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Abstract

:

Forests play a key role in the global carbon (C) cycle through multiple interactions between above-ground and soil microbial communities. Deeper insights into the soil microbial composition and diversity at different spatial scales and soil depths are of paramount importance. We hypothesized that in a homogeneous above-ground tree cover, the heterogeneous distribution of soil microbial functional diversity and processes at the small scale is correlated with the soil’s chemical properties. From this perspective, in a typical Mediterranean holm oak (Quercus ilex L.) peri-urban forest, soil carbon dioxide (CO2) emissions were measured with soil chambers in three different plots. In each plot, to test the linkage between above-ground and below-ground communities, soil was randomly sampled along six vertical transects (0–100 cm) to investigate soil physico-chemical parameters; microbial processes, measured using Barometric Process Separation (BaPS); and structural and functional diversity, assessed using T-RFLP and qPCR Real Time analyses. The results highlighted that the high spatial variability of CO2 emissions—confirmed by the BaPS analysis—was associated with the microbial communities’ abundance (dominated by bacteria) and structural diversity (decreasing with soil depth), measured by H′ index. Bacteria showed higher variability than fungi and archaea at all depths examined. Such an insight showed the clear ecological and environmental implications of soil in the overall sustainability of the peri-urban forest system.
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1. Introduction


The Mediterranean Basin is considered a primary hotspot for climate change, since droughts and heatwaves are causing less rainfall with hotter and drier summers in comparison with other regions of the world [1]. In this context, Mediterranean forests represent one of the most endangered ecosystems worldwide due to the detrimental effects of climate change [2]. Understanding the need for adaptation and mitigation of the Mediterranean forests in the context of global environmental change is critical for developing appropriate sustainable management strategies and policy plans. Thus, new high-level forest-related strategies such as Sustainable Development Goal number 15 of the 2030 Agenda for Sustainable Development of the United Nations adopted in 2015, the new EU Strategy for Biodiversity, and the new EU Forest Strategy for 2030 have been approved both at the global and EU level to protect, restore, and promote the sustainable management of forests and halt biodiversity loss [3].



In this context, soils of the Mediterranean forests are of crucial importance in climate processes [4,5] and the global carbon (C) cycle [6] because they represent a hotspot for biodiversity and are directly involved in climate change mitigation and adaptation management strategies by regulating soil–atmosphere greenhouse gas (GHG) emissions [7]. The spatio-temporal variation in GHG emissions is mainly affected by soil microbial processes [8] such as nitrification, denitrification, and respiration. In particular, soil microbial respiration is considered the primary natural source for carbon dioxide (CO2) emissions, exceeding any other terrestrial–atmosphere C transactions [9].



The accurate assessment of this flux is challenging because the C pool is influenced by many factors such as land cover (vegetation species), meteorological factors (i.e., temperature and rainfall), soil properties (i.e., soil texture, microbial communities, pH, and C/N ratio), and anthropogenic activities [10,11].



In forest ecosystems, soil microbial processes greatly affect the gas exchanges in the soil–plant continuum [12]. Microbial communities are sensitive to climate variations and disturbances at a microscopic scale [13]; however, high diversity helps to reduce the fluctuations of soil processes, demonstrating that biodiversity becomes important under changing environmental conditions [14]. Thus, microbial structure, diversity, and functions could explain the spatial heterogeneity in ecosystem processes [15,16]. Nevertheless, few studies have linked microbial diversity and processes to assess the magnitude and stability of GHG emissions in forest soils [17]. Therefore, investigations of the soil microbial communities’ abundance and structure (e.g., fungi to bacteria ratio) in forest ecosystems are needed to understand the contribution of these communities to the soil–atmosphere C exchange, in the climate change mitigation strategies challenge [18]. So far, key uncertainties remain about the microbial spatial variability along a soil depth gradient and the influence of the microbial community in regulating the C biogeochemical cycle. Thus, in this study we aimed to understand how the most reliable and sensitive soil physico-chemical properties and soil microbial community diversity—at different spatial levels and along a soil depth gradient—influence soil CO2 emissions of a Mediterranean peri-urban holm oak (Quercus ilex L.) coverage forest.



For this reason, we addressed the following topical questions: (1) How does spatial variability influence soil CO2 emissions? (2) How do soil properties regulate these changes and the soil C biogeochemical cycle? (3) How do soil organic carbon (SOC) and microbial community diversity vary with the spatial scale and along a 100 cm soil depth gradient?



Based on these knowledge needs, we used a multi-parameter approach to investigate (i) the spatial heterogeneity of CO2 emissions, measured at soil level using a portable dynamic respiration chamber; (ii) biogeochemical processes, simultaneously measuring nitrification, denitrification, and microbial respiration rates using the Barometric Process Separation (BaPS) method; and (iii) the spatial distribution of the below-ground microbiological community using Terminal-Restriction Fragment Polymorphism (T-RFLP) and qPCR Real Time analyses.




2. Materials and Methods


2.1. Study Area


This study was conducted in a typical Mediterranean peri-urban holm oak forest (Quercus ilex L.) located within the Presidential Estate of Castelporziano (c.a. 6000 ha), a natural reserve since 1970, 25 km SW from Rome city center, Italy (41°70′42″ N, 12°35′72″ E; altitude 13 m a.s.l.). The forest is an unmanaged rear dune ecosystem 1.5 km from the Tyrrhenian seashore. The canopy height is homogeneous (14 m), with a leaf area index of 3.69 m2 leaf m−2 ground; small shrubs of Phillyrea latifolia are poorly distributed beneath the main canopy. The soil, with flat topography, sandy texture, low water-holding capacity, and being well-drained, is classified as Typic Xeropsamment following the USDA system [19] and as Haplic Luvisols following the FAO [20].



