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Abstract

:

In the context of global warming and increasing wildfire occurrence, this study aims to examine, for the first time, the changes in multi-level biodiversity and key soil features related to soil functioning in a burned Mediterranean beech forest. Two years after the 2017 wildfire, changes between burned and unburned plots of beech forest were analyzed for plant communities (vascular plant and cover, bryophytes diversity, structural, chorological, and ecological variables) and soil features (main chemical properties, microbial biomass and activity, bacterial community composition, and diversity), through a synchronic study. Fire-induced changes in the micro-environmental conditions triggered a secondary succession process with colonization by many native pioneer plant species. Indeed, higher frequency (e.g., Scrophularia vernalis L., Rubus hirtus Waldst. and Kit. group, and Funaria hygrometrica Hedw.) or coverage (e.g., Verbascum thapsus L. subsp. thapsus and Digitalis micrantha Roth ex Schweigg.) of the species was observed in the burned plots, whereas the typical forest species showed a reduction in frequency, but not in cover, except for Fagus sylvatica subsp. sylvatica. Overall, an increase in plant species and family richness was found in the burned plots, mainly in the herbaceous and bryophyte layers, compared to the unburned plots. Burned plots showed an increase in therophytes, chamaephytes, cosmopolites, steno-Mediterranean and Atlantic species, and a decrease in geophytes and Eurasiatic plants. Significant differences were found in burned vs. control soils for 10 phyla, 40 classes, 79 orders, 145 families, 342 genera, and 499 species of bacteria, with about 50% of each taxon over-represented and 50% under-represented in burned than in control. Changes in bacterial richness within several families (reduction in Acidobacteriaceae, Solibacteraceae, Rhodospirillaceae, and Sinobacteraceae; increase in Micrococcaceae, Comamonadaceae, Oxalobacteraceae, Pseudomonadaceae, Hymenobacteraceae, Sphingomonadaceae, Cytophagaceae, Nocardioidaceae, Opitutaceae, Solirubrobacteraceae, and Bacillaceae) in burned soil were related to fire-induced chemical changes of soil (pH, electrical conductivity, and cation exchange capacity). No evident effect of the wildfire was found on organic C content, microbial biomass (total microbial carbon and fungal mycelium) and activity, and microbial indexes (fungal percentage of microbial C, metabolic quotient, and quotient of mineralization), suggesting that soil functions remained unchanged in the burned area. Therefore, we hypothesize that, without an additional disturbance event, a re-establishment of beech forest can be expected but with an unpredictable time of post-fire succession.
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1. Introduction


Forest fires represent a complex global disturbance associated with factors of different origins, such as climate, human activities, vegetation types and conditions [1]. Climate changes affect fire regimes in many regions [2,3,4], not only in fire-prone systems but also in forest ecosystems that have not historically experienced fires [5]. Climate projections for northern America suggest that these extreme disturbance events will increase during the 21st century [6]. The year 2017 is remembered for its exceptionally high number of wildfire and the surface area affected by fires, worldwide. In Europe, despite the efforts by national and regional wildfire administrations to prevent and fight wildfires, in 2017 wildfires burned about one million hectares of natural lands [7]. Although anthropogenic ignition is found to be dominant in most worldwide regions [8], it is widely known that variation in the floristic composition, structure, connectivity, and fuel moisture conditions of forest vegetation determine the fire intensity and impact on the ecosystem biodiversity and functioning [9,10,11,12,13].



Variation in the fire regime could influence the recruitment of canopy trees and overall stand dynamic processes [14]. Resulting trajectories of natural vegetation changes can be strongly variable, depending on the extent of forest loss, the nature of the surrounding vegetation, ongoing disturbances within the regenerating system, other human disturbances, and environmental factors, such as rainfall and temperature [15].



In addition to causing damage to the canopy, trunk, and root system of trees [16], fire can affect physical, chemical, and biological characteristics of soil and related processes [17,18]. Fire can adversely affect the most sensitive component of soil, i.e., soil microbial community [19] involved in many soil functions and ecosystem services [20]. In forest ecosystems, the microbial community is considered as a driver of the plant community structure and dynamics [21], thanks to its key role in the C and N fluxes and control of the various plant pathogens [22,23]. Since the microbial community responds quickly to environmental changes and stress [24], its alterations can be used as useful indicators of the effects of stress or disturbance factors, such as fire, on soil [25]. Depending on its intensity, fire could cause both changes in microbial community diversity and alterations in microbial biomass and activity [26,27,28]. Bacteria tend to be less affected by fire than fungi [29], as has been observed from a few days up to two years after the fire [27]. This may be due to bacterial lower sensitivity to temperature and pH increase [29] and higher rate of recolonization of heated soil [30].



Vegetation is highly fire-prone in the Mediterranean climate ecosystems where the precipitation exceeds potential evapotranspiration during the rainy season, resulting in plant growth, sufficient to produce contiguous fuels which are highly flammable during the summer drought [31]. Fire has become one of the dominant drivers of vegetation patterns of these areas. Under the pressure of this ancient disturbance factor, native species communities have evolved morphological, anatomical, and physiological adaptive traits to tolerate periodic fires [32,33]. In forests dominated by species that lack specific fire-adaptive traits, the resilience of the whole ecosystem is questionable, especially if fire occurs as a novel disturbance. This is the case with montane Mediterranean beech forests, mesophilous formations normally spread between about 900 and 1800 m a.s.l., which have been affected by fires in recent years [34]. These plant communities play a key role in the conservation of European biodiversity (being included in Annex 1, Habitats Directive 92/43/EEC) and some of them show the characteristics of old-growth forests. The more ancient beech forests recorded in 12 European countries were recognized by the UNESCO (United Nations Educational, Scientific and Cultural Organization) World Heritage in a transnational environment named “Primeval forests of the Carpathian beech and other parts of Europe”). Their conservation value is even greater in southern Europe, where beech forests are ecologically and biogeographically older than those in central and northern Europe [35]. Here, some beech forests are located at a short distance from the sea, in a Mediterranean climate, which limits their ability to tolerate water and thermal stress, as well as fire disturbance. This makes these plant communities very vulnerable and potentially subjected to dynamic processes that could determine their replacement with more thermo-xerophilous formations. Fagus sylvatica L. subsp. sylvatica (Fagaceae), the dominant Eurasiatic taxon of these stands, lacks typical fire-adaptive traits: its thin bark cannot protect vital tissue (e.g., vascular cambium) from lethal heat during the fire and its sprouting capacity declines with tree age [36,37]. Mature beeches are thus considered highly susceptible to fire [38]. However, some recent short- [34,39] and mid-term [40] studies on post-fire regeneration of beech forest of the southern Alps and the central Apennines highlighted that beech forests can potentially regenerate naturally after fire events. As for other tree species, processes in post-fire beech regeneration are related to burn severity [41,42] and episodic forest fires seem not to represent a major threat to the resilience of beech populations under current climatic changes [40]. Nonetheless, no research has exhaustively analyzed the effect of fire on the vascular and bryophytic flora of the beech forests. Little research has been performed to understand the effect of fire on the soil bacterial community [18], none of which was conducted in a beech forest, despite the essential role of bacteria in post-fire ecosystem recovery processes. Moreover, no study has so far investigated the change in the relationship between multi-level biodiversity and soil features after a wildfire in beech forests. The removal or reduction of the vegetation cover due to fire can lead to decreased water retention, faster runoff, soil erosion, and nutrient leaching which influence dramatically secondary succession [43]. The processes of post-fire recovery in these plant communities could be also dramatically altered due to short- or mid-term modification of other ecological variables (e.g., light availability) or processes (e.g., competition) which regulate plant presence and growth. Understanding the post-fire responses of biodiversity is a crucial issue in planning forest management actions of the burned area in the mid- and long-term during post-fire succession.



The overall objective of this study was to improve the knowledge of this forest type in relation to fire disturbances. We hypothesize a great shift in the plant and bacterial richness and diversity, as well as in soil features, due to changes in the micro-environmental conditions in forest affected by the fire.



