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A B S T R A C T   

Mulches are highly effective in mitigating the risk of erosion generated after wildfires in fire-prone ecosystems. 
Despite being a technique commonly used, it remains completely unexplored how mulches interact with the 
positive effects of the emergent moss biocrust on the recovery and resilience of soils and their microbial com
munities. For this purpose, the effects of wood-based mulch were assayed on the soil stability and moisture 
improvement, the nutrient inputs, and the response of microbial biomass, activity, composition, and diversity. 
Soils were studied after one year of wood mulch application at two rates representing possible scenarios, “Rate 1” 
(65 % of soil cover), and “Rate 2” (100 % of cover), and “Control” soils without mulch. The biocrust development 
had a positive impact on soil aggregate stability and moisture retention before mulch application. However, one 
year after the mulch application the biocrust cover was drastically inhibited, especially at the highest rate of 
mulch. Independently of the biocrust presence, soils at Rate 1 registered a tendency to higher nitrogen content, 
available phosphorous, basal respiration, and microbial biomass carbon, suggesting an incipient recovery of soil 
conditions and soil functionality. However, the microbial community composition became more homogeneous 
and less diverse under the mulch presence (regardless of the application rate), and the positive effect of moss 
biocrust emergence on the microbial diversity was diluted after one year. The fungal community was particularly 
sensitive to the wood mulch presence, increasing in richness in response to fresh wood incorporation to soils, in 
particular saprotrophs and yeasts. The fungal and bacterial compositional shifts after the mulch application 
reveal an incipient wood decomposition stage, but the transitory loss in beta diversity after the moss biocrust 
suppression warns about the necessity of including the microbial diversity information into post-fire manage
ment planning. Studying the effects of forest management on the above and belowground soil communities is 
essential to understanding the resistance and resilience of semi-arid forests to the increasing intensity and 
severity of wildfires.   

1. Introduction 

Fire has historically played a key role in shaping the structure and 
distribution of above and belowground communities in the Mediterra
nean ecosystems (McLauchlan et al., 2020; Pausas and Keeley, 2009). 
However, fire events are expected to become more frequent and severe 
in the near future as a result of land-use changes and climate-change 
induced scenarios (Moreira et al., 2020), threatening the ability of 
ecosystems to recover after extreme wildfires. Since soil microbial 
communities are involved in critical ecosystem services related to 

nutrient cycling and soil formation (Bardgett and Van Der Putten, 2014), 
understanding their recovery after wildfires is essential for the sustain
able management of ecosystems in the context of increasing fire dis
turbances (Adkins et al., 2020; Pellegrini et al., 2018). High severity fires 
reduce soil microbial biomass, decrease microbiome diversity, and 
profoundly reshape the microbial community composition (Nelson 
et al., 2022; Pressler et al., 2019), a response that is indirectly modulated 
via changes in the biogeochemical soil properties and the post-fire 
vegetation recovery (Dove et al., 2020; Pérez-Valera et al., 2020). In 
particular, during the first years after high-intensity fires biocrust- 
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forming mosses dominate the colonization in semi-arid areas, revealing 
an interesting role as ecosystem engineers after the disturbance (Espo
sito et al., 1999; Ladrón De Guevara and Maestre, 2022; Weber et al., 
2022), stabilizing the soil surface and accelerating the recovery of soil 
functions (García-Carmona et al., 2022; Muñoz-Rojas et al., 2021). 
Active restoration may be required if sites have suffered intense degra
dation; however, the combined effects of these operations with the 
passive effects of the emergent moss biocrust on soil microbial recovery 
remain unexplored. 

Mulching is considered the most cost-effective treatment among the 
emergency stabilization actions to mitigate the risk of erosion after 
wildfires in fire-prone ecosystems (Girona-García et al., 2021). In 
particular, wood-based mulches are highly effective since comprise 
materials with great resistance to wind displacement and longevity due 
to their decay resistance (high lignin and low N content) (Jonas et al., 
2019). However, relatively little is known about the potential implica
tions of adding wood mulches for the recovery and resilience of above 
and belowground communities in fire-affected ecosystems. The major 
drawback of wood mulch is inhibiting vegetation recovery (Bautista 
et al., 2009; Castro, 2021), but the effect on biocrust development is 
particularly unclear. While most moss species are associated with humid 
and shaded sites, some of them take advantage of high light intensity, 
temperature, and soil nutrient status of open sites as in drylands (Ladrón 
De Guevara and Maestre, 2022). On the other hand, wood-based 
mulches could promote microbial activity and abundance throughout 
the softening of microclimatic conditions (e.g., increase soil moisture) or 
nutrient release, with subsequent shifts in the microbial community 
composition (Ammitzboll et al., 2022; Goodell et al., 2020). Indeed, 
after the strong perturbation that a wildfire represents to nutrient 
cycling, the burnt wood constitutes a nutrient stock that progressively 
fertilizes the soil, eventually supporting higher soil biodiversity (Juan- 
Ovejero et al., 2021; Thorn et al., 2018; Thorn et al., 2020; Tláskal et al., 
2021). During the decay process, changes in composition and abundance 
of wood-inhabiting bacteria and fungi affect the diversity and compo
sition of soil microbial communities (Baldrian et al., 2012; Urbanová 
et al., 2015), a process not examined in fire-affected soils after mulch 
application. 

This study aims to evaluate whether the recovery and resilience of 
soil microbial communities are promoted after burnt wood mulch 
application in soils recently affected by a wildfire in a semi-arid Medi
terranean forest, where an emergent moss biocrust pioneered soil 
colonization. In a previous work, it was shown ruderal mosses softened 
the impact of the wildfire on soils in the short term, allowing faster re
covery of microbial communities toward the unburned soils (García- 
Carmona et al., 2022). The specific objectives of the study were (i) to 
determine the effects of wood mulch application in combination to moss 
biocrust on the soil physicochemical (aggregate stability, soil moisture, 
organic carbon, Kjeldahl nitrogen, available phosphorous), biological 
(soil basal respiration, microbial biomass, PLFAs), and biochemical 
(enzymatic activities) properties, (ii) to study the changes in diversity 
and composition of the microbial communities due to the mulch appli
cation, and elucidate the relevance of the interaction with the biocrust 
presence, and (iii) to identify which soil properties become dominant 
drivers of fungal and bacterial community compositional shifts. For this 
purpose, soils were studied after one year of wood mulch application at 
two rates representing different management scenarios (65 % and 100 % 
of soil cover). We hypothesized that the wood mulch applied at a 
moderate rate favours the activity, abundance, and diversity of soil 
microbial communities through nutrient introduction and the 
improvement of soil aggregation and moisture, while negatively inter
acting with biocrust development. Moreover, adverse consequences for 
the microbial abundance, activity, and diversity were expected under a 
total cover of mulch after the reduction in microenvironment hetero
geneity. Understanding the soil microbiome response to the mulch 

application and the moss biocrust will provide valuable information for 
the success of post-fire management strategies toward accelerating the 
recovery and conservation of vulnerable semi-arid ecosystems affected 
by wildfires. 