The main physical and chemical properties of the 0–30 cm soil depth are as follows: 851 g kg−1 sand (2000–50 µm), 116 g kg−1 silt (50–2 µm), and 33 g kg−1 clay (<2 µm); pH (H2O, 1:2.5) 6.9; soil organic C 8.7 g kg−1; soil total N, 0.6 g kg−1; and C/N ratio 13.7. The climate is typically meso-Mediterranean with warm and dry summers, mild winters, and with rainfall mainly concentrated in autumn and spring. The mean annual rainfall and temperature are 728 mm and 16 °C, respectively. The coldest month is January, with a mean temperature of 6 °C, and the hottest month is August, with a mean temperature of 24 °C. The wind regime is characterized by winds from the sea (S-SW) blowing during the morning, and winds from inland (N-NE) in the afternoon.



At the soil level, capacity relative temperature and humidity sensors (CS 650, Campbell Scientific) were installed at 10, 50, and 100 cm soil depth. All sensors recorded each minute, and data were averaged for 30 min intervals using a datalogger (CR3000, Campbell Scientific, Shepshed, UK).



Additional information and details on the study area are reported in [21,22,23].




2.2. Experimental Design and Soil CO2 Emissions Measurement


Between June and November 2013, three plots were set-up within the footprint of the eddy covariance (EC) station (total area of 1080 m2) to assess spatial variability of soil CO2 emissions. In each plot, three replicates (n = 3; plots of 360 m2) were selected in a completely randomized design. One week prior to the soil CO2 emissions measurement, open-ended PVC collars (10 cm diameter; 5.0 cm height) were permanently inserted 2 cm into the forest floor to limit root severing (three collars per plot, n = 12), reduce CO2 leaking, and provide a stable seal between chamber and soil surface [24,25,26]. Collars were placed maintaining a minimal distance of 3 m from any tree. Before each sampling, we removed the litter fallen inside the collars to measure CO2 emissions only from soil (roots plus microorganisms). Soil CO2 emissions were measured in the field using the EGM-4 system (EGM-4, Environmental Gas Monitor IRGA system; PP-Systems, Hitchin, Hertfordshire, UK) connected to a soil portable non-steady-state through-flow cylindrical chamber (SRC-1, PP-systems, Hitchin, UK; diameter 10 cm, base area of 78 cm2, volume 1171 cm3 changed to 1411 cm3, considering the inclusion of the collar sticking of 3 cm above the soil surface). At each soil CO2 emissions measurement, soil temperature was also recorded next to each collar using a probe (STP-1 attached to the EGM-4 system) inserted 5–10 cm into the Soil For more details on the soil chamber device, see [24,27,28]. Soil CO2 emissions were measured weekly in June, July, September, October, and November 2013. Measurements were always taken between 10 and 14 h, because the midday CO2 emission values avoid diurnal fluctuations and are assumed to be a better representation of the actual site mean flux [24,25,29]. Soil CO2 emission rates (μmol CO2 m−2 s−1) were calculated as a linear CO2 increase regression (R2 > 0.95) using the automatically logged CO2 data, according to the following equation (Equation (1)):


  F C  O 2  =    P V   A R T    ⋅    d C  O 2    d t     



(1)




where FCO2 is soil CO2 emissions (µmol m−2 s−1); P is the atmospheric pressure (kPa); V is the total volume of the headspace gas within the chamber and sampling collar, calculated as the sum of the chamber volume and the collar volume (V = Vchamber + Vcollar; m3); A is the area of soil enclosed by the chamber (m2); R is the gas constant; T is the air temperature (°K); and dCO2/dt is the rate of change of CO2 concentration (µmol mol−1 dry air) in the chamber headspace between two CO2 measurement points.




2.3. Soil Sampling for Chemical Properties and Microbial Abundance, Diversity, and Processes


In September 2013, in the three plots, soil was sampled to assess chemical properties, microbiological abundance and diversity, and microbial processes. Per each plot, three undisturbed and representative soil samples were obtained by mixing three homogenized soil cores [30] collected in the vertices of a 1 m side equilateral triangle, were sampled using a hand probe coring tube sampler (5 cm inside diameter) according to the procedure in [31,32]. For monitoring chemical properties and microbiological abundance and diversity, soil was sampled from the soil surface down to 100 cm in depth, along with six vertical transects (0–10, 10–20, 20–40, 40–60, 60–80, and 80–100 cm), whilst for monitoring microbial processes, soil cores were sampled with stainless steel cylinder in the 0–20 cm layer [33].




2.4. Soil Chemical Analysis


For chemical analyses, after removing easily detectable litter, residues, and coarse roots, soil samples from all depth intervals were air dried to constant weight and manually passed through a 2 mm sieve [34]. Soil pH was measured in deionized water (1:2.5 soil/water suspension) using a Crison GLP22 pHmeter [35]. Total nitrogen (TN) and soil organic carbon (SOC) concentrations were evaluated using the automated combustion method, using Nitrogen/protein FP628-LECO and Carbon RC612-LECO elemental analyzer, respectively (LECO Corporation, St. Joseph, MI, USA). Soil C/N ratio was calculated as the quotient of SOC and TN concentrations.




