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A B S T R A C T

Wildfires are intensifying under climate change and increasingly compromising the resilience of Mediterranean 
ecosystems. Soil restoration through organic amendments has been proposed as an effective tool to mitigate soil 
degradation after fires, yet there is limited knowledge on how different typologies of organic amendments in
fluence soil microbial communities and the recovery of microbial-mediated functions. This study evaluated 
contrasting organic amendments—straw mulch, compost, and fresh swine and poultry manures—on soil mi
crobial diversity and enzymatic activity in burned native sclerophyllous, Mediterranean forest in central Chile, 
the earliest in its type experiencing effects of climate change. The study took place six months after amendment 
application and two years after a wildfire occurrence. Enzyme activities showed different responses according to 
organic amendments type: while manures strongly stimulate enzymes (urease, glucosidase, and phosphatase 
activities), compost and mulch promoted a gradual effect on nutrient cycling. Fungal biomass, reduced by fire, 
recovered best under compost and swine manure. However, organic amendments significantly reduced 
eukaryotic alpha diversity and differentiated communities from unburned soils and burned soils with no 
amendment. In contrast, only manures reduced alpha diversity in prokaryotes, while beta diversity analyses 
revealed that compost amended soils maintained communities closer to reference conditions. Overall, manures 
provided short-term functional improvements in burned soils, but compost supported a more balanced recovery, 
preserving microbial communities closer to unburned soils. Therefore, the compost amendment can represent a 
practical and ecologically safer strategy to accelerate post-fire soil restoration. Targeted application, for example 
through “fertile islands” in the most degraded areas, may enhance soil resilience while minimizing ecological 
risks in fire-sensitive landscapes.

1. Introduction

Climate change is altering forest fire regimes, making ecosystems 
with historical fire occurrences increasingly fragile and less resilient to 
such events (Moreira et al., 2020). Mediterranean ecosystems are 

particularly vulnerable, as increasing droughts and fire behaviour (e.g. 
frequency and intensity) are reshaping vegetation dynamics and soil 
processes, endangering their ecosystem stability and resilience 
(McLauchlan et al., 2020; Armenteras and de la Barrera, 2023). In 
Central Chile, recent megafires (summer 2016–2017) have exemplified 
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how climate anomalies — over a decade of prolonged megadroughts 
(Garreaud et al., 2020)— accelerate ecosystem degradation (De la Bar
rera et al., 2018; Souza-Alonso et al., 2022). Indeed, Mediterranean 
ecosystem of central Chile, are among the world’s most susceptible 
ecosystems to fires due to escalating droughts and the earliest in its type 
experiencing effects of climate anomalies (Miranda and Garreaud, 2023; 
Miranda and Garreaud, 2023a). Yet, the majority of research related to 
fire effects in South America is mainly focused on vegetation (Giorgis 
et al., 2021), while the implications for soils and their relationship with 
the recovery of ecosystems, remain comparatively less studied (Aponte 
et al., 2022; Fernández-García et al., 2021).

Mitigating soil degradation is central to the recovery of post-fire 
ecosystem, with soil microbial communities being critical to support 
vegetation reestablishment and nutrient cycling (Bouskill et al., 2022; 
Delgado-Baquerizo et al., 2016). Fires alter not only soil organic matter 
(SOM) dynamics but also key biogeochemical cycles, which, together 
with erosion events, modify soil fertility, delaying vegetation recovery 
and microbial mediated soil functions (Shakesby, 2011; Hudiburg et al., 
2023). Organic amendments are an affective restoration tool to mitigate 
losses of SOM while promoting soil stability (Rojas et al., 2016; Shu 
et al., 2022); however, knowledge remains rather limited regarding how 
the organic application is expected to modify soil microbial diversity, 
composition, and functioning in natural, fire-disturbed ecosystems 
(García-Carmona et al., 2021; Guénon and Gros, 2016; Marín and Rojas, 
2020). This consideration is particularly relevant given that most evi
dence on the implications of amendments on soil microbial communities 
are from agricultural soils (Luo et al., 2018; Shu et al., 2022). For 
example, certain copiotroph taxa are expected to be stimulated under 
organic addition, including those within the Proteobacteria, Firmicutes, 
Bacteroidetes, and Actinobacteria phyla, in detriment of oligotrophic 
bacteria adapted to nutrient-limited environments, such as Acid
obacteria (Francioli et al., 2016; Ye et al., 2021). Moreover, using such 
organic materials might result in the introduction of exogenous taxa, 
some of them with the potential of being pathogens (Pérez-Valera et al., 
2022; Sun et al., 2020). It remains to be revealed whether these patterns 
will be observed in native burned forests, and what their ecological 
implications or potential threats might be.