2. Materials and methods 

2.1. Study site 

The area of study was located in “Sierra de la Replana”, a public land 
in Beneixama, Alicante (E Spain) that lacked previous management. 
Climate is characterized by a warm Mediterranean, dry-hot summers 
with 3–4 months of droughts, and wet-warm spring, autumn and winter. 
Annual mean temperature is 14.9 ◦C and annual mean precipitation 456 
mm. Vegetation in the area is dominated by Pinus halepensis Mill. trees 
from afforestation of around 50 years old, together with Quercus ilex L. in 
lower abundance, and typical Mediterranean shrubs species such as 
Quercus coccifera L., Rosmarinus officinalis L., Juniperus phoenicea L., 
Juniperus oxycedrus L., Ulex parviflorus Pourr., Erica multiflora L., Stipa 
tenacissima L., and Stipa offneri Breistr. The slopes are terraced and face 
south, with soils characterized by a shallow depth (30–40 cm) and clay 
loam texture (29 % clay, 49 % silt, 22 % sand) and classified as Typic 
Xerorthent (Soil Survey Staff, 2014). 

A wildfire in July 2019 burned 862 ha with fire severity classified as 
moderate to high according to Keeley (2009): understory plants were 
charred or consumed, fine dead twigs on soil surface were consumed and 
logs charred, and soils were mainly covered by grey color ash. In early 
September 2019, salvage logging was carried out in the area, which 
consisted of a complete extraction of the burnt wood using heavy ma
chinery. After strong precipitation events, soils were exposed to 
important erosion processes. Slopes facing south had evidence of the 
highest impact of soil degradation seven months after the wildfire, i.e., 
soil loss in surface, rills formation, and lower revegetation in comparison 
to slopes facing north. Biocrust-forming mosses dominated the vegeta
tion colonization of the fire-affected soils, patchily distributed protect
ing soils from water erosion. The positive effects of the early appearance 
of ruderal mosses accelerating the recovery of soils and microbial 
communities were revealed in a previous study (García-Carmona et al., 
2022). 

2.2. Mulch treatments, experimental design and sampling 

In February 2020, seven months after the wildfire and subsequent 
salvage logging, wood mulch, as soil protective intervention, was 
applied prior to the spring rainfalls in a representative degraded area of 
slopes facing south. Mulch composed of the chopped pine residues (Pinus 
halepensis Mill.) with wood chips around 5 cm wide and 0.5 cm thick was 
manually applied. Three treatments were evaluated, i.e., mulch appli
cation at two rates, a medium rate (“Rate 1”) and a high rate (“Rate 2”), 
and non-application (“Control”). The rates were selected according to 
the percentage of soil covered by mulch, with Rate 1 covering 65 % of 
soil (11 Mg ha− 1), and Rate 2 reaching 100 % of soil covered (27 Mg 
ha− 1). The selection of rates simulates the mulch application rates that 
are possibly performed in the field, a minimum of 60 % of cover is 
suggested as being necessary to reduce post-fire erosion rates (reviewed 
in Robichaud et al., 2013), and a total soil cover simulating high accu
mulation of woodchips in extended areas. 

Twelve experimental plots (2 m × 2 m) were randomly established 
along the same hillside at different altitudes. Three plots per treatment, 
nine in total, were established in the fire-affected area, and another 
three experimental plots used as reference in a nearby-unburned area 
located approximately 500 m and at least 100 m away from the fire 
edge. Two samplings were conducted, the first one right before the 
mulch application (February 2020), and the second, one year after the 
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application (February 2021). The moss biocrust cover was 30 % on 
average at each experimental plot in the burned area. At each sampling, 
four soil samples were collected from the top 2.5 cm of soil, randomly 
extracted within each experimental plot (after the manual removal of 
wood mulch): two of them under the moss biocrust and the other two in 
soils without biological crust (uncrusted). In the unburned area, the 
presence of mosses was almost negligible (<5 %) and was not included 
in the experimental design considering the nature-based differences 
from the burned area (García-Carmona et al., 2022), thus two soil 
samples were collected per plot at 2.5 cm after the removal of organic 
debris. Due to logistical restrictions, 70 samples from the total 84 (3 
treatments × 3 plots × 4 samples + 3 unburned plots × 2 samples, × 2 
sampling years) were selected for the present study: 15 in uncrusted soils 
(5 per treatment), 15 under mosses (5 per treatment), and 5 from the 
unburned soils for each sampling. 

The moss biocrust cover monitoring was performed at each experi
mental plot and each sampling (after the manual removal of mulch in 
the second sampling) using four random replicates of a 25 cm × 25 cm 
quadrat (divided into 100 cells). 

2.3. Soil analysis 

For each soil sample, one aliquot was sieved at 2 mm and frozen at 
− 20 ◦C for DNA extraction and lipid fatty acid analysis, one aliquot was 
kept at 4 ◦C for biological (soil basal respiration and microbial biomass) 
and biochemical parameters (enzymatic activities), and the remainder 
was dried at room temperature. From the dry sample, one aliquot was 
sieved between 4 mm and 0.25 mm for the aggregate stability test, and 
the rest was sieved at 2 mm for the physicochemical analyses. 

Aqueous extracts of 1:2.5 and 1:5 (w/v) were used to measure soil pH 
and electrical conductivity. Soil organic carbon was determined by the 
Walkley-Black method (Nelson and Sommers, 1983), the total nitrogen 
by the Kjeldahl method (Bremner and Mulvaney, 1982), and the avail
able phosphorous by the Burriel-Hernando method for alkaline soils 
(Díez, 1982). For the aggregate stability, the proportion of aggregates 
that remained stable after an artificial rainfall was quantified (279J 
min− 1 m− 1 of energy) (Roldán et al., 1994). Soil moisture was measured 
after drying field wet soils for 24 h at 105 ◦C. 

The microbial biomass carbon was determined by the fumigation- 
extraction method (Vance et al., 1987), and soil basal respiration was 
estimated in an automated impedance-meter based on changes in the 
impedance of a KOH solution (2 %) after CO2 emissions by soil micro
organisms incubated at 30 ◦C for 24 h (BacTrac 4200 Microbiological 
Analyser, Sylab, Austria). Regarding the enzymatic activities, the urease 
activity measurement was based on the release of NH4

+ from hydrolytic 
reactions where soil samples were exposed to the substrate urea (Nan
nipieri et al., 1981), and β-glucosidase and alkaline phosphomonoes
terase activities were quantified colorimetrically as the p-nitrophenol 
produced during the incubation of soil with the substrates p-nitrophenyl- 
β-D-glucopyranoside and p-nitrophenyl phosphate disodium salt, 
respectively (Naseby and Lynch, 1997; Tabatabai, 1983). 