2.5. Assessment of Microbial Processes


Barometric Process Separation (BaPS) instrument (UMS GmbH Gmunder Str. 37 D-81379 München, Germany) assessed microbial processes represented by soil respiration (Rs, mg C kg−1 h−1), denitrification (Denitr, mg N kg−1 h−1), and gross nitrification (Nitr, mg N kg−1 h−1) rates in soil samples. Undisturbed soil samples were air dried prior to the analysis and then wetted to field capacity, equilibrated for 72 h at 25 °C, and incubated in the BaPS chamber at 25 °C for 24 h [36,37,38,39]. The chamber was immersed in a thermostatic bath to guarantee the thermal equilibrium during the time of analysis. After incubation, the BaPS software (UMS, Version 2.2.4) simultaneously calculated the rates of Rs, Denitr, and Nitr by measuring the changes in gas pressure, O2, and CO2 net balances. The change in gas pressure indicates the dominant process occurring: Rs is pressure neutral, while Denitr and Nitr cause a pressure increase and decrease, respectively. The dynamic equilibrium between the CO2 and O2 concentrations in headspace and aqueous phase as well as the pH-related solubility is considered in the calculation of the rates of the three processes. More details on BaPS device and measuring processes are given by [9,36,37,38,39].




2.6. Microbiological Analytical Procedures


For microbiological abundance and diversity determination, samples were stored at −80 °C and then sieved at field moisture prior to being processed for the analysis.



2.6.1. Extraction of Genomic DNA and PCR Amplification


Genomic DNA was extracted in duplicate from 0.6 g of soil using the PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) according to the manufacturer’s protocol and following the procedures reported in [40]. PCR reactions were repeated three times on each soil sample (technical repeats). PCR reactions were performed in triplicate 50 µL volumes containing 30 ng of DNA, 1.2 µL of each 100 mM primer (forward labeled with the fluorescent dye 5–6 FAM), 10 µL 10× buffer (Promega Corporation, Madison, WI, USA), 1 µL 10 mM dNTP mix, 4 µL 2.5 Mm MgCl2, 1U Taq DNA Polymerase, and PCR-grade water to 50 µL. For the amplification of the bacteria and archaea 16S rRNA gene, the 63f/1087r [41] and Ar3f and Ar927r primers were used, respectively. Reaction conditions were reported in [42]. For the amplification of the fungi ITS and 5.8S rRNA gene regions, the primer ITS1/ITS4 [43] was used. Reaction conditions were as follows: initial denaturation at 95 °C for 5 min, 34 cycles with denaturation at 94 °C for 1 min, annealing at 60 °C for 1 min, extension at 72 °C for 2 min, and a final extension of 8 min at 72 °C. Triplicate PCR reactions were visualized on a 1.5% agarose gel, and then purified with a Qiaquick PCR purification kit (Qiagen, Inc., Chatsworth, CA, USA). Purified products were quantified using Qubit® 2.0 Fluorometer following manufacturer’s instructions kit.




2.6.2. Terminal Restriction Fragment Length Polymorphism (T-RFLP)


The digestion of fluorescently labelled PCR fragments using two restriction enzymes was conducted in duplicate as follows: 20 U of TaqI (Promega), 2 µL of 10× buffer, and 300–600 ng of purified PCR product (bacteria and archaea), PCR-grade water to 20 µL, were mixed. The same protocol was followed for AluI (Promega), while for HaeIII and HinfI we used the digestion of fluorescent labelled PCR fungi fragments. The samples were then incubated for 4 h at 37 °C (TaqI, HaeIII, HinfI) and 65 °C (AluI); the digestion was stopped using incubation at 95 °C for 20 min. Terminal restriction fragment length polymorphism (T-RFLP) products (2 µL) were mixed with 0.3 µL of GeneScanTM 600 LIZ® internal size standard (Applied Byosystems, Darmastadt, Germany) and run on an ABI3500 Genetic Analyzer (Applied Biosystems, Foster city, CA, USA) following the procedures reported in [40]. Diversity indexes were performed using PAST 1.99 software [42]; the analysis was carried out on T-RFLP profiles. Terminal restriction fragment (TRF) numbers, corresponding to OTUs (operational taxonomic units), were calculated, counting numbers of TRFs. The Shannon–Wiener index (also referred to as Shannon Index; H’) was used to evaluate the biodiversity [40,41,44].




2.6.3. Quantitative Polymerase Chain Reaction (qPCR)


Quantification of bacteria, archaea, and fungi DNA sequence fragments was carried out using qPCR. Extracted DNA was diluted to 2 ng/µL and stored at −20 °C for the subsequent application. Bacteria DNA was amplified with Muyzer primer pair [45], archaea with Ar364/Ar964 primer pair [46], and fungi with 5.8S/ITS1f primer pair [47]. In brief, all qPCR reactions were carried out in 25 µL reactions with 10 µL of template DNA (2 ng/µL) added to a 20 µL qPCR reaction mixture containing 12.5 µL of QuantiFast Sybr Green PCR Master Mix (Qiagen), 1.2 µM of primer, and PCR-grade water to 15 µL. The reactions were performed in a Stratagene Mx3000P qPCR (Agilent Technologies). Measures were performed in duplicate for each sample. The results were processed using the program provided with the instrument. The absence of primers dimers in amplification products was evaluated analyzing the melting curves of the products considering the fluorescence range 50–99 °C. Standard curves were created from a PCR amplicon for each gene target, considering extract sample of each analyzed plot (depth 0–10 and 10–20 of each spot); the PCR products were purified after the qPCR reaction, then quantified using Qubit® 2.0 Fluorometer following manufacturer’s instructions kit and diluted in order to minimize the PCR bias [48]. The gene copy number was calculated using the formula as follows (https://horizondiscovery.com/en/ordering-and-calculation-tools/dna-copy-number-calculation (accessed on 7 November 2024)):