Specific goals of this research were (a) to analyze the short-term (two years after disturbance) impact of wildfire on the vascular plant, bryophyte, and soil bacterial diversity; (b) to evaluate the effect of fire on soil chemical properties and microbial metabolism; (c) to investigate the relationships between biodiversity and functioning in plant/soil system to evaluate its resilience; and (d) to provide useful insights for conservative management of the Mediterranean beech forests. Plant compositional change after the fire was evaluated by assessing vascular plant and bryophyte diversity and cover, as well as through the analysis of structural (life-forms), chorological (chorotypes), and ecological (Ellenberg Indicator Values) features of the plant communities. Soil response to the fire was evaluated by analyzing changes in the main chemical properties (pH, organic matter content, cation exchange capacity, and electrical conductivity), as well as in microbial biomass, activity, and bacterial diversity. This study can be used as a reference for the post-fire management plans of Fagus sylvatica forests, especially since an increase in the wildfire frequency at higher elevations is expected under the current climate change scenarios.




2. Materials and Methods


2.1. Study Area and Wildfire Event


The research was conducted in the Lattari Mountains (Campania region, southern Italy), the Mesozoic carbonatic mountain range of Sorrento Peninsula which separates the gulfs of Naples and Salerno in the Tyrrhenian Sea (Figure 1A). According to the Bioclimatic map of Europe [44], this territory has a Pluvioseasonal Oceanic Mediterranean bioclimate with a distribution of precipitation mainly in the autumn–winter period and with minimum peaks in summer (248 mm and 37 mm, respectively). Annual average temperatures vary from 6 °C in winter to 21 °C in summer (data calculated by daily data recorded in the period 2008–2019 by Multi-risk Civil Protection Functional Centre of Campania Region, Agerola station, http://centrofunzionale.regione.campania.it/#/pages/dashboard).



The study sites were located just NW of Mt Sant’Angelo a Tre Pizzi (Pimonte municipality, 40°38′51.19″ and 14°30′21.16″, 1176–1384 m a.s.l.), the highest peak of the Lattari Mountains with its 1444 m a.s.l. summit, about 2.5 km from the sea as the crow flies. They fall within the Site of Community Importance “Dorsale dei Monti Lattari” (SCI code IT8030008, Habitats Directive 92/43/EEC), the Monti Lattari Regional Park, and the Important Plant Area “Monti Lattari” (code IPA CAMP 6 [45]). These sites show a lithostratigraphic unit composed by dolomitic limestones and limestones with pyroclastic sediments from the main Campania eruptive centers [46]. Their soils are a Molli-Eutrisilic Andosols and can be ascribed to the great land system of “high mountain” [47].



The vegetation of the area is characterized by an old-growth beech forest left to natural evolution for over half a century. In fact, in the past it was managed for wood production and for the conservation of snow in the so-called “neviere” (i.e., holes dug in the ground where snow accumulated and compacted in winter and it was then covered by leaves to get ice in summer). This vegetation type can be attributed to the habitat “Apennine beech forests with Taxus and Ilex” (code 9210*, Habitats Directive 92/43/EEC), widespread in the Italian Peninsula and Sicily in the supratemperate bioclimatic plan and rarely in the upper mesotemperate [48]. Moreover, from a syntaxonomical viewpoint, the plant community was ascribed by Cancellieri et al. [49] to the association Anemono apenninae-Fagetum sylvaticae (Gentile 1970) Brullo 1983, which represents the southern Italian thermophilous beech forests [50]. To increase the naturalistic value of this stand is the presence of the locus classicus (named “Sorgente Acqua Santa”) of the Lonicera stabiana Guss. and Pasq. (Caprifoliaceae) [51], a very rare Italian endemic species known only in a few localities in the Lattari Mountains [52], as well as other rare vascular plants (e.g., Aquilegia champagnatii Moraldo, E. Nardi and la Valva, Erica terminalis Salisb., and Pinguicula hirtiflora Ten.) [53,54].



Between summer and autumn of 2017, many sequential wildfire events affected a large area of the Lattari Mountains. The first of these fires started on 12 July on the southern slope of Mt Faito (https://www.ilmattino.it/napoli/cronaca/fiamme_faito_bloccati_soccorsi_non_arrivano-2558030.html), a mountain peak close to the study area. In the last days of August, a fire also affected the area of Mt Sant’Angelo a Tre Pizzi (https://www.stabiachannel.it/Cronaca/funivia-e-fiamme-le-due-facce-del-faito-ancora-roghi-sul-monte-a-fuoco-il-molare-66140.html), leaving a mosaic of burned and unburned areas (A. Stinca, personal observations). Its extreme spread and impacts probably resulted from the complex interplay among the local environmental conditions (e.g., low fuel moisture content, complex geomorphology, very strong and variable winds, and landscape connectivity) and poor initial attack to fire because many fire-fighters were engaged in a disastrous wildfire that was simultaneously affecting the nearby Mt Vesuvius [55]. The fire was extinguished after 48–72 h using fresh and salt-water, sprayed with air vehicles, as well as through mechanical actions by firefighters on the ground (A. Stinca, personal observations).




2.2. Field Work and Laboratory Measurements


2.2.1. Sampling Design


On 12 August 2019, two years after the wildfire event, 5 disturbed sites with a canopy gap at least 20 m in diameter (hereafter referred to as “burned”, Figure 1B,B’) and 5 undisturbed sites under the closed canopy (hereafter referred to as “control”, Figure 1C,C’) were randomly selected. No evidence of post-fire management and silvicultural measures was observed in the selected sites. These were characterized by homogeneous biophysical conditions for the local factors (e.g., altitude, exposure, slope, and microclimate). At the center of each site, we delimited a permanent circular plot (r = 5 m) within which we sampled vegetation, soil, and detected site conditions. The thermo-pluviometric trend in the study area from a fire event up to sampling time is reported in Figure 2A. Physical site characteristics, including slope (°), exposure, elevation (m a.s.l.), and photosynthetic photon flux density (PPFD, λ = 400–700 nm) were recorded for each plot (Table S1). PPFD (µmol m−2 s−1) was measured using a LI-250A light meter as a quantum sensor (Li-Cor Inc. Environmental, Lincoln, NE, USA), located at 2 (PPFD2), 1 (PPFD1), 0.5 (PPFD0.5), and 0 m (PPFD0) above the ground for 3 randomly selected locations within the burned and control plots (Figure 2B). Instantaneous measurements averaged at every 15 s, were taken during a bright, sunny day in August 2019.




2.2.2. Vegetation Sampling and Analyses


Vegetation was sampled in terms of coverage of the different layers and all individual plant species. Vascular species cover was visually assessed based on the Braun-Blanquet [56] scale (i.e., (r) rare; (+) <1%; (1) 1%–5%; (2a) 6%–15%; (2b) 16%–25%; (3) 26%–50%; (4) 51%–75%; and (5) 76%–100%), a method widely used in vegetation studies worldwide. Collected specimens were conserved in Herbarium Stinca. The taxonomic identification was carried out using standard floras [57,58,59,60,61,62,63,64,65], while nomenclature and taxa delimitation followed the checklist of Italian vascular flora [66]. Bryophytes were visually estimated as total coverage (%) and identified at the species level based on standard floras [67,68,69,70], while nomenclature followed the recent checklist of bryophytes of Europe, Macaronesia, and Cyprus [71]. To investigate the plant diversity changes in the burned and control plots, we analyzed species composition in terms of richness and cover. Changes in the structural, chorological, and ecological features of the plant community were evaluated using life-forms [62,63,64], chorotypes [62,63,64,66], and Ellenberg Indicator Values (EIVs [72]), respectively. EIVs are considered as an appropriate useful tool to relate observed variation in plant communities to variations in environmental factors after a disturbance or over the time [73,74,75,76].