The microbial community biomass was estimated by the phospho
lipid fatty acid analysis (PLFA) and neutral lipid fatty acid analysis 
(NLFA), extracted by chloroform-methanol-phosphate buffer mixture, 
and analysed by gas chromatography–mass spectrometry (450-GC, 240- 
MS ion trap detector, Varian, Walnut Creek, CA, USA) as described in 
Frouz et al. (2016). Fungal biomass was quantified based on 18:2ω6,9 
content, and bacterial biomass as the sum of i14:0, i15:0, a15:0, 16:1ω7t, 
16:1ω9, 16:1ω7, 10Me-16:0, i17:0, a17:0, cy17:0, 17:0, 10Me-17:0, 
10Me-18:0, and cy19:0 (Stella et al., 2015). The biomass of arbuscular 
mycorrhiza was estimated using 16:1ω5 concentration in the NLFA 
fraction (Bååth, 2003). 

2.4. DNA extraction and sequencing analysis of fungal and bacterial 
communities 

The DNeasy PowerSoil Pro DNA isolation kit (Qiagen) was used to 
isolate the DNA, then quantified using the Qubit High Sensitivity dsDNA 
Assay (Thermo Fisher Scientific). 

For the fungal community the ITS2 region was amplified using the 
primers ITS86F and ITS4 (Op De Beeck et al., 2014), and for the bacterial 
community the V4 region of the16S rDNA using the primers 515F-Y 
(Parada et al., 2016) and 806R (Apprill et al., 2015). PCRs were car
ried out as follows: an initial denaturation step at 95 ◦C for 5 min, fol
lowed by 35 cycles of 95 ◦C for 30 s, 49 ◦C for 30 s, 72 ◦C for 45 s, and a 
final extension step at 72 ◦C for 7 min. Libraries were purified using the 
Mag-Bind RXNPure Plus magnetic beads (Omega Biotek), and then 
pooled in equimolar amounts according to the quantification data pro
vided by the Qubit dsDNA HS Assay (Thermo Fisher Scientific). The pool 
was sequenced in a fraction of a NovaSeq PE250 lane (Illumina). 

The amplicon sequencing data was processed using the SEED 2 
pipeline (Větrovský et al., 2018), in which paired-end reads are joined 
using fastq-join, reads are quality filtered, and short and long sequences 
are trimmed. The ITS2 region was extracted using the ITSx software 
before processing (Bengtsson-Palme et al., 2013). Chimeric sequences 
were detected and deleted using Usearch 8.1.1861 (Edgar, 2010), and 
the remaining sequences were clustered into operational taxonomic 
units (OTUs) using UPARSE implemented within USEARCH (Edgar, 
2013) at a 97 % similarity level. After singletons removal, the most 
abundant sequence of each OTU was selected for cluster identification. 
The identification of bacterial and fungal sequences was performed 
using BLASTn against the Ribosomal Database Project (Cole et al., 2014) 
and UNITE (Nilsson et al., 2019), respectively. Sequences identified as 
non-bacterial or non-fungal were discarded. Identification at genus-level 
was performed at ≥97 % similarity and ≥95 % coverage to merge into a 
single taxon, and when lower similarity, lower coverage, or both, the 
best available identification was used. Fungal genera were used to assign 
putative ecophysiological categories using the FungalTraits (Põlme 
et al., 2020). 

2.5. Statistical analysis 

All the analyses were performed using RStudio v. 4.0.5 (RStudio 
Team, 2021). 

The effect of the wood mulch application on the moss biocrust cover 
was tested with ANOVA test, after verifying the statistical parametric 
assumptions. For the study of soil properties, linear mixed models 
approach was adopted using the “nlme” package (Pinheiro et al., 2022). 
Fixed factors were “Time” (T0, experiment starting point, and T1, one 
year after the treatments), “Treatment” (Rate1, Rate2, and Control), 
“Mulch” (agglutination of both mulch application rates versus control), 
and “Crust” (uncrusted soils and moss biocrust soils). The experimental 
plots were included as random effect, and replicates within each plot 
were nested into plots to deal with the potential spatial correlation. 
Linear models, linear mixed models with plots as random effects, and 
mixed models with replicates nested into plots as random effects were 
evaluated, and the selection of the model was done according to the 
lowest AICc (second-order AIC) (see Appendix B for the summary of the 
statistical models). Unburned soils were excluded from these models but 
included when performed multiple comparisons (Tukey test, p < 0.05) 
for the combination of treatments and crust presence effects on soil 
properties at each sampling year. The relationship among all soil pa
rameters was explored at T1 using principal component analysis (PCA) 
with the “FactoMineR” package (Lê et al., 2008). 

For OTU tables, all samples were resampled to equal the smallest 
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library size using the “phyloseq” package (McMurdie and Holmes, 
2013). The effect of geographic distance among experimental plots 
along the slope on the microbial community was discarded after 
exploring possible distance-decay patterns (Morlon et al., 2008). From 
the rarefied matrices, OTU richness was calculated, and the effects of 
“Time”, “Treatment” and “Crust” explored (see Appendix B). To test the 
impact of “Time”, “Crust”, “Treatment” and “Mulch” in the microbial 
community structure in burned soils, permutational multivariate anal
ysis (PERMANOVA) was carried out using 9999 permutations, and then 
visualized with non-metric multidimensional scaling (NMDS) ordination 
analysis based on Bray-Curtis distances of OTU relative abundances 
(including the unburned soils). Variation partitioning analyses were 
performed to explore the effects of factors and soil parameters on the 
microbial community variation. Then, the identification of the soil 
drivers was determined with redundance analyses (RDA). First, multi
collinearity of variables was avoided with the calculation of the variance 
inflation factor (values > 10 were sequentially removed). Then, forward 
selection was performed to select the constraining variables. The 
compositional matrices were transformed using Hellinger trans
formation before the analysis. 

Shifts of dominant fungal and bacterial taxa were explored after the 
treatment application and the crust presence at T1. Significant differ
ences were tested using the relative abundances at different phyloge
netic ranks (phylum to genus-level) with the non-parametric Kruskal- 
Wallis test, with p-values correction based on Benjamini–Hochberg 
false-discovery rate with 95 % confidence interval. The same analysis 
was performed for ecophysiological categories of the fungal community. 