Gene copy number = (ng × number/mol)/(base pairs × ng/g × g mol base pairs)



(2)







The standards were created using triplicate 10-fold dilution series covering seven orders of magnitude from 102 to 109 gene copies per qPCR reaction during each run. qPCR reactions were performed in duplicate per DNA and bacteria, archaea, and fungi copy numbers were expressed g−1 soil (dry weight).





2.7. Statistical Analysis


For each variable, the normal distribution of the analytical data was checked. Analysis of variance (ANOVA; confidence interval 95%) was performed using XLSTAT version 7.1 software (Addinsoft, Paris, France). One-way ANOVA was used to test the effect of plot on microbial processes at the 20 cm soil depth, while two-way ANOVA was used to test the interactive effect of (i) plot and time of measurement on soil CO2 emissions, and (ii) plot and soil depth on soil chemical and microbiological data. Data were ln or arcsine transformed when needed to fulfil the assumptions of ANOVA, and Tukey-B procedure was used for comparing means. When data showed neither a normal distribution of error terms nor constant error variance, a non-parametric Kruskal–Wallis test was performed. Means and standard errors given in the tables and graphs are for untransformed data. Multivariate regression analysis (stepwise regression) was used as an exploratory test for investigating the relationship between soil CO2 emissions and soil temperature and moisture. Linear regressions were used to relate soil chemical and microbiological properties. T-RFLP profiles were converted into presence–absence data and arbitrary classes of soil layers (upper, intermediate, lower) were considered to form three groups. These arbitrary classes were analyzed statistically using cluster analysis based on Bray–Curtis pairwise similarities. Data on soil chemical properties, soil CO2 emissions, microbiological processes and diversity were combined as variables in a principal component analysis (PCA), considering the linear response of microbial groups (expressed as absolute abundance of values) to the environmental gradients [49]. The PCA, performed on auto-scaled data, was based on Spearman’s rank correlation test that was used both to define the degree of dependence among the variables and to measure the correlation among them.





3. Results


3.1. Soil CO2 Emissions Measurement with Chambers and Soil Chemical Properties


During the monitoring period (June–November 2013), weather (rainfall and temperature) and soil conditions (temperature and water content at 10 and 100 cm depth) varied considerably, as shown in Figure 1a,b. In detail, rainfall in the June–August months was 8.3-fold lower than that of September–November (Figure 1a). By contrast, the mean air temperature over the 24 h ranged between 11.6 and 27.6 °C (Figure 1a). A period was considered “dry” when the rainfall was equal to or less than twice the mean temperature. As shown in Figure 1b, the soil temperature (°C) ranged between 12.8 and 24.1 °C and from 16.6 to 21.3 °C at soil depths of 10 cm and 100 cm, respectively. The soil moisture (soil water content, SWC; %, v:v) recorded at 10 cm and 100 cm soil depth ranged from 4.1% to 16.3% and from 6.1% to 31.6%, respectively. The maximum soil moisture values during the soil CO2 emissions monitoring period occurred in November, while the minimum soil water content was measured in September and coincided with soil temperature values above 19.5 °C. The SWCs logged at 10 cm and 100 cm were negatively correlated with the soil temperature during the whole observation period (r = −0.543, p < 0.001 and r = −0.652, p < 0.001; at 10 cm and 100 cm soil depth, respectively). Soil CO2 emissions were highly variable during the monitoring period, reflecting the seasonal temperature (air and soil) and SWC trend (Figure 1c). The soil CO2 emissions increased gradually until July, when they reached their peak, which coincided with the seasonal increase in temperature (Figure 1b). Generally, soil CO2 emissions declined in September and increased with rainfall events in October and November. Although there was a positive response of the soil CO2 flux to the higher SWC, we found no correlation between soil CO2 emissions and either SWC or soil temperature over the monitoring period for the three plots. In the measuring period, soil CO2 emissions ranged between 0.93 and 5.92 µmol CO2 m−2 s−1 (10.10 ± 1.48 g CO2 m−2 d−1), between 1.44 and 5.92 µmol CO2 m−2 s−1 (1.40 ± 1.47 g CO2 m−2 d−1), and between 1.78 and 8.06 (16.20 ± 2.33 g CO2 m−2 d−1) in plot 1, 2, and 3, respectively. As shown in Figure 1c, the soil CO2 emissions in plot 3 were significantly higher from June to the end of September compared with the soil CO2 emissions observed in the other two plots, whereas in October and November an opposite trend was detected. Nevertheless, considering the overall measuring period, in plot 3, the soil CO2 emissions value was significantly (37%) higher than the value observed in the other two plots.