The selection of organic amendments is critical for effective soil 
restoration strategy, as the biochemical recalcitrance of organic inputs 
significantly influence the microbial response and decomposition rate, 
and consequently, the time required for effective results to emerge 
(Diacono and Montemurro, 2011; González-Ubierna et al., 2012). Sub
strate availability and quality associated with the organic materials 
applied are known to drive substantial variations in microbial commu
nity composition in amended agricultural soils (Shu et al., 2022; Zhang 
et al., 2021); thus, similar effects are expected in fire-affected soils. 
Moreover, the choice of organic amendment not only directly affects the 
microbial community structure but also indirectly affects physico
chemical properties, such as pH and carbon (C) and nitrogen availability 
(Clocchiatti et al., 2020; Luna et al., 2016), properties already disturbed 
by wildfires. Fresh materials (e.g., manures), provide high proportions 
of labile C fractions that result in rapid increases in microbial biomass 
and plant establishment. However, despite these rapid responses, some 
disadvantages are reported for fresh amendments affecting the micro
bial long-term recovery, including autochthonous soil organic carbon 
mineralization, increases in salinity or acidity, nitrogen immobilization, 
or the introduction of potential pathogens (Bernal et al., 2009; Kowal
jow and Mazzarino, 2007; Pérez-Valera et al., 2022). By contrast, stable 
materials release nutrients gradually and contribute to long-term 
fertility and soil organic carbon storage (Bernal et al., 2009; García-
Carmona et al., 2021).

This study aimed to address these research gaps by testing con
trasting organic amendments, such as straw mulch, compost, and fresh 
swine and poultry manures, in burned sclerophyllous forests in central 
Chile. Microbial community diversity and composition (prokaryotes and 
eukaryotes) and their functional response (enzymatic activities) were 

evaluated two years after the 2016–2017 megafire occurrence and six 
months after amendment application. By integrating community and 
functional responses, this work provides new insights into the potential 
of different organic amendments as a restoration tool for soil microbial 
communities in a native Mediterranean forest affected by a megafire 
without any recent fire history. The main hypothesis was that organic 
amendments would significantly modify microbial phylogenetic and 
functional responses compared to unamended soils, with effects driven 
by differences in nutrient availability and soil physicochemical condi
tions induced by each material (as reported in García-Carmona et al., 
2021). Specifically, it was anticipated that: (i.) fresh organic amend
ments (manures) would strongly enhance microbial abundance and 
activity, causing significant shifts in community composition due to the 
release of labile nutrients, favoring copiotrophic taxa but also with an 
increased risk of introducing potential soil pathogens; and (ii.) stable 
amendments (straw, compost) would induce moderate effects on mi
crobial communities, promoting gradual nutrient release and 
longer-term stability. Overall, it was expected that all organic amend
ments would stimulate microbial-mediated soil functions, contributing 
to post-fire ecosystem recovery.

2. Materials and methods

2.1. Study area and experimental design

This study was conducted in the Mediterranean climate area of 
Central Chile, in the O’Higgins administrative region, the second most 
affected region during the summer megafires in 2016–2017 with close to 
105,000 ha out of the 547,000 ha affected in the country (CONAF, 
2017). The research site, with no fire records within the last 30 years 
until 2017, is in the Pumanque commune (34◦36.502′S, 71◦42.281′W; 
130 m a.s.l.), and is mainly used by small farmers for livestock pasture 
and wood charcoal production. The average annual precipitation in the 
area is 451 mm and the average temperature is 15.4 ◦C (29.9 ◦C in 
summer, 5.3 ◦C in winter). Vegetation at the site is characterized by 
native sclerophyll forest species, dominated by Quillaja saponaria 
Molina, Lithraea caustica Hook. & Arn., and Peumus boldus Molina in the 
canopy, and Trevoa trinervis Miers, Azara serrata Ruiz & Pav., and Col
liguaja odorifera Molina in the understory. Soils are classified as Aquic 
Dystroxerepts (Soil Survey Staff, 2014) with a low depth (~40 cm), and 
a sandy loam texture (58 % sand, 34 % silt, and 8 % clay), on a 10 % 
slope facing south (Aponte et al., 2022; García-Carmona et al., 2021).