3. Results 

3.1. Mulch effects on moss biocrust cover 

The moss biocrust cover survey revealed remarkable differences in 
response to the rate of mulch application used (Fig. 1). With a starting 
point of 30 % of moss cover seven months post-fire, one year later the 
biocrust cover increased up to 82 % in soils without any treatment 
(control). In contrast, the development of mosses was negatively 

affected by the mulch application, with a 2-fold lower cover under Rate 
1 (42 %), and 4-fold lower under Rate 2 (18 % of moss cover). 

3.2. Mulch effects on physicochemical, biological, and biochemical soil 
properties in crusted and uncrusted burned soils 

The fire event significantly increased the P content in burned soils, 
whereas all biological and biochemical properties, except for basal 
respiration, were negatively impacted remaining low over time 
(Table 1). Microbial biomass carbon remained lower in Rate 2 than at 
control and Rate 1 soils, in which biomass significantly increased under 
moss biocrust. The higher aggregate stability in uncrusted soils at T0 
was unnoticeable at T1 after the stability increase over time under 
mosses. Soil moisture was higher under moss biocrust at T0, but dif
ferences decreased at T1 due to a relatively higher increase in moisture 
in uncrusted soils than in biocrust soils. Regarding the PLFA and NLFA 
biomarkers, bacterial biomass increased over time while fungal biomass 
remained reduced after the wildfire, particularly in the case of arbus
cular mycorrhiza (Table A1). Whereas the mulch application negatively 
impacted the fungi biomass, neither fungi nor bacteria responded to the 
moss biocrust. 

The PCA (Fig. 2.) showed Rate 2 soils differed from Rate 1 soils, 
which shared more similarities with control soils. The slight increase in 
Rate 1 of organic carbon, N, and electrical conductivity grouped the 
variables close to the unburned soil, represented by the higher basal 
respiration and aggregate stability. 

3.3. Richness and diversity of microbial communities 

The evolution of fungal and bacterial richness differed over time 
(Fig. 3). Fungal richness experienced a significant increase during the 
year of the experiment, although values were still below the unburned 
soils 19 months after the fire. In contrast, bacterial richness remained 
constant over time, except under mosses in control soils which signifi
cantly decreased in T1. 

Both fungi and bacteria communities expressed similar structure 
patterns. The time elapsed, the crust presence, and the mulch applica
tion (independently of the application rate) strongly shaped the fungal 
and bacterial communities (Table A2). The strong fire legacy on the 
microbial community was represented along the X-axis in the ordination 
plot, clearly separating the unburned and burned communities (Fig. 4). 
At the beginning of the experiment (T0), moss biocrust strongly influ
enced the microbial communities; however, those dissimilarities were 
not appreciable after one year of mulch application (Fig. A1). Commu
nities treated with mulch expressed more similarity, independently of 
the crust presence, in contrast to control soils that showed more 
dispersion (Fig. 4). 

3.4. Relationship the environmental variables under mulch and microbial 
communities 

The variation partitioning revealed high stochasticity in the micro
bial assembly. However, most variation was attributable to soil prop
erties (Table A3). For the fungal community, soil moisture strongly 
influenced communities under mosses, and variations in aggregate sta
bility and nitrogen influenced control and Rate 1 soils, distributed 
oppositely to Rate 2 soils (Fig. 5). The bacterial community under 
mosses was statistically influenced by changes in the phosphorous, 
while variations in organic carbon and soil moisture influenced the 
community under both mulch treatments (Fig. 5). 

Fig. 1. Moss cover in soils after one year of mulch application. Different 
lowercase letters indicate significant differences among treatments (p-value 
<0.05, Tukey test). 
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Table 1 
Physicochemical and biochemical soil properties after mulch application at two rates in soils with the presence of crust (moss biocrust) and without it (uncrusted soils). The data represent means and standard deviations at 
the beginning (T0) and end of the experiment (T1), and lowercase letters indicate significant differences among soils (post-hoc Tukey test, p-value <0.05). Significance for factors “Time” (T0 and T1), “Crust” (moss 
biocrust vs. uncrusted soils), “Treatment” (control and soils under mulch application at Rate1 and 2) are included, and the interaction between factors. n.s. not significant at p-value >0.05 (see Appendix B for the summary 
of the statistical models tested).  

Treatment Crust Organic carbon 
(%) 

Nitrogen (%) Phosphorous (mg 
kg− 1) 

Aggregate 
stability (%) 

Soil moisture 
(%) 

Basal respiration 
(mg CO2 kg− 1) 

Microbial biomass 
(mg CO2 h− 1 

kg− 1) 

Glucosidase (μmol 
PNP g− 1 h− 1) 

Phosphatase 
(μmol PNP g− 1 

h− 1) 

Urease (μmol N- 
NH4+ g− 1 h− 1) 