The soil chemical parameters (mean values ± SE) are reported in Table 1. Considering the three investigated plots and their vertical profile (0–100 cm depth), soil pH values were slightly alkaline, ranging from 7.2 to 7.9, with higher values in the deepest layer (Table 1). Nevertheless, soil pH values were not significantly different among plots and depths (p = 0.935). The SOC concentration (g kg−1) was significantly affected by the plot (p < 0.01), soil depth (p < 0.01), and the plot × soil depth interaction (p < 0.01). In the 0–100 cm depth, the highest SOC value (p < 0.05) was detected in plot 2 (26.62 g kg−1), followed by plot 3 and plot 1 (20.43 and 17.83 g kg−1, respectively). In detail, the three plots showed similar trends in SOC concentration, with a gradual decrease (p < 0.05) from the shallowest (0–10 cm depth) to the deepest layer (80–100 cm depth), with values ranging from 70.62 to 4.20 g kg−1 (Table 1). The TN concentration followed a similar trend to SOC, even though there were not statistically significant differences among plots and depths (Table 1). The soil C/N ratio ranged from high (14.30) to low (5.07) values at the 10 cm and 80 cm soil depth, respectively (Table 1). The ratio was significantly different among plots only in the 0–10 cm and 10–20 cm soil depths, showing an opposite behavior between the first and second layers (P3 different to P1–2, and P1 different from P2–3, respectively).




3.2. Assessment of Soil Microbial Composition and Processes


Microbial processes (i.e., Rs, Denitr, and Nitr) showed significant differences among all three plots (p < 0.001) (Figure 2a–c). Rs gradually increased from plot 1 to plot 3 (1.66 ± 0.19 mg C kg−1 h−1 and 2.45 ± 0.28 mg C kg−1 h−1, respectively), with significant differences between plot 1 and 3 (Figure 2a).



Denitr was detected in plot 1 and 2 (56.75 ± 6.55 µg N kg−1 h−1 vs. 22.92 ± 2.65 µg N kg−1 h−1, respectively; p < 0.001) (Figure 2b). Nitr was detected only in plot 3 with a gross nitrification rate of 84.13 ± 9.71 µg N kg−1 h−1 (Figure 2c).



The microbial community abundance showed a similar behavior in all plots. The highest values were observed in the upper layers (10 cm and 20 cm depth), decreasing gradually along the soil profile. In each plot, the abundance was dominated by bacteria, accounting for 93 to 97% of the total, followed by fungi and archaea, which represented 0.39 to 6.77% and 0.01 to 0.04%, respectively (Figure 3). For the bacteria, two significantly different abundance groups could be discriminated between plots 1–2 and plot 3 (Figure 3). Along the soil depth profile, the bacteria abundance was 15% higher in plots 1–2 than in plot 3. Conversely, the archaea abundance was 67% lower in plots 1–2 than in plot 3 (Figure 3). With regard to fungi abundance, in plot 1 it was three orders of magnitude lower in the deepest soil layer (100 cm; 4.52 × 109) than in the shallow layer (10 cm; 1.53 × 1012) in comparison with the other two plots (Figure 3).




3.3. Soil Microbial Structure and Diversity Along the Depth Gradient


The T-RFLP analysis revealed a different microbial community composition among the plots and along the soil depth profile (significant mean differences at p = 0.0001; Figure 4). In detail, for the bacteria, a total of 522, 416, and 479 T-RFs was observed in plot 1, 2, and 3, respectively. For archaea, the highest value of T-RFs (a total of 441) was found in plot 2, followed by plot 3 and plot 1, with a total of 436 and 321 T-RFs, respectively. For the fungi, a total of 121, 127, and 114 T-RFs was observed in plot 1, 2, and 3, respectively.



Numbers of bacteria and archaea phylotypes decreased with increasing soil depths in plots 1 and 2, while plot 3 showed the opposite trend. Particularly, those communities exhibited an increasing number of phylotypes at increasing soil depths similarly in the three plots. On the contrary, numbers of fungi phylotypes decreased. We obtained community groups using an arbitrary analysis of upper-active (0–20 cm), intermediate (20–60 cm), and deeper (60–100 cm) soil layers (Figure 4). A Bray–Curtis cluster analysis on the microbial community groups revealed that the archaea composition was similar in the upper and deeper layers in plot 1 and in plot 2, while in plot 3, all groups except that of the surface layer showed similar characteristics (Figure 5). In plot 1, the superficial and the intermediate layers grouped together were different from the deeper layer, while in plot 2 a similarity among the superficial and the deepest layers was observed. Plot 3 displayed a clear shift in the community along the soil depth gradient (Figure 5). For fungi, plot 1 displayed a complex similarity trend. The deeper layer grouped with the intermediate layer showed a different pattern with respect to 0–10 cm and 40–60 cm, highlighting the fungi community heterogeneity within the soil layers, and the homogeneity throughout the layers. Plot 2 and plot 3 showed similar fungal composition patterns, i.e., heterogeneity within groups, with a shift in patterns along the depth gradient.



The diversity of the bacteria community of plot 1 decreased along the depth gradient, except at 10–20 cm (Figure 6). The opposite was observed in plots 2 and 3, where the intermediate and deeper layers supported a significantly higher (p < 0.05) diversity of bacteria (Figure 6).



As regards the archaea diversity, plot 1 displayed an opposite trend along the depth gradient compared with plots 2 and 3. The fungi community’s diversity showed a similar trend in plots 1 and 2 along the depth profile, while plot 3 showed a more stable value in the three layers (Figure 6).