The experimental set up and soil sampling have been previously 
described by García-Carmona et al. (2021). Briefly, the experiment was 
established in June 2018, approximately one and a half years after the 
wildfire of January 2017, which had affected the site with low to 
moderate severity. Soil samples were collected in January 2019, corre
sponding to six months after amendment application (two years after the 
fire). This six-month interval was chosen to evaluate soil biochemical 
properties and microbial responses to the amendments within the 
context of post-fire dynamics (including microbial nutrient uptake, 
leaching, volatilization, and plant recolonization).

Six treatments were established in the field experiment. T0 corre
sponded to the reference unburned soils, T1 to burned soils without 
organic amendment (control), T2 to burned soils with straw mulch, T3 
to burned soils with compost (200 m3 ha− 1; 78.77 t dry weight ha− 1), T4 
to burned soils with poultry manure (200 m3 ha− 1; 150 t dry weight 
ha− 1), and T5 to burned soils with swine manure (200 m3 ha− 1; 95.67 t 
dry weight ha− 1). Although it is expected that constant-volume appli
cation of amendments results in unequal dry mass and nutrient inputs 
across amendments, this approach was chosen to simulate common 
restoration practices in the field. Each treatment was replicated in four 
plots of 3 m × 1.5 m within a burned area of approximately 50 m × 50 
m, while the unburned reference area (T0) corresponded to a native 
sclerophyll forest located 500 m away. In addition, plots receiving 
compost and both manures (T3, T4, T5) were covered with a mulch layer 
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composed of a wheat and oat straw mix.
A total of 96 surface soil sub-samples samples (0–6 cm depth) were 

randomly collected from the field experiment (six treatments × four 
plots per treatment × four soil sampling points per plot). From these, 24 
soil samples were selected and included in the present study (six treat
ments × four samples per treatment, randomly chosen). Samples 
collected in the field were transported to the laboratory under refrig
erated conditions (4 ◦C). Upon arrival, samples were sieved at 2 mm, one 
part frozen (− 20 ◦C) for DNA extraction and another kept refrigerated 
(4 ◦C) for enzyme activity and phospholipid fatty acid analyses (PLFA). 
The soil physico-chemical properties of, previously published 
(García-Carmona et al., 2021), are presented in the Supporting Materials 
(SM1, Table S.M.1).

2.2. Soil biochemical and microbial analyses

Soil enzyme activities were determined using standard colorimetric 
methods by UV–Vis spectroscopy (Unicam UV 500 UV–Visible Spec
trometer). Dehydrogenase activity was measured following García et al. 
(1997), based on the reduction of INT (2-p-iodophenyl-3-p-ni
trophenyl-5-phenyltetrazolium chloride) to INTF (iodonitrotetrazolium 
formazan). Urease and protease activities were determined by quanti
fying the NH4

+ released after the addition of urea or BAA 
(N-α-benzoyl-l-arginine amide) substrates, respectively (Nannipieri 
et al., 1981). β-glucosidase and alkaline phosphatase activities were 
determined by measuring the formation of PNP (p-nitrophenol) after soil 
incubation with PNG (p-nitrophenyl-β-d-glucopyranoside) (Tabatabai, 
1983) and PNPP (p-nitrophenyl phosphate disodium) (Naseby and 
Lynch, 1997), respectively.

Microbial biomass was estimated by phospholipid fatty acid analysis 
(PLFA) following Bossio et al. (1998). Lipids were extracted with a 
chloroform-methanol-phosphate buffer mixture and then separated 
from neutral and glycolipid fatty acids in a solid phase extraction col
umn (0.58 Si; Supelco Inc., Bellefonte, PA, USA). After mild alkaline 
methanolysis, samples were analyzed by gas chromatography-mass 
spectrometry with a 25 m Ultra 2 (5 % phenyl)-methylpolysiloxane 
column (Hewlett Packard 6890 Gas Chromatograph, J and W Scienti
fic, Folsom, CA, USA). Fungal biomass (eukaryotic) was determined by 
the combined contents of c18:2ω6t and c18:2ω6c, while bacterial 
biomass (prokaryotic) based on the sum of contents of 16:1ω9, cy17:0, 
18:1ω9t, 18:1ω9c cy19:0, 16:1ω9, cy17:0, 18:1ω9t, 18:1ω9c cy19:0, 
10Me16:0, and 10Me18:0 (Federle, 1986; Olsson et al., 1995; Zelles 
et al., 1994). Total microbial biomass was estimated by the sum of all the 
extracted PLFAs.