T0 T1 T0 T1 T0 T1 T0 T1 T0 T1 T0 T1 T0 T1 T0 T1 T0 T1 T0 T1 

Unburned  5.53 
±

1.64 

5.50 
±

0.55 

0.36 
±

0.11 

0.38 
±

0.053 

4.07 
±

1.25 

4.07a 
± 0.86 

75.9 
±

12.5 

83.0 
± 3 

12.7 
± 5.7 

16.3 
± 4.9 

12.3b 
± 3.4 

15.4 
± 3.1 

753b 
± 179 

614c 
± 85 

1.67 
±

0.22 

2.14b 
± 0.3 

2.45b 
± 0.53 

2.39b 
± 0.32 

2.10b 
± 1.07 

1.82b 
± 0.55 

Control Uncrusted 4 ±
1.22 

5.01 
±

1.09 

0.25 
±

0.07 

0.33 
± 0.06 

25.7 
± 22 

29ab ±
25 

77.7 
± 12 

83.2 
± 10 

11.8 
± 4.7 

16 ±
3.8 

8.2a 
± 1.3 

13 ±
1.8 

220a 
± 57 

320ac 
± 100 

1.5 
±

0.28 

1.05a 
± 0.31 

1.15a 
± 0.3 

1.07a 
± 0.37 

0.85a 
± 0.44 

0.45a 
± 0.22 

Mosses 4.11 
±

0.59 

4.19 
±

0.58 

0.27 
±

0.02 

0.29 
± 0.05 

11.1 
± 2.8 

40.7ab 
± 29 

76.1 
± 3.4 

77.9 
± 3.5 

19.5 
± 4.4 

17.9 
± 5.1 

7.8a 
± 0.5 

11.2 
± 1.4 

244a 
± 55 

590bc 
± 289 

1.31 
±

0.20 

1.04a 
± 0.54 

1.35a 
± 0.35 

0.92a 
± 0.26 

0.89a 
± 0.28 

0.38a 
± 0.19 

Mulch1 Uncrusted 4.61 
±

0.91 

5.12 
± 1.6 

0.27 
±

0.05 

0.35 
± 0.11 

28.4 
± 16 

20ab ±
5.7 

81.9 
± 3.2 

79.7 
± 6.0 

15.5 
± 3.4 

18.7 
± 7 

7.9a 
± 1.4 

13.5 
± 2.8 

172a 
± 68 

257ab 
± 195 

1.13 
±

0.39 

1.46ab 
± 0.36 

1.11a 
± 0.42 

1.11a 
± 0.38 

0.39a 
± 0.18 

0.84a 
± 0.59 

Mosses 4.07 
±

0.69 

4.89 
±

1.33 

0.24 
±

0.04 

0.32 
± 0.07 

14.7 
± 4.6 

27.2ab 
± 19 

64.2 
± 7.7 

79.6 
± 6.1 

17.5 
± 3.7 

19 ±
2.7 

7.9a 
± 0.5 

13 ±
3 

277a 
± 142 

497ac 
± 195 

1.12 
±

0.13 

1.34ab 
± 0.70 

1.49a 
± 0.34 

1.35a 
± 0.77 

0.87a 
± 0.20 

0.68a 
± 0.43 

Mulch2 Uncrusted 3.93 
±

1.67 

4.46 
±

2.28 

0.25 
±

0.09 

0.29 
± 0.12 

27.6 
± 24 

52.4b 
± 35 

76.8 
± 9.7 

77.4 
± 6.5 

13.3 
± 3.6 

16.3 
± 4.6 

6.9a 
± 1.4 

12.8 
± 2.6 

161a 
± 19 

203a 
± 120 

1.17 
±

0.50 

1.17a 
± 0.33 

0.84a 
± 0.24 

0.92a 
± 0.23 

0.46a 
± 0.39 

0.51a 
± 0.16 

Mosses 3.72 
±

1.28 

3.96 
±

1.17 

0.25 
±

0.08 

0.25 
± 0.06 

13.8 
± 5.5 

37.9ab 
± 29 

67.1 
± 10 

74.9 
± 5.2 

19 ±
6.9 

19 ±
6.1 

7.2a 
± 0.8 

12.7 
± 3 

366a 
± 109 

182a 
± 117 

1.2 
±

0.49 

1.04a 
± 0.43 

1.15a 
± 0.31 

0.98a 
± 0.21 

1.01a 
± 0.35 

0.76a 
± 0.39 

Factors Time n.s. 0.014 0.012 0.013 n.s. <0.001 0.006 n.s. n.s. n.s. 
Crust n.s. n.s. n.s. 0.002 0.006 n.s. 0.001 n.s. n.s. 0.048 
Treatment n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Crust:Treat n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Crust:Time n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Treat:Time n.s. n.s. n.s. n.s. n.s. n.s. 0.005 n.s. n.s. 0.035 
Crust: 
Treat:Time 

n.s. n.s. n.s. n.s. n.s. n.s. 0.022 n.s. n.s. n.s.  
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3.5. Mulch effects on soil microbial communities 

The study of the dominant taxa in the fungal community revealed the 
strong effects of the fire (Fig. 6). In particular, burned-control soils 
revealed the impact of moss biocrust presence in the community, 
whereas the composition of the dominant taxa under mulch were more 
homogeneous regardless the crust presence. Only some genera under 
moss in Rate 2 differed from the rest of treated soils. 

The wildfire increased the relative abundance of Ascomycota while 
decreasing the Basidiomycota (Figs. A2, 6). With the mulch application, 
a significant increase was registered in Basidiomycota, Chytridiomycota 
phylum (genera Rhizophlyctis, Spizellomyces, and Powellomyces, espe
cially under mosses), and Zygomycota due to the genus Mortierella. The 
increase in Ascomycota Terfezia (Pezizales) and Sporormiella (Pleoso
porales) after the fire was reduced with the mulch, mainly in favour of 
genera Paraphoma (Pleosoporales) and the Basidiomycota Naganishia 
(Tremellales). Both Naganishia and Paraphoma were additionally pro
moted under moss biocrust. In addition, Cryptococcus, and to a lesser 
degree Cyptococcus (Tremellales) and several Sordariomycetes (Clonos
tachys, Ophiocordyceps, and Humicola), were positively influenced by 
mulch, while Geminibasidium and Solicoccozyma (Tremellomycete) were 
negatively affected. 

Changes in the predicted fungal functional roles were registered after 
the wood mulch application. Ectomycorrhizal fungi tended to be lower 
under mulch, while significant increases in yeast were observed, espe
cially under mosses in Rate 2 soils. The fire significantly reduced the 
lichenized fungi and parasites of lichen (Fig. 6). 

The wildfire had the greatest impact on the soil bacterial community 
composition (Figs. A2, 6). In burned soils, after one year of wood mulch 
application very few bacterial genera responded to the treatments, and 

negligible effects were observed due to the crust presence (excluded in 
the figure). Proteobacteria were the most reactive to the wood mulch, 
with significant increases in Betaproteobacteria Massilia, Comamonas 
(Burkholderiales), and Ramlibacter (Burholdeeriales), and in Alphapro
teobacteria Devosia (Rhizobiales), while Sphingomonas was significantly 
reduced. Some Actinobacteria reacted to the mulch, with significant an 
increase in Arthrobacter (Actinomycetales) and decreases in Soliru
brobacteraes (Conexibacter and Solirubobacter). 

4. Discussion 

One year after the wood mulch application in recently fire-affected 
soils, the moss biocrust was drastically inhibited below the mulch 
cover, showing the strongest reduction under the thickest layer of 
mulch. This result is in accordance with other studies in which mulching 
controls vegetation recovery after fires (Bautista et al., 2009). Moreover, 
this response corroborates the idea that biocrust-forming mosses that 
emerge after fires present adaptive traits to high radiation and temper
atures and a preference for open spaces characteristic of the early post- 
fire stages (Esposito et al., 1999; Ladrón De Guevara and Maestre, 2022). 

The limited effect of mulch on the soil physicochemical properties 
after one year can be explained by the Mediterranean climate, where 
low precipitation combined with high temperatures and the low de
gradability of wood in early stages slow down the decomposition rate 
(Bonanomi et al., 2021; Goodell et al., 2020). The slight but significant 
change over time in N and P nutrients is in accordance with Marañón- 
Jiménez and Castro (2013), who reported in the first years after a 
wildfire in a Mediterranean forest a progressive N and P leaching from 
wood to soils. Additionally, the well-known effectiveness of moss bio
crust in increasing soil moisture (Xiao et al., 2016) contributed to 
altering the biological and biochemical soil properties. In particular, the 
emergence of biocrust in combination with the initial wood decay pro
moted the microbial biomass carbon and the microbial activity (phos
phatase and urease), initiating a positive cascading effect on soil 
nutrient cycling (Cheng et al., 2021; Kahl et al., 2017). Nonetheless, the 
microbial biomass carbon was adversely affected by the higher mulch 

Fig. 2. Relationship among the physicochemical and biochemical soil proper
ties after one year of mulch application for soils under treatment and unburned 
soils. Mean points for each treatment group are represented. (OC: organic 
carbon; N: Kjeldahl nitrogen; P: available phosphorous; H; soil moisture; MB: 
microbial biomass carbon; BR: basal respiration; AS: aggregate stability; EC: 
electrical conductivity; Bacteria: bacterial biomass; Fungi: fungal biomass; AM: 
arbuscular mycorrhiza biomass; Total: Total PLFA.) 