2.2.3. Soil Sampling and Analyses


To assess the effects of disturbance on chemical and microbial properties of the soil, 3 soil samples were randomly collected from each plot and immediately mixed to obtain a representative and homogeneous sample [77]. All samples (about 1 kg each) were collected from the topsoil layer (depth 0–15 cm), after removing the litter layer. Samples were packed in polyethylene bags, placed in a thermal bag with ice, transferred to the laboratory on the sampling day and sieved through 2 mm sieve to remove the coarse fragments (stones, roots, etc.). Further, the samples were divided into three aliquots. The first was air-dried to constant weight for determination of pH, electrical conductivity (EC), cation exchange capacity (CEC), and total organic carbon (Corg) content. The second aliquot was stored at 4 °C for the assessment of water content (to express microbial variables to dry weight), total microbial biomass carbon (Cmic), and fungal mycelium (FM) content, and microbial activity (respiration and indexes of microbial metabolism). The third aliquot was stored at −20 °C for the metagenomic analysis. Water content was determined gravimetrically on 5 g of soil [78]. The pH (on 10 g of soil) and EC (on 20 g of soil) were detected on a water suspension of air-dried soil (1:2.5 and 1:2 soil:water, respectively) using calibrated electrodes [77]. CEC was measured on 2 g of soil, after soil treatment with barium chloride and triethanolamine solution at pH 8.2 [77]. Corg was assayed on 0.25 g of soil by wet digestion in 0.1667 M of K2Cr2O7 [79,80]. Cmic was assayed by chloroform fumigation-extraction methods [81]; both fumigated and not fumigated soil samples (5 g of soil each) were extracted with 0.5 M K2SO4 (1:4 ratio). Organic carbon concentration in each extract was determined by wet oxidation with a 0.33 N K2Cr2O4 solution followed by back titration with 0.033 N Fe(II)SO4 solution. Cmic was calculated from the differences between organic carbon of fumigated and non-fumigated samples using the equation of Vance et al. [81]. This measure also provided data on the extractable organic C (Cext) that was obtained from non-fumigated samples. FM was determined with the membrane filter [82] from 1 g of soil. The length of hyphae was determined with the intersection method [83]. The mass of mycelia was evaluated from the average values of cross-section (9.3 µm2), density (1.1 g mL−1), and dry mass of the hyphae (15% of the wet mass) [84]. Soil respiration was evaluated by alkali NaOH trap of CO2 evolved from fresh soil samples (5 g) during incubation of 15 days in standard condition (20 °C, 55% of water-holding capacity, in the dark), according to ISO 16072 [85]. A pre-incubation step at 20 °C for about 3 days was performed to diminish the initial CO2 flush by soil microbial community following sampling and sieving disturbance [86]. Each soil sample was incubated in 500-mL glass jar, containing 10 mL NaOH solution (0.1 M) at the bottom, at room temperature (about 25 °C) and darkness. After 1, 4, 7, 10, and 15 days of incubation, the jar was opened and the excess of NaOH solution was titrated with 0.1 M HCl solution, after adding 2 mL of 0.75 M BaCl2 and 2 drops of phenolphthalein indicator. After every time point, new NaOH solution was added and the jar with the sample was incubated again. Respiration (R; mg CO2-C g−1 d.w. d−1) was calculated as a daily average of the C-CO2 evolved during the 15-days incubation. Moreover, the mineralizable C (g CO2-C kg−1 d.w.), i.e., the maximum amount of CO2-C evolved, was calculated fitting cumulated CO2-C evolved from samples against incubation time, using a first-order pool kinetics model [87], with the following Equation (1):


   C    =      C   0     (  1   −      e    −  k ∗ t     )   



(1)




where “C” is the cumulated mineralized C (g C-CO2 kg−1 d.w.); “t” is the incubation time (days); “C0” (g CO2-C kg−1 d.w.) is the asymptotic maximum quantity of CO2-C produced; and “k” is the mineralization rate constant (days−1).



Several microbial indexes were calculated: (i) the Cfung%Cmic, derived from Cmic and fungal C mycelium data, the last being calculated, according to D’Ascoli et al. [88], based on mean values reported for C/N ratio and N content [89,90]; (ii) the quotient of mineralization (qM; CO2-C % Corg) derived from the asymptotic maximum quantity of CO2-C (C0 of the Equation (1)) and organic carbon [87]; and (iii) the metabolic quotient (qCO2; mg CO2-C g−1 Cmic d−1), calculated from respiration and Cmic [91].




2.2.4. Metagenomic Analysis


Metagenomic analysis was carried out on all the soil samples collected. DNA isolation, samples quality control, 16S Metagenomic Library Preparation, Next Generation Sequencing and bioinformatics analysis were performed by Genomix4Life S.r.l. (Baronissi, Salerno, Italy). Microbial DNA was extracted from 0.25 g of soil sample using a Danagene Microbiome Soil DNA kit (Danagen-Bioted S.L., Badalona, Spain) following the manufacturer’s instructions. Final yield and quality of extracted DNA were determined by using a NanoDrop One spectrophotometer (Thermo Scientific, Waltham, MA, USA) and a Qubit Fluorometer 4.0 (Invitrogen Co., Carlsbad, CA, USA). 16S amplification was performed using the universal primers forward U341F 5′-CCTACGGGNGGCWGCAG-3′ and reverse U785R 5′-GACTACHVGGGTATCTAATCC-3 [92], which target the hypervariable V3 and V4 region of the 16S rRNA gene. Each PCR reaction was assembled according to Metagenomic Sequencing Library Preparation (Illumina, San Diego, CA, USA). Libraries were quantified using a Qubit fluorometer 4.0 (Invitrogen Co., Carlsbad, CA, USA) and pooled to an equimolar amount of each index-tagged sample to a final concentration of 4 nM, including the Phix Control Library (Illumina; expected 30%). Pooled samples were subject to cluster generation and sequenced on the MiSeq platform (Illumina, San Diego, CA, USA) in a 2 × 250 paired-end format.





2.3. Bioinformatics and Statistics Analysis


For each variable and each experimental condition (burned and control), mean and standard deviation of 5 field replicates were calculated. Vegetation (richness, life-forms, chorotypes, and EIVs) and PPFD differences between burned and control areas were assessed by t-test. Species abundance scores were transformed in percent cover data, using the midpoint of the cover range for each category [93,94] as follows: (r) and (+) 0.5%; (1) 3%; (2a) 10%; (2b) 20%; (3) 37.5%; (4) 62.5%; and (5) 87.5%. Vascular plant diversity was assessed with the Shannon–Wiener diversity index (H’ [95]) using the percent cover data instead of the individual numbers, with the following Equation (2):


   H ′  =   −   ∑    i    =   1  k   p i  log  (   p i   )   



(2)




where “pi” is the relative proportion (%i/%tot) of a single species (i.e., obtained by the division between the cover of an individual species [%i] and the total coverage of all species found in each plot [%tot]; and “k” is the number of the species found in each plot.



Regarding soil data, a normality test (Kolmogorov–Smirnov) was applied to data sets before parametric tests; the data were transformed by log10 when not normally distributed [96]. The significance of differences between burned and control was assessed by t-test.



Multivariate analysis using the SYN-TAX software (version 2000; Podani, 2001 [97]) was applied to plant and soil data matrices to test the degree of similarity between burned and control plots. For plant data, the sampling cover scale was transformed into the ordinal scale according to Van der Maarel [98] and the obtained matrix was processed by Hierarchical Classification, using UPGMA (Unweighted Pair Group Method with Arithmetic mean) as the agglomeration criterion and Similarity ratio as the dissimilarity index, and Principal Component Analysis with the application of the Euclidean biplot to the graphical exploration of the distances among species and communities. To investigate the significance of overall differences in plant diversity between burned and control plots, we applied, to the matrix containing richness and cover data, the Permutational Multivariate Analysis Of Variance (PERMANOVA) using the “adonis” function of the “vegan” package in R (version 3.7; R Core Team, 2018) at 999 permutations.



For soil data, a matrix of bacterial family abundance values and soil properties was created and processed by Principal Component Analysis applying the Euclidean biplot to the graphical exploration of the distances among variables and samples.



Regarding bacterial data, bioinformatic processing of raw sequences was performed using the GAIA platform suite (version 2.0; Paytuví et al., 2019 [99]). After trimming, Burrows-Wheeler Alignment (BWA) tool (version 0.7.13; Li and Durbin, 2010 [100]) was used to map the 436,791 high-quality reads/pairs against custom-made databases created by Sequentia Biotech including National Center for Biotechnology Information (NCBI) sequences [101]. Reads were clustered into Operational Taxonomic Units (OTUs) using an in-house Lowest Common Ancestor (LCA) algorithm. Minimum identity thresholds were applied to classify reads into strains, species, genus, family, order, class, phylum, and domain levels. OTU distribution among samples was used to calculate rarefaction curves. Alpha and beta diversities were calculated using Phyloseq (version 3.11; Mcmurdie et al., 2013 [102]). Dissimilarities between pairs of samples were estimated using the Bray–Curtis dissimilarity index. PERMANOVA was performed using the “adonis” function of the “vegan” package in R (version 3.7; R Core Team, 2018) at 999 permutations. The relative abundances of OUTs were expressed in terms of percentage of reads while differential abundance analysis was performed by DESeq2 package (version 3.11; Love et al., 2014 [103]) using negative binomial generalized linear models.