3.4. Main Patterns of Chemical, Physical, and Microbiological Parameters as Affected by Soil Depth in Three Different Plots


The PCA was performed with data from soil and soil microbial community profiles and abundance, summarizing the correlations between all the parameters measured at 0–20 cm (Figure 7a). The first two discriminating components accounted for 45.48% and 32.20% of the total variability. In the case of parameters measured at 0–20 cm, three different latent patterns were identified, including (i) fungi abundance and diversity, soil CO2 emissions, C/N ratio, and soil temperature; (ii) archaea and bacteria abundance, pH, soil respiration rate (Rs), and SOC; and (iii) soil chemical parameters linked to nitrogen. These results indicated a specificity of C/N ratio, fungi abundance, and soil CO2 emissions in terms of soil parameters’ variability at 0–20 cm. In plot 1 (Figure 7b), PC 1 (59.17%) and PC 2 (16.87%) explained 75% of the total variability of the data, displaying a different variability of soil properties and microbial community diversity and abundance in comparison with plots 2 and 3 (Figure 7c,d). In plot 2, PC 1 (48.70%) and PC 2 (32.52%) accounted for 81% of the variance. These results indicate a specificity of SOC and TN concentrations and the abundance of bacteria community in terms of soil parameters variability at the shallowest and deepest layers. In plot 3, PC 1 (60.10%) and PC 2 (22.74%) explained 83% of the total variability of the data, displaying a different variability of soil properties and microbial community diversity and abundance (Figure 7d). We used Spearman’s rank correlation to examine how soil properties and microbial diversity and processes influenced the soil CO2 emissions in the three plots investigated at 0–20 cm (Table S1). Soil temperature was positively correlated with the soil CO2 emissions, measured with the portable chamber and Nitr rate, and was negatively correlated with fungi abundance (Fungi). Soil CO2 emissions were positively correlated with the Nitr rate, while soil pH was positively correlated with soil CO2 flux, Rs, Nitr, and archaea H′, and was negatively correlated with fungi H′.





4. Discussion


So far, numerous studies have investigated ecosystem CO2 emissions and changes in soil chemical properties and microbial processes and structure, but there is a lack of knowledge regarding the microbial spatial variability at different soil depths and the influence of the microbial community in regulating C biogeochemical cycle. In recent years, Flores-Rentería et al. [50] found that CO2 emissions occurring in soils from biological processes (i.e., autotrophic and heterotrophic components) were mainly affected by soil environmental abiotic factors such as moisture and temperature. These results confirm our findings that highlight significant spatial and temporal variability in terms of CO2 emissions and microbial abundance, diversity, and processes within a peri-urban Mediterranean holm oak forest. Therefore, the increasing fragmentation of forests may profoundly influence the functioning of the plant–soil–microbial system, with important effects on CO2 emissions and nutrient cycling at the ecosystem level.



At the ecosystem level, environmental control over soil CO2 emissions is widely recognized [51]. Nevertheless, we observed that although soil temperature and moisture are interacting [52], few localized measurements made at a single point do not represent the overall ecosystem conditions [21], neither do they sufficiently explain the soil moisture’s effect on soil CO2 emissions. Thus, measurements at a larger scale with a much higher abundance of sampling plots would be required to better identify the effect of soil moisture on soil CO2 emissions. In this context, Curiel Yuste et al. [53] found that the CO2 emissions and soil microbial diversity in Mediterranean holm oak forests are influenced by abiotic and biotic factors such as water availability, forest fragmentation, and taxonomic diversity of soil bacteria communities.



Similarly, the highest soil CO2 emissions occurred in plot 3 of our field study. This may be explained by biotic factors such as diversity in the abundance and composition of the soil microbial community within the plots [51]. Therefore, soil CO2 emissions may be driven both by differences in autotrophic respiration components, linked to the complex effects of trees on soil properties (e.g., ectomycorrhizas associated with Q. ilex) and by heterotrophic respiration component, linked to the diversity and structure of soil microbial communities [54,55]. The great microbial diversity, mostly due to bacteria, suggests that the overall ecosystem contribution to soil CO2 emissions is the result of highly heterogeneous patches of Soil In this context, Ruiz Gómez et al. [56] found that changes in the structure and functionality of the soil microbiome may influence tree health status. Particularly, they found that the decline of holm oak is related to the increase in the relative abundance of soil microbial functional genes associated with denitrification and phosphorus mineralization, affecting soil nutrient availability and tree health.



These results of the Rs rate measured using BaPS analysis were consistent with previous works showing that heterogeneity in soil chemical and physical properties affect the microbial processes and spatial distribution [57,58].