Fig. 3. Fungal and bacterial richness evolution over time (T0 and one year 
after, T1) to treatments application (controls and soils under mulch at Rate1 
and 2), with and without the presence of crust (moss and uncrusted soils). The 
dashed line and shaded area represent the mean value and the confidence in
terval of unburned soils. The significance of factors (“Time”, “Crust”, and 
“Treatment”) in the models are included, and interactions among factors when 
significant. n.s. = not significant. 
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rate, presumably due to a transitory N microbial immobilization after 
the strong input of recalcitrant carbon low in N from the coniferous 
species (Kahl et al., 2017; Jonas et al., 2019). In contrast, adding mulch 
at a lower rate promoted an increase in organic carbon, N, microbial 
biomass, and respiration in soils, which suggests an acceleration of the 
recovery of soil conditions and its functionality toward the unburned 
soils. 

The contrasting response between the fungal and bacterial biomass 
to the wildfire and subsequent wood mulch corroborates their different 
sensitivities to disturbances (Bastida et al., 2017; Muñoz-Rojas et al., 
2016). Under natural wood decay conditions, a significant increase in 
fungal abundance is not expected until the late stages of wood decom
position (Baldrian et al., 2016). Thus, it is not surprising that fungal 

biomass remained low after being severely affected by a wildfire (Dooley 
and Treseder, 2012). However, fungal richness increased in response to 
the mulch application, especially at Rate 1. The explanation could be 
related to the higher microenvironment heterogeneity created, sup
porting more diversity, especially higher saprobes after the fresh wood 
incorporation as accounted at this rate (Arnstadt et al., 2016; Lepinay 
et al., 2021; Song et al., 2017). In contrast, the quick recovery in bac
terial abundance after a wildfire is generally observed in response to 
high nutrient release during the fire (Pressler et al., 2019). In addition, 
diversity usually increases through improvement in soil stability over 
time (Garcia-Pichel et al., 2003); thus, the decrease in bacterial richness 
in moss biocrust without mulch was unexpected. The reason remains 
speculative but may be related to variations in the soil chemistry, i.e., 

Fig. 4. Impact of mulch application over time in the composition of the microbial communities. Ordination plots represent two-dimensional non-metric multidi
mensional scaling (NMDS) ordination based on Bray-Curtis dissimilarities at OTU level for fungal and bacterial communities, representing differences between 
“Time” (T0 and T1) and “Mulch” (unburned, controls and mulch soils) levels. 

Fig. 5. Soil parameters related to the bacterial and fungal community composition at the end of the experiment. Plots represent redundancy analyses (RDA) at OTU 
level for fungal and bacterial communities, representing differences between “Treatment” (controls and soils under mulch application at Rate1 and 2) and “Crust” 
(uncrusted and moss soils) levels. The explanatory variables are expressed with arrows (AS: aggregate stability; H: soil moisture; OC: organic carbon; P: available 
phosphorous). 
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the transitory exhaustion of labile nutrients released after the fire 
invested in the microbial growth, corroborated by the increase in the 
microbial biomass carbon (Aanderud et al., 2019). 

The alterations observed in the microbial community structure evi
dence the strong effects of fire and management practices on soil mi
crobial assembly, sometimes with detrimental consequences for the 
functioning of forest ecosystems (Kohout et al., 2018; Pereg et al., 2018; 
Li et al., 2019). The fungal community was the most sensitive to the 
presence of wood, which is understandable due to its ability to colonize 
fresh wood and lead the degradation in the early stages (Lepinay et al., 
2021). The high microbial diversity described seven months after the 
wildfire in moss biocrust soils was diluted after one year of mulch 
application. The loss in beta diversity (i.e., homogenization at landscape 
scale) is probably due to the colonization of fresh wood by opportunistic 
microbial taxa (Baldrian et al., 2016; Lladó et al., 2017). Deadwood from 
different tree species and debris sizes leads to diverse microbial assem
bly under natural conditions (Baldrian, 2017; Lepinay et al., 2022), but a 
homogeneous layer of wood mulch extensively applied to soils results in 
less heterogeneity of soil microbial communities, which could hamper 
the recovery of microbial diversity after a fire disturbance. Moreover, 
the manual application of mulch in this study allowed us to isolate the 
effect of the wood on soils without accounting for the additional 
disturbance of mechanical transit associated with its application, a 
factor known to largely contribute to soil microbial community alter
ation (Hartmann et al., 2014), which should be addressed in future 
studies. 

The biocrust emergence slowly alters the underlying soils, filtering 
the fire-altered microbial communities (Ferrenberg et al., 2013; Li and 
Hu, 2021). The slight moisture increments in moss biocrust soils under 
the stressful semi-arid conditions strongly impacted the fungal 

community composition, together with the higher soil stability and 
enrichment in nutrients (Bao et al., 2019; Weber et al., 2016). The in
crease in available phosphorous after fires is of high relevance in 
nutrient-restrictive soils since this release facilitates plant community 
development (Certini, 2005; Fultz et al., 2016), and indirectly controlled 
both fungal and bacterial community assembly. Despite the microbial 
homogeneity induced by mulches, the slight differences in soils under 
the two application rates were transferred to the microbial community 
structure, a response fundamentally observed in fungi. In this regard, 
fungi were sensitive to the N content, suggesting a possible change in N 
availability and N microbial immobilization under the higher rate of 
wood mulch (Jonas et al., 2019; Laiho and Prescott, 2004). 

The dominant fungal taxa responded to the mulch application and 
the biocrust presence. After the detriment in favour of Ascomycota in 
burned soils (Reazin et al., 2016; Smith et al., 2017), which generally 
dominate at the early stages of decomposition (Baldrian et al., 2016; 
Purahong et al., 2018), Basidiomycota, Chytridiomycota and Zygomy
cota (genus Mortierella) increased in mulch soils. The increase of these 
taxa is presumably due to the ability of degrade recalcitrant materials 
(Eichlerová et al., 2015; Smith et al., 2017), or the frequent association 
of the last one to decomposing fungal biomass (Baldrian et al., 2016; 
Brabcová et al., 2016). 