3. Results


3.1. Fire Effects on Vascular Plants and Bryophyte Diversity


The wildfire that occurred in 2017 in the study area destroyed the tree canopy with a consequent greater penetration of light along the vertical profile of the vegetation. In fact, PPFD (µmol m−2 s−1) within the disturbed plots was significantly (t-test, p < 0.05) higher than the control plots at different heights along the profile (PPFD2: 281.37 ± 180.21 vs. 8.46 ± 4.22; PPFD1: 187.21 ± 99.60 vs. 4.92 ± 1.71; PPFD0.5: 159.26 ± 84.48 vs. 5.71 ± 2.22; and PPFD0: 87.95 ± 48.46 vs. 4.68 ± 1.80).



Vegetation sampling carried out two years after the fire event showed overall 80 vascular plant species (including five tree species at seedlings stage) (Table S2). The cluster analysis, based on the matrix of phytosociological sampling (80 species × 10 plots), clearly showed the separation of two well-defined main groups. One group corresponded to all the surveys carried out in the sites burned by the 2017 fire and the other to the control areas (Figure 3A). These results were also confirmed by PERMANOVA (F = 6.51, R2 = 0.45, p = 0.017). Based on the obtained clusters, the variation in the average number of species and the average percentage cover was analyzed for each group (Figure 3B–D).



The burned plots, compared to control plots, showed a greater floristic richness of total vascular plant species (32.6 ± 4.9 vs. 7.6 ± 4.9 species; p < 0.01) as a consequence of colonization of new taxa mainly into the herbaceous layer (29.6 ± 3.6 vs. 7.6 ± 4.9; p < 0.01) (Figure 3B and Table S2). Moreover, a significant but slight increase in plant species in the shrub (3.8 ± 1.3 vs. 1.0 ± 0.0; p < 0.01) and bryophyte (6.6 ± 1.5 vs. 3.4 ± 0.5; p < 0.01) layers was also observed in the burned plots (Figure 3B). Shannon–Wiener diversity index values, calculated for the total vascular flora, also showed significant differences between burned and unburned areas (0.94 ± 0.11 vs. 0.11 ± 0.09; p < 0.01).



Regarding the vascular species cover, as expected, lower values were observed in burned plots compared to unburned ones considering both total (76.0 ± 10.8 vs. 96.2 ± 1.6; p = 0.01) and tree layer (20.0 ± 19.7 vs. 96.2 ± 1.6; p < 0.01) average coverage (Figure 3C). In contrast, the herbaceous layer of the burned plots highlighted a great increase in coverage (66.0 ± 5.5 vs. 3.8 ± 2.7; p < 0.01) (Figure 3C), in accordance with the richness data.



From a taxonomic point of view, in addition to the total number of species, a greater number of families of vascular plants were observed in the burned plots compared to the control ones (31 vs. 14), with a great richness increase for Asteraceae (8 vs. 1 species) and Fabaceae (8 vs. 2) (Figure 3D). On the contrary, in wildfire plots, species belonging to Orchidaceae were not found (0 vs. 3) (Figure 3D).



Two years after the occurrence of the wildfire in the beech forest, structural significant differences (p < 0.05) were observed between burned and control plots with an increase in therophytes and chamaephytes, as well as a reduction in geophytes in burned plots (Figure 4A and Table S3).



Post-fire plant colonization produced a significant (p < 0.05) increase in cosmopolites, steno-Mediterranean and Atlantic species, but also a decrease in Eurasiatic plants (Figure 4B and Table S3). Fire disturbance did not produce the invasion of alien plants, which were absent also in the control sites.



Regarding the ecological features of the found vascular plants, in burned plots there was an increase of species with greater needs for light and high temperatures, as well as a reduction of plants typical of the continental climates (Figure 4C and Table S3). In contrast, changes in the specific composition did not induce significant shifts in the EIVs referring to edaphic conditions: moisture, pH reaction, and nutrient availability (Figure 4C).



Tree regeneration in terms of coverage of seedlings and suckers was not significantly different between burned and control areas. However, in the canopy gaps, Fagus sylvatica L. subsp. sylvatica and Acer opalus Mill. subsp. obtusatum (Waldst. and Kit. ex Willd.) Gams showed a greater production of seedlings (5.4 ± 8.3 vs. 1.5 ± 1.4) and suckers (6.1 ± 13.4 vs. 0.0 ± 0.0), respectively. Additionally, the total number of tree seedling species in burned plots was higher than in the unburned equivalent (5 vs. 1, Table S2).



The ordination of the sampled burned and control plots, with a data matrix of 35 species (species with frequency 1 and 2 were excluded) × 10 plots, according to the first and second principal components is depicted in Figure 5. Clustered samples of burned and control plots are highlighted along the first axis which accounted for 47.79% of the total plant community variation, with unburned plots having negative scores whereas burned plots having positive scores. However, burned plots showed a separation according to the second axis, which accounted for 16.01% of the remaining variation and reflecting their more marked heterogeneity of environmental site conditions (Table S2) with respect to the homogeneity of the unburned plots.



In addition, the graphical representation of species variables (Figure 5) in the same ordination space showed Fagus sylvatica subsp. sylvatica, Sesleria autumnalis (Scop.) F.W.Schultz, and Neottia nidus-avis (L.) Rich., in the negative score characterized by control plots. On the other hand, positive axis 1 scores were associated with a high number of species with some reaching the highest variance values such as Geranium robertianum L. (10.3%), Verbascum thapsus L. subsp. thapsus (9.7%), Digitalis micrantha Roth ex Schweigg. (5.4%), Cytisus scoparius (L.) Link subsp. scoparius (5.3%), and Trifolium pratense L. subsp. pratense (4.7%).



At species level, the wildfire produced an increase in the frequency and/or coverage in many taxa that generally grow in the surrounding study area in open environments and/or at lower altitudes, while the species typical of the beech forest showed a reduction in frequency but not in cover except for Fagus sylvatica subsp. sylvatica (Figure 6A). More specifically, the vascular plants Scrophularia vernalis L. (+5), Rubus hirtus Waldst. and Kit. group (+5), Clematis vitalba L. (+5), Neottia nidus-avis (−3), and Sesleria autumnalis (−3) (Figure 6A) showed the greatest changes in frequency. It is interesting to note that the mentioned species that increased in frequency were found only in the burned areas, while the others were found only in the control areas, and they were completely absent after the fire. Likewise, Verbascum thapsus subsp. thapsus and Digitalis micrantha showed a significant increase in coverage (p < 0.05), in addition to Fagus sylvatica subsp. sylvatica, which decreased in its coverage after the fire (Figure 6B).



Bryophytes, at the species level, have been recorded in each burned and unburned plot only as frequency. A total of 13 species belonging to 9 families were identified. Ditrichaceae, Fossombroniaceae, Funariaceae, and Lunulariaceae were found exclusively in burned plots, while Bartramiaceae only in the control plots. Brachytheciaceae, Pottiaceae, Bryaceae, and Fissidentaceae were sampled in both burned and unburned sites (Figure 7A). Changes in the frequency of each species were evident in Figure 7B with the acrocarpous Funaria hygrometrica Hedw. (+5), Lunularia cruciata (L.) Dumort. ex Lindb. subsp. cruciata (+4), as well as the pleurocarpous Homalothecium sericeum (Hedw.) Schimp. (−3), and Rhynchostegium confertum (Dicks.) Schimp. (−5) showing the greatest changes after the fire.