In the present study, despite the highest densities of microorganisms occurring in the surface 25 cm, the microbial groups residing in the deeper layers were described as assembling into a highly specialized community [59,60,61]. Thus, in our soil, different microbial communities may reside in the deepest soil layers in response to different soil physico-chemical parameters. These results are consistent with those reported by other authors. In a study conducted in 2011, Šrursová et al. [62] found that in forest soils the pH showed a more pronounced impact on the soil’s microbial community diversity than in other soils. In 2014, Alele et al. [18] examined how the conversion of a natural forest directly influences the composition of soil bacteria and fungi microbial communities, also highlighting the changes occurring in other soil parameters, such as pH and SOC, which were also associated with spatial distribution linked with the composition of some soil microbial communities. Thus, soil pH values in Castelporziano may have driven changes in the relative abundance of some bacteria and archaea classes. This supports the hypothesis that fungi promote bacteria growth by enhancing the decomposition of soil organic matter [63], and by providing substrates or exudates that enhance the increase of bacteria from the superficial to the intermediate layer. The different composition of the microbial communities in the plots, as well as the heterogeneity observed in the emissions in laboratory conditions though the BaPS analysis, reflects that functionalities are differently distributed in soil, as shown by the Nitr rate and the Denitr rate [64]. In the present study, T-RFLP patterns showed that quantitative differences among bacteria, archaea, and fungi communities exist up to a depth of 100 cm in forest soils. The positive correlation between archaea abundance and SOC indicates that SOC provides a crucial fraction of C to sustain the archaea communities. These differences might be due to microbial physiologies and sensitivities to environmental fluctuations, which represent a strong ecological filter [65]. The high numbers of bacteria and archaea bands, together with the specific trend observed, suggests the predominance of a specific set of taxonomic groups. Moreover, different ecological niches exist in space along both horizontal and vertical axes according to soil parameters. It is likely that one of the key drivers responsible for the observed variability may be the nutrient resource availability being patchily distributed [60]. Soil microbes and their processes are inextricably linked to above-ground communities. Therefore, soil surface litter can be a key co-factor affecting the vertical and horizontal microbial differentiation. Multivariate and cluster analysis confirmed our hypothesis, showing correlations between soil parameters and microbial communities’ composition, as well as microbial assemblages and diversity in vertical space across the three plots investigated.




5. Conclusions


Our research on the spatial variability of the soil CO2 emissions combined with soil physico-chemical properties and microbial processes and diversity showed that in the homogenous and photosynthetically active peri-urban holm oak Mediterranean forest of Castelporziano, the spatial variability of CO2 emissions is strictly linked to the highly heterogeneous soil microbial assemblage and diversity among plots and soil depths. Bacteria dominated the microbial community and showed higher variability than fungi and archaea at all depths examined. Soil microbial processes were strongly correlated with the soil properties, particularly ther pH, soil water content, and SOC. The spatial heterogeneity of soil CO2 emissions was associated with heterogeneity in the soil microbial community distribution. Considering that Mediterranean forest ecosystems are among the most threatened forest ecosystems by climate changes, microbial dynamics in response to changes in environmental conditions may largely affect the future carbon cycle.



In this study, bacteria showed higher variability than fungi and archaea at all depths examined. Such an insight showed the clear ecological and environmental implications of soil in the overall sustainability of peri-urban forest system. Our findings contribute to understanding the transformation processes of C in Mediterranean forest soils.



However, further studies on Mediterranean forests should focus on clarifying and accurately quantifying the relationship between soil CO2 emissions and environmental drivers at plot and watershed scales. Innovative tools based on remote sensing and modelling integrated approach are needed to improve our understanding of CO2 dynamics from heterogeneous soils.
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Figure 1. Daily mean air temperature monitored in the 0–24 h (°C) (shown as black continuous line), daily mean air temperature monitored at the time of soil CO2 emissions measurements between 10 and 14 h (°C) (shown as black dotted line), and daily total rainfall (mm) (shown as gray column) over the soil CO2 emissions monitoring period at the Castelporziano Reserve (Rome, Italy). A period was considered “dry” when the rainfall was equal to or less than twice the mean temperature (a). Daily mean soil temperature (°C) (shown as black dashed line) and daily mean soil water content (%, v:v) (shown as black continuous line) measured at 10 cm and 100 cm soil depth, respectively, over the soil CO2 emissions monitoring period. Black and white circles represent daily mean soil temperature and daily mean water content, respectively, monitored at the time of soil CO2 emissions measurements between 10 and 14 h (°C). (b) Soil CO2 emissions (µmol CO2 m−2 s−1) were measured at the site in three plots (shown as plot 1: black triangle plot 2: white circle and plot 3: white diamond) during the period 6 June to 20 November 2013 with weekly or monthly soil CO2 emissions monitoring (n = 12). Values are means ± SE (showed as vertical bars) of three replicates for each plot. For each measuring date, statistically significant differences among plots are shown by asterisks according to ANOVA (* p < 0.05) (c). 
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Figure 2. BaPS parameters measured at 0–20 cm layer: soil respiration rate (RS; mg C kg−1 h−1) (a), gross denitrification rate (Denitr; µg N kg−1 h−1) (b), and gross nitrification rate (Nitr; µg N kg−1 h−1) (c). Values are means ± SE (showed as vertical bars) of three replicates for each plot. Denitr rate was detected in plots 1–2, while Nitr rate was only detected in plot 3. Values not followed by the same small letter are significantly different among plots within the same soil depth, according to ANOVA (p < 0.05). 
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Figure 3. Abundance of bacteria, archaea, and fungi expressed as gene copy numbers (g−1 of soil dry weight) as detected along the investigated soil depth profile (0–100 cm) in each plot (bacteria as blue line and dots, archaea as red line and dots, and fungi as green line and dots). The abundance of each microbial community represents the average value of duplicate quantifications using 16S rDNA q-PCR analysis. Gene copy numbers were expressed in scientific notation. 0E+00 and 6E+13 refer to numbers ranging from 5.83 × 108 to 5.40 × 1013. 
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Figure 4. Vertical changes in numbers of bacteria, archaea, and fungi phylotypes detected along the investigated soil depth in each plot (bacteria as blue dots, archaea as red squares, and fungi as green triangles). The number of phylotypes corresponds to the number of bands on the T-RFLP profiles. 
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Figure 5. Dendrograms show similarity of T-RFLP profiles using Bray–Curtis hierarchical cluster analysis along the investigated soil depth in each plot. 
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Figure 6. Boxplots of diversity index (Shannon index; H′). Three different soil layers (i.e., SL, superficial layer; IL, intermediate layer; and DL, deeper layer) were discriminated according to an arbitrary analysis of soil profile. Diversity was calculated from the number and the relative peak area of bands on the T-RFLP profiles. 
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Figure 7. Principal component analysis (PCA) biplot was based on soil chemical and physical parameters (pH; SOC: soil organic carbon concentration; TN: total nitrogen concentration; C/N ratio; SWC: soil water content; Soil Temp: soil temperature), microbial processes (Rs: soil respiration; Denitr: denitrification rate; Nitr: gross nitrification rate), soil CO2 emissions (measured using survey soil respiration chamber), microbial abundance (Arch: Archaea abundance; Bact: bacteria abundance; Fungi: fungi abundance) and Shannon index (Arch H′: Archaea Shannon index; Bact H′: Bacteria Shannon index; Fungi H′: Fungi Shannon index). All such parameters were used as variables, while replicate plots were used as observations in the 0–20 cm soil depth. Soil chemical and physical variables are shown by black continuous arrows, microbial processes and soil CO2 emissions are shown by grey heavy dotted arrows, microbial H’ is shown by black heavy dotted arrows, and microbial abundance is shown by light dotted arrows. Observations are represented by black stars (plot 1), white triangles (plot 2), and white squares (plot 3). PC 1 and PC 2 axes together accounted for 77.78% of the variability and were significant (p < 0.05) (a). PCA biplot was based on soil chemical parameters, microbial abundance, and H’, which were used as variables, while soil depths were considered as observations. Observations (10: 0–10 cm, 20:10–20 cm, 40: 20–40 cm, 60: 40–60 cm, 80: 60–80 cm, 100: 80–100 cm) are represented by black circles. In plot 1, the PC 1 and PC 2 axes together accounted for 76.04% of the variability and were significant (p < 0.05) (b); in plot 2, the PC 1 and PC 2 axes together accounted for 81.22% of the variability and were significant (p < 0.05) (c); in plot 3, the PC 1 and PC 2 axes together accounted for 82.84% of the variability and were significant (p < 0.05) (d). 
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Table 1. Depth profile (0–100 cm) of the main soil chemical parameters: pH value (a), soil organic carbon concentration (SOC; g kg−1), total nitrogen concentration (TN; g kg−1), and C/N ratio at the Castelporziano Reserve in the three plots (P1, P2, and P3). Values are means ± SE of three replicates for each plot. For each soil chemical parameter, values not followed by the same small letter and by the same capital letter are significantly different among soil depth within the same plot and among plots within the same soil depth, respectively, according to ANOVA (p < 0.05).
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Depth