2.3. DNA extraction, amplicon metabarcoding, and bioinformatic 
processing

DNA was isolated using the DNeasy PowerSoil Kit (QIAGEN GmnH, 
Hilden, Germany), following the manufacturer’s instructions. Quality 
and quantity of DNA were checked using a Nanodrop spectrophotometer 
(Thermo Scientific, Waltham, MA, USA). DNA extracts were delivered to 
the University of Tartu Institute of Genomics Core Facility (Tartu, 
Estonia) for sequencing.

For library preparation, primers 515F (Parada et al., 2016) and 806R 
(Apprill et al., 2015) were used to amplify the 16S rRNA region, tar
geting the Prokaryotic community (Bacteria and Archaea). For the 
Eukaryotic community, the 18S rRNA region was amplified using 
primers 1391_F (Amaral-Zettler et al., 2009) and EukBr_R (Stoeck et al., 
2010), focusing mainly on fungi, along with other protists and micro
fauna. PCR was carried out in two sequential reactions: first, the 
amplicon PCR (24 cycles) with the region-specific primers and partial 
sequencing adapters; the second, with index PCR (7 cycles), which was 
used to ligate sequencing adapters and Nextera XT (Illumina) sample 
identifying indices. PCR reactions contained 0.4 μM of each primer and 
2x KAPA HiFi HotStart ReadyMix in a final volume of 25 μl for the 

amplicon PCRs and 30 μl for the index PCRs. Next, 30 ng of DNA sample 
was used in the amplicon PCR and 50 ng of the purified amplicon was 
used in the index PCR reaction. The amplicon PCR cycling conditions 
were: a period of 3 min at 95 ◦C followed by 24 cycles of 30 s at 95 ◦C, 30 
s at 55 ◦C, and 30 s at 72 ◦C, followed by a 5 min period at 72 ◦C; samples 
were stored at 4 ◦C. Index PCR cycling conditions were the same as the 
amplicon PCR, but 7 cycles were used instead of 24. Negative controls 
were included in all PCR reactions. Products of the PCR reactions were 
then purified with the Agencourt AMPureXP Kit (Beckman Coulter, 
Inc.). The samples were eluted in EB Buffer (10 mM Tris-Cl, pH 8.5; 
QIAGEN Inc.). The DNA concentration of the purified amplicons was 
measured using a Qubit 2.0 Fluorometer (ThermoFisher Scientific). The 
fragment size of the amplicon libraries was determined by the Agilent 
TapeStation DNA Screentape. Thereafter, libraries were equimolarly 
pooled. The amplicon library pool was quantified by the Applied Bio
systems 7900HT Fast Real-Time PCR System using the KAPA Library 
Amplification Kit, and sequenced with an Illumina MiSeq v2 Nano 
sequencing kit for 2 x 250 bp.

Sequencing data underwent analysis using a tailored workflow pri
marily derived from the “VSEARCH” tool v-2.14 (https://github.com/ 
Yoelvis13/16s-and-18s-rRNA-Bioinformatic-pipeline-Vsearch/tree/ 
main). The PhiX reads, and primer sequences were trimmed using 
Bowtie2 v-2.5.5 and Cutadapt v-3.4, respectively (Langmead and Salz
berg, 2012; Martin, 2011). The paired-end reads were merged using the 
fastq_mergepairs algorithm and filtered with a conda deacrimaximum ex
pected error of 1 using fastq_filter in “VSEARCH” (Edgar and Flyvbjerg, 
2015). The merged and quality-filtered sequences were dereplicated 
using the derep_fulllength algorithm in “VSEARCH,” and the UNOISE 
algorithm was employed to recover Amplicon Sequencing Variants 
(ASVs) (Edgar, 2016). Chimeric ASVs were identified and removed using 
the uchime algorithm implemented in “VSEARCH” (Edgar et al., 2011). 
The verification of non-target sequences for the 16S and 18S rRNA genes 
in the remaining ASVs was performed using Metaxa2 v-2.2.3 
(Bengtsson-Palme et al., 2013). The final ASV table was obtained by 
mapping the filtered sequences against the verified ASV centroids using 
the usearch_global algorithm in “VSEARCH”. Taxonomic classification 
was performed using a naive Bayesian classifier Sintax (Edgar, 2016) by 
mapping the ASVs against the non-redundant Silva v132 database for 
16S rRNA (Quast et al., 2013) and Silva 18sv123 for 18s rRNA. To 
ensure data quality and minimize noise, three filtering thresholds were 
applied to the ASV dataset. First, ASVs with a relative abundance lower 
than 0.001 % across the entire dataset were removed to exclude 
extremely low-abundance taxa that may result from sequencing errors 
or contamination. Second, ASVs present in fewer than nine samples were 
excluded to eliminate highly localized taxa that lack sufficient repre
sentation across the dataset. Third, ASVs with an abundance ratio 
exceeding 0.1 between the most abundant and the second most abun
dant sample were considered potential outliers and removed to prevent 
single-sample anomalies from distorting community structure analyses. 
These thresholds were chosen to enhance the robustness of downstream 
ecological interpretations while preserving. The filtered ASV table was 
normalized using an iterative rarefaction approach with 100 iterations, 
applying the rrarefy function from the vegan package v-2.6.8 in R. In 
each iteration, the dataset was subsampled to match the minimum 
sequencing depth observed across samples, ensuring uniform coverage. 
The resulting rarefied matrices were compiled into a three-dimensional 
array, and the median abundance of each ASV across all iterations was 
calculated to obtain a robust estimate of relative abundance. This 
approach minimized stochastic sampling effects while preserving bio
logically meaningful diversity and mitigating biases associated with 
uneven sequencing depth (Oksanen et al., 2020). Rarefied sequencing 
data sets were used to determine alpha diversity indexes (observed 
richness, Shannon diversity index, inverse Simpson index, and Pielou’s 
evenness) using the diversity function in the “vegan” package (v-2.6.8).
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2.4. Statistical analysis