3.2. Fire Effect on Soil Chemical and Microbial Properties


Surface soil (0–15 cm) of unburned beech forest analyzed in this study was found to be slightly acidic (6.0 ± 0.2), and had average values of Corg, CEC and EC of 94.0 ± 31.2 g kg−1 d.w., 37.0 ± 3.3 cmol kg−1, and 0.30 ± 0.06 dS m−1, respectively. Two years after the wildfire, significant differences between burned and unburned soils were observed for pH and EC, both showed an increase in burned soil (Table 1 and Table S1). CEC marginally decreased after the fire (p = 0.054). On the contrary, no effect of wildfire was found for content in Corg, Cext and easily mineralizable C (Table 1). Similarly, total microbial biomass, fungal mycelium, and microbial activity (i.e., soil respiration) showed no significant difference between burned and control soils (Table 1 and Table S1). Moreover, burned soils did not show alterations in the relative abundance of the fungal component of the total microbial community (Cfung%Cmic), percentage of total organic C that is easily mineralizable (quotient of mineralization, qM), and metabolic status of the microbial community (metabolic quotient, qCO2), although, at the time of sampling, the drought conditions (Figure 2A) could have increased in the burned soil due to reduced tree cover (Figure 3C).




3.3. Fire Effect on Soil Bacterial Diversity


By metagenomic analysis, 436,791 high quality reads/pairs were obtained from 10 soil samples. Sequence numbers ranged from 28,999 to 58,168 reads per sample, with the number of OTUs ranging from 742 to 801. Rarefaction curves tended towards asymptote (Figure S1) indicating that the sequencing effort was sufficient, and the sequences obtained were representative of the bacterial communities in these soils. PERMANOVA further revealed that bacterial communities in the burned soil were significantly different from those in the unburned soil (F = 4.76, R2 = 0.37, p = 0.007). The identified bacterial sequencing reads belong to 36 phyla, 96 classes, 204 orders, 354 families, 707 genera, and 1012 species (Figure S2 and Table S4). The most abundant phylum was Proteobacteria (average 37.7%), followed by Acidobacteria (13.6%), Actinobacteria (11.0%), Bacteroidetes (10.1%), Planctomycetes (6.4%), Verrucomicrobia (5.4%), Firmicutes (3.4%), Gemmatimonadetes (2.7%), and Chloroflexi (1.2%). Significantly different taxa abundance in burned vs. control soils was observed for 10 phyla, 40 classes, 79 orders, 145 families, 342 genera, and 499 species, with about 50% of each taxon over-represented and 50% under-represented in burned than in control plots (Figure S2).



As presented in the Volcano plot in Figure 8A, over-represented phyla in burned soil were Euryarchaeota, Rhodothermaeota, Tenericutes, unknown Archaea(d), and Actinobacteria, while those under-represented were Candidatus Tectomicrobia, Elusimicrobia, Chlamydiae, Acidobacteria, and Synergistetes.



A clear separation of bacterial communities was found between burned and control soil as showed by cluster analysis (Figure 8B) and Principal Coordinates Analysis (PCoA) on Bray–Curtis dissimilarity index (data not shown) applied to bacterial families. The separation of burned and control soil was also evidenced by the Principal Component Analysis (Figure 8C), which was applied to a matrix of combined data concerning soil samples (bacterial families with chemical and microbial properties).



Burned and control plots were clearly clustered along the first axis which accounted for 49.52% of the variation of the composition of bacterial communities and soil microbial and chemical characteristics. Burned plots had negative scores together with higher pH and EC values, whereas unburned plots were neatly distributed with positive scores with higher values of relative abundance in fungal mycelium vs. total microbial biomass (Cfung%Cmic), Corg, CEC. On the other hand, separation according to Cmic and qCO2 was evident on the second axis which accounted for 15.42% of the remaining variation.



The graphical representation of bacterial families in the same component space showed several families (e.g., Micrococcaceae, Sphingomonadaceae, Sphingobacteriaceae, Opitutaceae, Chitinophagaceae, Oxalobacteraceae, and Comamonadaceae) in the negative score characterized by burned plots. On the other hand, other families (e.g., Caulobacteraceae, Verrucomicrobia subdivision 3, Sinobacteraceae, Rhodospirillaceae, Solibacteraceae, Acidobacteriaceae, Gemmatacea, and Micropepsaceae) were distributed along the positive scores of axis 1 corresponding to unburned plots. Finally, the positive score of unburned plots showed a clear dominance of unclassified families and others (i.e., the families with less 1% of sequences) (Figure 8C).



Burned soil showed a significant relative frequency reduction of different OTUs within the families Acidobacteriaceae, Solibacteraceae, Rhodospirillaceae and Sinobacteraceae, as well as an increase in Micrococcaceae, Comamonadaceae, Oxalobacteraceae, Pseudomonadaceae, Hymenobacteraceae, Sphingomonadaceae, Cytophagaceae, Nocardioidaceae, Opitutaceae, Solirubrobacteraceae, and Bacillaceae (Figure 9). However, Shannon index calculated for the bacterial families did not significantly differ between burned and control soils (4.66 ± 0.05 vs. 4.68 ± 0.07). Interestingly, certain species were exclusively found in the burned soils (e.g., Arthrobacter spp., Bacillus spp., Bradyrhizobium spp., Curvibacter spp., Frankia sp., Massilia spp., Pedobacter spp., and Ramlibacter spp.), whereas others (e.g., Bradyrhizobium japonicum (Kirchner) Jordan, Burkholderia spp., Dokdonella ginsengisoli Ten et al., Mesorhizobium loti (Jarvis et al.) Jarvis et al., Methylibium spp., Mucilaginibacter spp., and Rhizobacter spp.) were found exclusively in control soils.





4. Discussion


4.1. Fire Effect on Vascular Plants and Bryophyte Diversity


At the plant community level, the fire disturbance on beech forest of the Lattari Mountains which occurred in late August 2017, has removed previously established forest vegetation, releasing space for new pioneer species. The fire triggered a secondary succession process, known as “pyrogenic succession”, that started in the days following the fire and which will last for a time that is difficult to quantify. Indeed, immediately after the wildfire, the disturbed areas showed a canopy of trees and the layers of the undergrowth almost completely burned, including the litter, with part of dead beech stems standing (A. Stinca, personal observations).



Two years after the fire event, the vascular plant species richness and Shannon–Wiener diversity index values were much higher in these gaps than in unburned communities. These results, the first for Mediterranean beech forests at the southern limit of their range, are fully in agreement with the general model of early post-fire succession in Mediterranean ecosystems [104,105,106,107,108,109]. Furthermore, our results are also in accordance to similar studies that were carried out in a burned Spanish mountain beech forest [110] and other Mediterranean forest ecosystems that were affected by fires and dominated by coniferous species, such as Abies cephalonica Loudon [111], Pinus halepensis Mill. [112,113,114], Pinus sylvestris L. [110], and Pinus nigra J.F.Arnold subsp. pallasiana (D.Don.) Holmboe [115]. Although the stimulating effect of fire on plant diversity seems to be consistent to wind disturbance in the canopy gaps [116,117], the plant succession is strongly influenced by the presence of ash and biomass (i.e., live plants, uprooted trees, and litter), respectively. In fact, fire-derived ashes may have increased the content of mineral nitrogen and other nutrients in the surface layer of the soil, compared to the undisturbed understory [27,118,119].