Shifts in the fungal community composition were translated into 
fungal functional shifts in soils. The removal of vegetation after fire 
exposed soils (without mulch) to high solar radiation and low soil 
moisture, which may be the reason for the strong differences in the 
functional community between the uncrusted and moss biocrust soils 
(Hart et al., 2005; Xiao and Veste, 2017). Biocrust soils showed higher 
concentration of ectomycorrhiza, whose spore bank could be possibly 
protected by the rapid emergence of fire-responsive mosses and remain 

Fig. 6. Effects of mulch application and crust presence on the dominant fungal and bacterial genera and the dominant fungal ecological roles at the end of the 
experiment. Data represent the relative abundance for soils under “Treatment” (unburned soils, controls and soils under mulch application at Rate1 and 2), “Mulch” 
(unburned soils, controls and soils under mulch), and “Crust” presence (uncrusted and moss soils). 
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intact even after high severity fires (Glassman et al., 2016). Neverthe
less, the substantial differences in genus dominance between uncrusted 
and biocrust soils were diluted under mulch. The highest response to 
mulch corresponds to the Basidiomycota yeasts (Tremellomycetes), in 
particular Naganishia, described as being able to utilize a wide spectrum 
of C sources materials (Mašínová et al., 2017). The initial degradation of 
wood mulch increased the abundance of yeasts and saprotrophs in soils. 
After fires, saprophytes, and pyrophilous fungi in special (Bruns et al., 
2020; Reazin et al., 2016), can restore nutrients in soils and promote the 
conditions for plant succession to begin, stabilizing burned soils, 
reducing risks of soil erosion, and increasing soil humidity (Filialuna and 
Cripps, 2021). However, the phyrofilous fungi observed in the burned 
soils (Pyronema, Pustularia, and Geopyxis) were not stimulated under the 
mulch application, and the consequences for soils will be interesting to 
monitor in future works. 

The dominant bacteria slightly responded to the wood mulch pres
ence, and barely expressed differences to the soil crust. Changes 
observed at the OTU level in response to mulch and biocrust correspond 
to less abundant or rare taxa, which are described as reservoir of genetic 
and functional diversity (Chen et al., 2020; Lynch and Neufeld, 2015), 
and worth monitoring in detail in future efforts in order to identify 
threats to microbial diversity conservation. The wildfire imposed 
important shifts in the community; Firmicutes and Bacteroidetes 
increased to the detriment of Actinobacteria, as observed in many 
studies (García-Carmona et al., 2022; Nelson et al., 2022; Prendergast- 
Miller et al., 2017). Proteobacteria were almost the only phylum to 
slightly respond to wood mulch application led by Burkholderiales, 
specifically Massilia, Comamonas, and Ramlibacter, and Alphaproteo
bacteria Rhizobiales (Devosia). Burkholderiales bacteria are associated 
with wood due to their ability to break down phenolic compounds, 
including lignin (Lladó et al., 2017), and its association with wood- 
decaying fungi (Tláskal et al., 2017). Rhizobiales are responsive to cel
lulose (Eichlerová et al., 2015) and are commonly found at late stages of 
wood decomposition thanks to their N-fixation ability (Lladó et al., 
2017). 

Known the ability of mosses to effectively stabilize soil surfaces in 
fire-affected areas (Gall et al., 2022; Gao et al., 2020; Silva et al., 2019), 
82 % of biocrust cover 19 months after the fire suggests that its devel
opment may be enough to counteract erosion processes. Therefore, 
additional mitigation techniques would be unnecessary, even more 
considering the long persistence of wood mulch on the forest floor dis
rupting the vegetation regrowth (Robichaud et al., 2020). In this case, 
the application of mulch for restoration purposes would conflict with the 
passive soil recovery performed by the moss biocrust, which has been 
demonstrated to accelerate the recovery of ecosystem functioning 
(García-Carmona et al., 2020, 2022). In this study, the moss biocrust 
that emerged after the wildfire in the semiarid area promoted higher soil 
microbial diversity compared to the managed soils. 

5. Conclusions 

After one year of wood mulch application following a wildfire in a 
semi-arid Mediterranean forest, mulch adversely affected the biocrust 
development interfering with the passive recovery of soils assisted by 
mosses. The moss biocrust had a positive impact on the aggregate sta
bility, moisture retention, and the acceleration of biochemical processes 
in the fire-affected soils. Despite the low impact of mulch on physico
chemical soil properties, an increase in N and P, the microbial biomass, 
and respiration was observed over time in mulch soils at Rate 1 (65 % of 
soil cover), a cover that partially simulates the natural heterogeneity of 
forest soil. However, after the mulch application, the beneficial effects of 
biocrust on microbial diversity were limited, as the microbial commu
nities became transitorily highly stochastic and less diverse under 
mulch. These findings are limited to a local study, and the conclusions 
may depend on site-specific conditions or the impact of the previous fire 
event on soils. However, the results warn about the necessity of 

incorporating microbial diversity information in post-fire management 
planning. For that purpose, more research is needed in order to identify 
threats to microbial diversity and to support management practices that 
boost soil biodiversity and preserve ecosystem functioning. 
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Lladó, S., López-Mondéjar, R., Baldrian, P., 2017. Forest soil bacteria: diversity, 
involvement in ecosystem processes, and response to global change. Microbiol. Mol. 
Biol. Rev. 81, 1–27. 

Lynch, M.D., Neufeld, J.D., 2015. Ecology and exploration of the rare biosphere. Nat. 
Rev. Microbiol. 13 (4), 217–229. 