	
pH

	
SOC

	
TN

	
C/N




	

	
P1

	
P2

	
P3

	
P1

	
P2

	
P3

	
P1

	
P2

	
P3

	
P1

	
P2

	
P3






	
10

	
7.15 ± 0.02

	
7.22 ± 0.01

	
7.38 ± 0.01

	
57.19 ± 0.02 aB

	
83.99 ± 0.02 aA

	
70.69 ± 0.03 aA

	
5.02 ± 0.02

	
7.23 ± 0.04

	
3.55 ± 0.02

	
11.40 ± 0.05 B

	
11.60 ± 0.03 B

	
19.89 ± 0.02 aA




	
20

	
7.19 ± 0.01

	
7.41 ± 0.01

	
7.56 ± 0.01

	
23.93 ± 0.01 bB

	
37.08 ± 0,01 bA

	
25.24 ± 0.02 bB

	
1.29 ± 0.04

	
3.91 ± 0.04

	
2.43 ± 0.02

	
18.53 ± 0.05 A

	
9.49 ± 0.03 B

	
10.39 ± 0.02 abB




	
40

	
7.22 ± 0.01

	
7.34 ± 0.01

	
7.69 ± 0.01

	
7.09 ± 0.01 cB

	
19.38 ± 0.02 cA

	
11.93 ± 0.02 cAB

	
1.72 ± 0.04

	
2.34 ± 0.04

	
2.16 ± 0.02

	
4.12 ± 0.03

	
8.29 ± 0.03

	
5.52 ± 0.03 b




	
60

	
7.66 ± 0.01

	
7.45 ± 0.01

	
7.72 ± 0.01

	
14.70 ± 0.02 bcA

	
11.63 ± 0.02 dA

	
4.24 ± 0.02 dB

	
2.07 ± 0.03

	
2.23 ± 0.01

	
0.92 ± 0.02

	
7.09 ± 0.03

	
5.22 ± 0.02

	
4.63 ± 0.02 b




	
80

	
7.72 ± 0.01

	
7.89 ± 0.02

	
7.76 ± 0.02

	
2.92 ± 0.02 d

	
3.35 ± 0.02 e

	
3.31 ± 0.02 d

	
0.58 ± 0.03

	
0.63 ± 0.02

	
0.69 ± 0.02

	
5.09 ± 0.02

	
5.29 ± 0.02

	
4.82 ± 0.02 b




	
100

	
7.87 ± 0.01

	
7.95 ± 0.01

	
7.80 ± 0.02

	
1.12 ± 0.02 dB

	
4.27 ± 0.04 eA

	
7.20 ± 0.01 cdA

	
0.14 ± 0.02

	
0.31 ± 0.01

	
0.44 ± 0.02

	
8.65 ± 0.02

	
13.95 ± 0.01

	
16.41 ± 0.02 a
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