Plant species spreading can be explained by changes in the micro-environmental conditions within the gaps. Our data confirmed the hypothesis that in the gaps the absence of forest vegetation produced higher light flux-density at ground level, higher temperature with larger diurnal, and seasonal fluctuations and lower moisture. Effectively, PPFD within the disturbed area was significantly higher than the control area along all vertical profile of vegetation. These new environmental conditions allowed the colonization of the area by short-lived species which will later disappear [105,110]. Indeed, the higher floristic richness was mainly due to the increased presence of vascular species into the herbaceous layer (especially therophytes), which are also increasing their coverage and, secondarily, to the increased number of species in the shrub and bryophytes layers. The greater number of species is also reflected in the higher taxonomic levels with a consistent increase in the number of families of vascular plants and bryophytes and their diversity. More specifically, in the burned areas, the highest numbers of Asteraceae and Fabaceae species were observed with a major increase in richness, as also observed in other meso-Mediterranean forests [111,115]. The colonization of Asteraceae species in the burned plots, for the most part, is due to their anemochorous dispersal capabilities, whose regeneration depends on long-distance seed dispersal [32]. The increase in Fabaceae species is mainly due to the soil seed bank whose dormancy is broken by fire [120,121,122,123]. In addition to soil protection against water erosion, during the first years after a fire, many Fabaceae species play an important ecological role related to their nitrogen-fixing capability. The input of organic N from legumes can stimulate the recovery of microbial activity and N cycling which further can serve to facilitate community succession and promote ecosystem resilience [124,125]. However, two years after the fire event, no Asteraceae and Fabaceae plant species showed a significant change in terms of frequency and cover in the burned areas compared to control. At species level, we observed a great frequency increase for Scrophularia vernalis, Rubus hirtus group, and Clematis vitalba, which were found in all the burned plots, but not in the unburned ones. Rubus hirtus group, which includes R. hirtus s.str. and R. glandulosus Bellardi, according to Bartolucci et al. [66], is a Eurasiatic shrub able to reproduce both vegetatively by tip-rooting, and sexually by seeds. Its seeds are easily dispersed by animals and the rate of its expansion and relation to the amount of light are well reported [126,127].



Within the gaps, changes in the micro-environmental conditions also induced the disappearance of Sesleria autumnalis, Neottia nidus-avis, Epipactis helleborine (L.) Crantz, and Cephalanthera rubra (L.) Rich. All these species require shady and fresh environments and they are normally present in the undisturbed beech wood of the study area. Regarding the orchid species, in addition to changing local microclimatic conditions, fire may have damaged their mycorrhizal fungi (mostly basidiomycetes), which are necessary for seed germination and often useful for nutrition throughout autotrophic plants’ lives [128]. Additionally, smoke from fires has antifungal properties [129,130], and hence may have reduced the activities of mycorrhizal fungi, as soil micro-organism abundance is greatest in the topsoil [17]. Two years after the fire, the lack of presence of all orchid species in the burned areas highlights the short-term negative effect on these plants of high conservation interest (Annex II of the Convention on International Trade in Endangered Species of wild fauna and flora-CITES and Regional Law of Campania 40/94 [131]). In the next years, orchids colonization and establishment in the burned areas, as well as the other undergrowth sciaphilous species, will be mostly dependent on the restoration of the trees layer.



Fire disturbance, in addition to causing the death of Fagus sylvatica trees and a clear reduction in the overall coverage of this species with a presumable reduction in slopes stability [132]), allowed significant colonization of Verbascum thapsus subsp. thapsus and Digitalis micrantha, as well as an increase of the bryophytes frequency (e.g., Funaria hygrometrica and Lunularia cruciata subsp. cruciata), species generally not present in the studied beech forest. In the Lattari Mountains, Verbascum thapsus subsp. thapsus generally occurs in open environments and was absent in the unburned beech forest due to its light requirements. Therefore, in the native range of Lattari Mountains, Verbascum thapsus subsp. thapsus colonized early post-fire communities, as it was observed in the territories where it was introduced as an exotic plant [133,134]. Similar to the observations of other authors [135,136], we also observed a germination of on-site seed in spring 2018 (A. Stinca, personal observations) probably due to the richness of its soil seed bank. In fact, Verbascum thapsus subsp. thapsus is a Eurasiatic biennial herb with rosette leaves in the first year which overwinters and is followed in the succeeding growing season by a stout flowering stem, and its seeds possess no specialized morphological adaptations for dispersal by wind or animals [137]. The Italian endemic Digitalis micrantha, which has biological traits similar to Verbascum thapsus subsp. thapsus (hemicryptophyte scapose vs. hemicryptophyte biennial), is common in deciduous forests located below 1000 m a.s.l. and more rarely grows in beech forests of the Lattari Mountains. Additionally, for this species, in the gaps of the forest, we have observed many seedlings in spring 2018 (A. Stinca, personal observations) due to its soil seed bank. Moreover, its biological form, as a hemicryptophyte, with a perennial biological cycle with overwintering buds at ground level and protected by bedding or snow, can give it fire resistance and vegetative regrowth capacity, as reported for related Digitalis thapsi L. in the burned beech forest areas from Spain [110].



Change in bryophyte species composition after the fire also follows the general model due to the environmental post-fire conditions with an increase in the frequency of acrocarpous species in burned soil and pleurocarpous in unburned soil [138,139,140]. The high frequency of cosmopolitan moss Funaria hygrometrica in the burned ground, mainly those affected by high intensity fire, is in accordance with several previous studies on post-fire bryophyte dynamics in the Mediterranean vegetation [140,141,142,143].



As for the regeneration of trees, the higher number of total seedling species found in the canopy gaps is in accordance to van Gils et al. [34]. Our result on Fagus sylvatica subsp. sylvatica is in accordance with a study regarding the regeneration after wind disturbance in an old-growth Fagus-Abies forest in Slovenia [144]. Effectively, in European beech forests, Fagus sylvatica subsp. sylvatica regeneration by seeds occurs mainly in the canopy gaps [42,116,145]. Here, the absence of litter burned by the fire may limit root necrosis of seedlings, due to autotoxic effects by extracellular self-DNA [146]. However, Fagus sylvatica subsp. sylvatica is also relatively shade-tolerant, so regeneration can survive for long periods under a closed canopy [34,36,147]. In the burned plots, we also observed many dead Fagus sylvatica seedlings, probably as a result of water and thermal stress that occurred in the summer period. On the other hand, the abundance of early post-fire colonizers also observed in our study sites, can limit beech regeneration [40]. Both these factors can explain why the cover of seedlings in the gaps was not significantly different from the unburned areas.



The change in the micro-environmental conditions produced by the fire in the investigated beech forest, in addition to a significant increase of therophytes and chamaephytes, also caused a strong reduction in geophytes, such as orchids. In alpine forests, Alberti et al. [148] found that the abundance of geophytes groups is strictly related to the degree of shading of the forest stand (e.g., tree density and canopy cover).



One of the more surprising findings in this study was the lack of alien species in the burned plots, two years post-fire. On the other hand, non-native vascular plants generally spread in the disturbed forests [117,149,150]. Our study area was located in the altitudinal range of 1176–1384 m a.s.l. within a territory little altered by human activities and this could have prevented the spread of exotic plants. Indeed, it is known that alien species richness typically declines along the elevation [151,152,153] and increases with the anthropogenic pressure [154]. Fire disturbance anyway produced a significant change in chorological features in the plant communities. The increase in the burned areas in cosmopolite (e.g., Arabidopsis thaliana (L.) Heynh., Hypericum perforatum L. subsp. perforatum, and Pteridium aquilinum (L.) Kuhn subsp. aquilinum), steno-Mediterranean (e.g., Petrosedum sediforme (Jacq.) Grulich subsp. sediforme, Silene vulgaris (Moench) Garcke subsp. tenoreana (Colla) Soldano and F.Conti, and Vicia pseudocracca Bertol.) and Atlantic species (e.g., Helleborus foetidus L. subsp. foetidus), as well as the decrease in Eurasiatic plants percentage (e.g., Cephalanthera rubra, Epipactis helleborine, Lathyrus venetus (Mill.) Wohlf., Neottia nidus-avis, and Sesleria autumnalis) was related to the colonization of many opportunistic species, typical of the initial stages of a secondary succession.



Changes in the micro-environmental conditions within the canopy gaps fit perfectly with the ecological characteristics of post-fire plant community found. Here, we recorded significant changes in EIVs related to the climatic variables: an increase in species with greater needs for light and temperatures, and reduction of plants typical of the continental climates. In contrast, changes in the specific composition did not induce any significant shifts in the Ellenberg Indicator Values (EIVs) related to the edaphic conditions: moisture, reaction (i.e., pH), and nutrient availability. These results seem to agree with the soil organic matter content and functional features of soil community (total microbial biomass, fungal mycelium, respiration, and indexes of microbial metabolism) which have been mildly or not affected by the fire.




4.2. Fire Effect on Soil Chemical and Microbial Properties


The studied soil had typical properties of Allophanic Andisol, i.e., volcanic soil with high organic C content (8%–12%) and CEC (20–50 cmol kg−1), and acidic pH (4.0–6.0) [155]. Moreover, it was non-saline (EC < 2 dS m−1 [156]).