M. García-Carmona et al.                                                                                                                                                                                                                     

https://doi.org/10.1038/nature13855
https://doi.org/10.1111/gcb.13790
https://doi.org/10.1201/9781439843338-17
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1007/S11104-020-04799-4/FIGURES/4
https://doi.org/10.1007/S11104-020-04799-4/FIGURES/4
https://doi.org/10.1111/NPH.13849
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0090
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0090
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0090
https://doi.org/10.1371/JOURNAL.PONE.0222691
https://doi.org/10.1371/JOURNAL.PONE.0222691
https://doi.org/10.1007/978-3-030-63625-8_25
https://doi.org/10.1007/978-3-030-63625-8_25
https://doi.org/10.1007/s00442-004-1788-8
https://doi.org/10.1016/j.soilbio.2019.107686
https://doi.org/10.1016/j.soilbio.2019.107686
https://doi.org/10.1016/J.SOILBIO.2020.108065
https://doi.org/10.1093/NAR/GKT1244
https://doi.org/10.1093/NAR/GKT1244
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0125
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0125
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0125
https://doi.org/10.1007/s10533-011-9633-8
https://doi.org/10.1007/s10533-011-9633-8
https://doi.org/10.1002/EAP.2072
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1016/J.FUNECO.2014.08.002
https://doi.org/10.1016/J.FUNECO.2014.08.002
https://doi.org/10.2307/3237147
https://doi.org/10.2307/3237147
https://doi.org/10.1038/ismej.2013.11
https://doi.org/10.1016/J.FORECO.2021.119579
https://doi.org/10.1016/J.FORECO.2021.119579
https://doi.org/10.1016/J.SOILBIO.2016.04.024
https://doi.org/10.1016/J.SOILBIO.2016.04.024
https://doi.org/10.1016/j.apsoil.2015.10.023
https://doi.org/10.1016/j.apsoil.2015.10.023
https://doi.org/10.5194/BG-19-3225-2022
https://doi.org/10.1007/S11368-019-02372-W/FIGURES/5
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf1000
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf1000
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf1000
https://doi.org/10.1016/J.SCITOTENV.2022.157467
https://doi.org/10.1016/J.SCITOTENV.2022.157467
https://doi.org/10.1007/S00248-003-1004-0/FIGURES/6
https://doi.org/10.1007/S00248-003-1004-0/FIGURES/6
https://doi.org/10.1016/J.EARSCIREV.2021.103611
https://doi.org/10.1016/J.EARSCIREV.2021.103611
https://doi.org/10.1038/ismej.2015.182
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0210
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0210
https://doi.org/10.1016/j.foreco.2005.08.012
https://doi.org/10.1016/j.foreco.2005.08.012
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0220
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0220
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0220
https://doi.org/10.1016/J.FORECO.2019.117567
https://doi.org/10.1016/J.FORECO.2019.117567
https://doi.org/10.1016/J.FORECO.2021.119570
https://doi.org/10.1016/J.FORECO.2017.02.012
https://doi.org/10.1016/J.FORECO.2017.02.012
https://doi.org/10.1071/WF07049
https://doi.org/10.1071/WF07049
https://doi.org/10.1038/s41396-017-0027-3
https://doi.org/10.1093/JXB/ERAC183
https://doi.org/10.1093/JXB/ERAC183
https://doi.org/10.1139/X03-241
https://doi.org/10.1139/X03-241
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0265
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0265
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0270
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0270
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0270
https://doi.org/10.1016/j.funeco.2021.101116
https://doi.org/10.1016/j.funeco.2021.101116
https://doi.org/10.1038/s41522-021-00188-6
https://doi.org/10.1038/s41598-019-38541-7
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0290
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0290
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0290
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0295
http://refhub.elsevier.com/S0929-1393(23)00224-X/rf0295


Applied Soil Ecology 191 (2023) 105026

11
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Abarenkov, K., 2019. The UNITE database for molecular identification of fungi: 
handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res. 47, 
D259–D264. https://doi.org/10.1093/NAR/GKY1022. 

Op De Beeck, M., Lievens, B., Busschaert, P., Declerck, S., Vangronsveld, J., Colpaert, J. 
V., 2014. Comparison and validation of some ITS primer pairs useful for fungal 
metabarcoding studies. PLoS One 9, e97629. https://doi.org/10.1371/JOURNAL. 
PONE.0097629. 

Parada, A.E., Needham, D.M., Fuhrman, J.A., 2016. Every base matters: assessing small 
subunit rRNA primers for marine microbiomes with mock communities, time series 
and global field samples. Environ. Microbiol. 18, 1403–1414. https://doi.org/ 
10.1111/1462-2920.13023. 

Pausas, J.G., Keeley, J.E., 2009. A burning story: the role of fire in the history of life. 
Bioscience 59, 593–601. https://doi.org/10.1525/bio.2009.59.7.10. 

Pellegrini, A.F.A., Ahlström, A., Hobbie, S.E., Reich, P.B., Nieradzik, L.P., Staver, A.C., 
Scharenbroch, B.C., Jumpponen, A., Anderegg, W.R.L., Randerson, J.T., Jackson, R. 
B., 2018. Fire frequency drives decadal changes in soil carbon and nitrogen and 
ecosystem productivity. Nature 553, 194–198. https://doi.org/10.1038/ 
nature24668. 

Pereg, L., Morugán-Coronado, A., McMillan, M., García-Orenes, F., 2018. Restoration of 
nitrogen cycling community in grapevine soil by a decade of organic fertilization. 
Soil Tillage Res. 179, 11–19. https://doi.org/10.1016/j.still.2018.01.007. 
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Larsson, K.H., Hyde, K.D., Sandoval-Denis, M., Smith, M.E., Toome-Heller, M., 
Wijayawardene, N.N., Menolli, N., Reynolds, N.K., Drenkhan, R., 
Maharachchikumbura, S.S.N., Gibertoni, T.B., Læssøe, T., Davis, W., Tokarev, Y., 
Corrales, A., Soares, A.M., Agan, A., Machado, A.R., Argüelles-Moyao, A., 
Detheridge, A., de Meiras-Ottoni, A., Verbeken, A., Dutta, A.K., Cui, B.K., Pradeep, C. 
K., Marín, C., Stanton, D., Gohar, D., Wanasinghe, D.N., Otsing, E., Aslani, F., 
Griffith, G.W., Lumbsch, T.H., Grossart, H.P., Masigol, H., Timling, I., Hiiesalu, I., 

Oja, J., Kupagme, J.Y., Geml, J., Alvarez-Manjarrez, J., Ilves, K., Loit, K., 
Adamson, K., Nara, K., Küngas, K., Rojas-Jimenez, K., Bitenieks, K., Irinyi, L., 
Nagy, L.L., Soonvald, L., Zhou, L.W., Wagner, L., Aime, M.C., Öpik, M., Mujica, M.I., 
Metsoja, M., Ryberg, M., Vasar, M., Murata, M., Nelsen, M.P., Cleary, M., 
Samarakoon, M.C., Doilom, M., Bahram, M., Hagh-Doust, N., Dulya, O., Johnston, P., 
Kohout, P., Chen, Q., Tian, Q., Nandi, R., Amiri, R., Perera, R.H., dos Santos 
Chikowski, R., Mendes-Alvarenga, R.L., Garibay-Orijel, R., Gielen, R., 
Phookamsak, R., Jayawardena, R.S., Rahimlou, S., Karunarathna, S.C., 
Tibpromma, S., Brown, S.P., Sepp, S.K., Mundra, S., Luo, Z.H., Bose, T., Vahter, T., 
Netherway, T., Yang, T., May, T., Varga, T., Li, W., Coimbra, V.R.M., de Oliveira, V. 
R.T., de Lima, V.X., Mikryukov, V.S., Lu, Y., Matsuda, Y., Miyamoto, Y., Kõljalg, U., 
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