*



	AC-3%
	32.2 ± 2.7 b
	9.4 ± 0.8 c
	8.5 ± 3.9 b
	27.2 ± 6.1 b
	11.2 ± 1.0 a
	91.6 ± 4.0 a
	0.74 ± 0.20 a,b
	1.6 ± 0.3 b



	AC-5%
	54.6 ± 2.5 c,*
	11.6 ± 0.6 c
	14.1 ± 2.4 b,*
	32.2 ± 4.3 b
	12.0 ± 1.6 a
	86.0 ± 2.4 a
	0.41 ± 0.09 a
	2.9 ± 0.8 c,*







TC: total carbon. Lowercase letters indicate differences between treatments. “*” indicates differences between doses within the same treatment (compost pile) (Two-way ANOVA, Tukey HSD, p < 0.05; means n = 8 ± standard error).
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Table 4. Comparative thermogravimetry (TG) parameters in samples, summarizing total weight loss for the temperature interval 105–600 °C, weight losses and relative weight losses for the temperature intervals of 105–200 °C, 200–425 °C and 425–600 °C.
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Field Soils

	
Incubated Soils




	

	

	
T1

	
T6

	
T1

	
T6




	

	
Temp. (°C)

	
Control

	
NC

	
AC

	
Control

	
NC

	
AC

	
Control

	
NC

	
AC

	
Control

	
NC

	
AC






	
Weight Loss (%)

	
105–600

	
2.5

	
4.1

	
3.9

	
2.8

	
3.1

	
3.1

	
2.6

	
4.4

	
4.1

	
2.9

	
4.8

	
5.0




	
Moisture and Labile OM-W1

	
105–200

	
0.2

	
0.9

	
4.0

	
0.3

	
0.2

	
0.3

	
0.2

	
0.2

	
0.2

	
0.3

	
0.4

	
0.3




	
Intermediate OM-W2

	
200–425

	
1.0

	
1.5

	
1.3

	
1.0

	
1.3

	
1.2

	
0.9

	
2.0

	
1.8

	
1.2

	
2.1

	
2.4




	
Recalcitrant OM-W3

	
425–600

	
1.2

	
1.7

	
1.7

	
1.5

	
1.5

	
1.6

	
1.5

	
2.1

	
2.0

	
1.4

	
2.3

	
2.3




	
Relative Weight Loss (%)




	
Moisture and Labile OM

	
105–200

	
9

	
21

	
101

	
12

	
8

	
11

	
9

	
6

	
6

	
9

	
8

	
6




	
Int OM-W2

	
200–425

	
41

	
37

	
33

	
35

	
42

	
37

	
36

	
46

	
45

	
42

	
44

	
48




	
Recalcitrant OM-W3

	
425–600

	
49

	
42

	
43

	
53

	
50

	
52

	
55

	
48

	
49

	
48

	
48

	
46








Where NC: new compost; AC: aged compost; T1: one month of application; T6: six months of application.
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