Two years after the wildfire occurred in the beech forest of the Lattari Mountains, a significant increase in pH was observed, as also reported previously in other forest soils affected by wildfire [157,158,159,160,161]. The pH may increase up to three units as a consequence of the production of K and Na oxides, hydroxides, and carbonates, but this increase is only temporary because these compounds are very soluble and do not persist through the wet season. On the contrary, the neo-formed calcite is much less soluble and may be retained in the soil three years after burning, maintaining moderately alkaline pH in soils that were neutral to strongly acidic before burning [162]. The effect of fire on pH may depend on soil temperature reached during the burning event. Badía and Martí [163] observed a decrease in pH at 250 °C, but an increase at 500 °C.



The significant increase in EC, which is a measure of soil salinity, in burned plots may depend on the use of seawater to put out the fire [164,165], as was the case in the 2017 fire here (A. Stinca, personal observation).



A decrease in CEC was observed in the burned soil (although not statistically significant, p = 0.054), notwithstanding the organic carbon content did not change. CEC reduction, reported also by other authors [163], may be due to a decrease in the clay content. Badía and Martí [163] observed a continuous increase of the sand fraction with the increase in temperature from 25 °C to 500 °C, corresponding to a simultaneous decrease of the clay fraction; this could be due to transformations of mineral compounds, such as the thermal modifications of the Fe- and Al-silicates, which cause the fusion of clay particles into sand-sized particles.



Total organic C and labile organic (Cext and mineralizable C) contents were similar in the burned and control soils, probably because a recovery during the two years following the wildfire occurred. However, it cannot be excluded that no change in the organic matter occurred due to fire. Indeed, available studies on this topic are equivocal, as no effect, increases, or decreases, have been reported [118,119,157,158,160] during the first year after a wildfire. The effect of fire on soil organic matter depends on the fire intensity [119] and it may vary from volatilization of minor constituents, charring, or complete oxidation. During each wildfire, a fraction of burning biomass, instead of being emitted to the atmosphere as CO2 and other gases and aerosols, may be converted to “pyrogenic organic matter”, which is resistant to microbial decomposition and includes partly charred organic materials, charcoal, and soot [166]. Substantial loss of organic matter begins at 200–250 °C to complete at about 460 °C. Badía and Martí [163] reported no loss in organic matter at soil heating to 150 °C, a significant decrease at 250 °C; and a loss of 9/10 of the initial soil organic matter after a soil heating at 500 °C. It is unlikely that two years after the wildfire that we studied there was no trace of a significant loss of organic matter due to fire event; therefore, soil temperature probably was not very high during the wildfire.



Based on the observations of no change in organic C pool and the probable low temperature reached by soil during the fire, significant differences were not observed in this study between burned and unburned soil in total microbial biomass nor in the fungal mycelium. The latter microbial group is more sensitive to fire disturbance compared to bacteria, according to lower temperature thresholds in dry and moist soil (80 °C and 60 °C, respectively) compared to bacteria (120 °C and 100 °C, respectively [167]). Indeed, in contrast to the total microbial biomass, fungal mycelium was reduced during the first two years after experimental fires carried out in Mediterranean maquis with consequent reduction of the fungal component on the microbial community, evaluated as Cfung%Cmic after [27]; notwithstanding, an increase in xerotolerant and heat-stimulated fungi abundance occurred [168]. In this experiment, the temperature reached the maximum values of 219 °C at the soil surface, and of 31 °C at 5-cm depth [169]. The persistent decrease in fungal mycelium observed by these authors may be explained not only by soil heating during the fire but also by indirect effects, such as higher fluctuations in water content and temperature in the top centimeters of soils (due to plant cover reduction), the reduced availability of litter, and qualitative changes in organic substrates induced by fire and/or increased availability of toxic substance to fungi [27]. Probably, in our soil, none of these effects occurred. Similarly, no fire effect was observed, two years after the event, on microbial activity (i.e., soil respiration) and metabolic quotient (qCO2) indicating the efficiency in the use of C resource by microorganisms [170]. Fierro et al. [171] observed an increase in soil respiration and qCO2 only in the first three months after an experimental fire in Mediterranean maquis, but no differences successively. In our study we did not observe alterations in quotient of mineralization (qM) which is the percentage of organic C that can be mineralized by microorganisms in a short time in optimal conditions; thus, indicating the labile organic fraction rather than the total one.




4.3. Fire Effect on Bacterial Diversity


Proteobacteria, Acidobacteria, and Actinobacteria were the most abundant phyla in the studied soils. Our findings were supported by observations from previous studies of forests affected by wildfire. Li et al. [172] observed the same trend in the top soil of Pinus tabuliformis Carrière forest of northern China, six months after a high-severity wildfire. The same trend was observed in an Australian wet sclerophyll forest [159], where Acidobacteria (36%–42%), Verrucomicrobia (24%–39%), and Proteobacteria (12%–23%) were the most abundant phyla found in the soil under long-term frequent prescribed fire. Unlike biomass (Cmic) and total microbial activity (respiration and carbon mineralization), the composition of the bacterial community was strongly affected by the fire as evidenced by net separation of bacterial communities from burned and control soils. Five phyla were over-represented and five others were under-represented in burned soils compared to control. It is interesting to note that the most abundant phyla (Proteobacteria, Acidobacteria, Bacteroidetes, Planctomycetes, Firmicutes, Gemmatimonadetes, and Chloroflexi) were not significantly affected by fire, except for Actinobacteria, which were over-represented in burned soil. Similarly, Sáenz de Miera et al. [173] observed a clear increase in the relative frequency of Actinobacteria two months after wildfire occurred in Mediterranean ecosystems (shrublands and forest) of North-West Spain, as well as in Proteobacteria and Firmicutes, but a decrease in the Acidobacteria, Bacteroidetes, Verrucomicrobia (which disappeared in forest soil), and Chloroflexi. Xiang et al. [18] reported a significant decrease in Acidobacteria, Deltaproteobacteria, and Planctomycetes, until one year after wildfire in coniferous forests of North-East China, and in Alphaproteobacteria, until 11 years after fire. On the contrary, Betaproteobacteria significantly increased one year after fire and Actinobacteria was not affected. In Chinese Pinus tabuliformis forest, Li et al. [172] observed an increase in Proteobacteria and Actinobacteria abundances, but significantly lower relative abundances of Acidobacteria, Verrucomicrobia, and Chloroflexi after a high- or moderate-severity wildfire.



While the bacterial family richness did not change, the composition in the two different conditions was significantly different. As other authors also reported, soil pH was one of the major factors contributing to the observed bacterial community variations [18,159]. Some families were under-represented (Acidobacteriaceae, Sinobacteraceae, Rhodospirillaceae, and Solibacteraceae), whereas others were over-represented (Sphingomonadaceae, Iamiaceae, Nocardioidaceae, Opitutaceae, Comamonadaceae, Oxalobacteraceae, Micrococcaceae, Pseudomonadaceae, Cytophagaceae, Solirubrobacteraceae, Bacillaceae, and Hymenobacteraceae) in burned soil compared to control. The increase in pH could explain the reduction in Acidobacteriaceae, as suggested also by other authors [18,159].



Within Micrococcaceae, Arthrobacter spp. were found only in burned soil and lacking in the control; the same occurred also for Bacillus species. Similarly, Sáenz de Miera et al. [173] observed an increase in the relative abundance of Arthrobacter. Some species of the genera Arthrobacter and Bacillus are capable of degrading polycyclic aromatic hydrocarbons, some of which (deriving from the organic matter) accumulate in the soil during the fires [173]. In a burned woodland soil, Andreolli et al. [174] found phenanthrene, benzo(a)anthracene, chrysene, benzo(k)fluoranthene, and benzo(a)pyrene. Whitman et al. [175] identified Arthrobacter sp. and Massilia sp. as positive fire responders. Arthrobacter, which can survive fires because of its ability to resist starvation, desiccation, and oxidative stress and to thrive on the fire-linked aromatic C sources, may play a role in post-fire nitrogen cycling and phosphorus solubilization; therefore, it has important effects on plant growth [175].





5. Conclusions


Although high-intensity wildfires frequently threaten the Mediterranean forest ecosystems, few studies regarding their impacts on beech forests have been conducted. As far as we know, our research is the first on the change in relationships between multi-level beech forest biodiversity and key soil features linked to soil functioning in secondary succession process after a wildfire. Moreover, this study is the first in which total vascular flora is analyzed to understand the impact of fire and the recovery of vegetation in burned beech forests. In this research we demonstrated the dramatic effect on plant composition and soil bacterial community composition, even two years after the wildfire occurred in a coastal beech forest located in southern Italy. In the forest gaps, changes in micro-environmental conditions due to wildfire have triggered a plant secondary succession process with the colonization by many pioneer species which generally grow in the surrounding study area in open environments and/or at lower altitudes. Noteworthy was the increase in the coverage or frequency of the vascular species Verbascum thapsus subsp. thapsus and Digitalis micrantha, as well as the bryophyte Funaria hygrometrica. At the same time, we observed the disappearance of all orchid species and significant changes in the structural (increase of therophytes and chamaephytes, and reduction of geophytes), chorological (increase of cosmopolites, steno-Mediterraneans and Atlantics, and decrement of Eurasiatics) and ecological features (increase of species with greater needs for light and temperatures, reduction of those typical of continental climates) of the studied plant community.



Furthermore, we also identified an effect of fire on the microbial community composition. As far as we know, this is the first studies conducted, in which the quantitative and qualitative composition of bacteria is significantly altered following a fire in a beech forest. Our results identify specific fire-responsive microbial taxa and provide support for possible successful post-fire ecological strategies with potentially important implications for ecosystem functions. Microorganisms can be good indicators of the health status of a forest ecosystem, and thus used to monitor soil recovery. Indeed, some bacterial groups that are likely to play key functional roles in these soils, can be lost following a fire. Recovering and inoculating them from unaltered soils could help accelerate forest recovery.



Soil pH change was the main chemical driver of bacterial community composition and microbial community structure in terms of relative abundance of fungal vs. total microbial biomass. While the effect of the fire on soil microbial community composition was still detectable two years after the fire, functional features of this community (total microbial biomass, fungal mycelium, respiration, and indexes of microbial metabolism) appeared unchanged between burned and control plots, reflecting the unchanged organic matter resource both as total pool (Corg) and its more labile fractions (Cext, mineralizable C). This result suggests that soil functions, such as organic matter decomposition and consequent nutrient mineralization, were guaranteed in burned soil, so that nutrient availability for the plant community should not be modified compared to unburned plots. Therefore, it can be expected that the re-establishment of this beech forest will not be limited by the alteration in soil properties, and it may occur even if it takes a long time, which is typical of ecological succession.



In conclusion, in the study area, where current climatic changes could include an increase in drought periods and, consequently, cause an increase in fire frequency and intensity, the disturbance effects of wildfires on less fire-prone vegetation, such as Mediterranean beech forests, represent an escalating problem. However, to date, very little is known about the temporal trends and factors that trigger post-fire regeneration processes and biodiversity conservation. We stress that further comprehensive mid-term monitoring studies are needed to properly assess the fire effects and plan subsequent management actions for the coastal beech forests restoration after wildfires.
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Figure 1. Location in southern Italy and Campania region (red circles) of the study area (A). Burned (B) and control (C) plots with related tree canopies (B’,C’) (photos by A. Stinca). 
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Figure 2. (A) Values of mean monthly temperatures (°C, orange curve) and total monthly rainfall (mm, light blue bars) of the study area during the 2017–2019 period calculated by daily data recorded by Multi-risk Civil Protection Functional Centre of Campania Region, Agerola station (red and green arrows indicate the time of wildfire event and field samplings, respectively). (B) Average values ± standard deviations of photosynthetic photon flux density (PPFD) in control closed-canopy (blue) and burned canopy gap (yellow) plots. 
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Figure 3. Dendrogram of cluster analysis (A) based on vascular plants coverage data using the average linkage (UPGMA) as the agglomeration criterion and the Similarity ratio as dissimilarity index. Comparison between burned and control areas in terms of species richness (B) and coverage (C) in total vascular plant community (Vascular plant), tree layer (Tree), shrub layer (Shrub), herbaceous layer (Herb), and bryophyte layer (Bryophyte) (mean + standard deviation, and raw data are available in Table S2). Number of plant species within each plant family in burned and control plots (D) (total values). 
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Figure 4. Variations of life-forms (A), chorological types (B), and Ellenberg Indicator Values (C) in burned and control plots (total values; rectangles define 25th and 75th percentiles, horizontal lines show median values, whiskers indicate extreme values, t-test p < 0.05, and raw data are available in Table S3). 
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Figure 5. Biplot of the Principal Component Analysis of burned (yellow circles) and control (blue circles) plots with the indication of vascular plant species (grey circles) in the first two principal components space. 
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Figure 6. (A) Main vascular plant species that showed an increase or a reduction in frequency and coverage after the wildfire (total values; the original cover categories for individual species were converted to percent cover using the midpoint of the cover range for each category). (B) Variation in coverage of Verbascum thapsus subsp. thapsus, Digitalis micrantha, and Fagus sylvatica subsp. sylvatica in burned and control plots (total values; rectangles define 25th and 75th percentiles, horizontal lines show median values, whiskers indicate extreme values, t-test p < 0.05, and raw data are available in Table S3). 
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Figure 7. (A) Number of bryophyte species within each family in burned and control plots (total values). (B) Frequency changes of bryophytes species after the wildfire. 
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Figure 8. (A) Volcano plot representing the relationship between the fold-change (on the X-axis) and the significance of the differential abundance test (Y-axis) for each phylum operational taxonomic units (OTU) (grey circles represent the OTUs that are not significantly differentially represented, while red and green circles are the OTUs that are significantly over- and under-represented in burned soil, respectively). (B) Cluster analysis and family level composition of each sample (dendrogram is based on family OTU percentage abundance, using Euclidean distance; only families accounting for at least 1% of sequences are included; all other families are grouped into “Others”). (C) Biplot of the Principal Component Analysis of burned (yellow circles) and control (blue circles) plots with the indication of bacterial families (grey circles) and soil variable vectors (grey lines) in the first two principal components space. 
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Figure 9. Variations in bacterial richness within main families, between burned and control (n. of row reads; rectangles define 25th and 75th percentiles, horizontal lines show median values, and t-test p < 0.05). Raw data and differential analysis results are available in Table S4. 
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Table 1. Mean values (± standard deviations) of soil pH, electrical conductivity (EC), cation exchange capacity (CEC), organic carbon (Corg), extractable organic C (Cext), mineralizable C content, microbial biomass (Cmic), fungal mycelium (FM), fungal percentage of Cmic (Cfung%Cmic), respiration, quotient of mineralization (qM), and metabolic quotient (qCO2), in the burned and control plots. Significant (p < 0.05) differences between treatments (determined by t-test), for each variable are indicated by different letters in superscripts.
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	Variable
	Burned
	Control





	pH
	6.5 (±0.2) b
	6.0 (±0.2) a



	EC (dS m−1)
	0.40 (±0.06) b
	0.30 (±0.06) a



	CEC (cmol kg−1 d.w.)
	27.1 (±9.2)
	37.0 (±3.3)



	Corg (g kg−1 d.w.)
	86.4 (±21.7)
	94.0 (±31.2)



	Cext (g kg−1 d.w.)
	0.9 (±0.5)
	1.2 (±0.3)



	Mineralizable C (g CO2-C kg−1 d.w.)
	1.8 (±0.4)
	1.9 (±0.2)



	Cmic (mg g−1 d.w.)
	1.9 (±1.2)
	1.2 (±0.8)



	FM (mg g−1 d.w.)
	0.9 (±0.3)
	1.1 (±0.3)



	Cfung%Cmic
	22.4 (±13.1)
	38.9 (±15.4)



	Respiration (mg CO2-C g−1 d.w. d−1)
	0.15 (±0.03)
	0.15 (±0.01)



	qM (CO2-C % Corg)
	2.2 (±0.4)
	2.2 (±0.8)



	qCO2 (mg CO2-C g−1 Cmic d−1)
	107.7 (±61.2)
	168.0 (±92.5)











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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