Statistical analyses were performed using RStudio version 2023.09.0 
(RStudio Team, 2023). For enzyme activities (dehydrogenase, urease, 
protease, β-glucosidase, phosphatase), PLFAs and alpha diversity in
dexes, linear models with treatment as a fixed effect were fitted (lm in 
R). Initially linear mixed models (identity link) with plot as a random 
intercept (lmer, package lme4) were evaluated to account for potential 
pseudoreplication (two sub-samples per plot), but likelihood-ratio tests 
and singular-fit diagnostics indicated negligible among-plot variance; 
therefore, after AIC tests, final inference relies on linear models (Sup
plementary Table S.M.2-1). Model assumptions were checked via re
sidual diagnostics and Shapiro–Wilk tests. Hypothesis tests are reported 
as Type II ANOVA (package car) and pairwise contrasts using the 
TukeyHSD function from (“agricolae” package) (Supplementary Table S. 
M.2-2). To evaluate the overall effect of treatments in alpha diversity 
indexes across correlated indices, a MANOVA was ran first. Given the 
significance of the multivariate test, ANOVAs were subsequently con
ducted for each alpha index to identify the specific sources of variation. 
Holm’s correction was applied to control for Type I error across multiple 
tests, and pairwise comparisons were performed using estimated mar
ginal means with Tukey adjustment (emmeans) (Supplementary Table S. 
M.2-2; S.M.2-3).

Because amendments were applied at a constant volume but differed 
in dry matter and nutrient contents, complementary dose sensitivity 
analyses within the organic-amendment subset were conducted (T3–T5: 
compost, poultry and swine manures). These models included the initial 
total nitrogen input (N input, kg ha− 1, dry basis) as a continuous pre
dictor. N inputs were prioritized over dry matter due to their strong 
collinearity (r ≈ 0.98 within T3–T5) and the direct link of N with mi
crobial responses. Material × dose interactions were explored but are 
not identifiable with the present design because N input does not vary 
within materials; therefore, we report simple dose models as sensitivity 

checks (Supplementary Table S.M.2-4).
For beta diversity, differences in microbial community structure 

were evaluated using PERMANOVA (adonis2, Bray–Curtis, 4999 per
mutations). Two models were tested: one without blocking and another 
with permutation strata = block to account for spatial dependence 
among plots. The blocked model provided a better fit and was used for 
final interpretation. Detailed PERMANOVA results are presented in 
Supplementary Table SM2-5., and homogeneity of multivariate disper
sions was examined via PERMADISP with betadisper function (“vegan” 
package). Canonical Analysis of Principal Coordinates (CAP), based on 
Bray-Curtis distance, was conducted using CAPdiscrim function (“Bio
diversityR” package v-2.17; Kindt and Coe, 2005), and Distance-Based 
Redundancy Analysis (dbRDA) based on Bray-Curtis distance (dbrda 
and envfit functions, vegan) to constrain community variation by soil 
physicochemical properties. To identify the physicochemical variables 
driving the structure of prokaryotic and eukaryotic communities, a 
permutation-based analysis of variance with 4999 permutations was 
applied to assess the significance of these variables in explaining vari
ance within the dissimilarity matrix. Multicollinearity among predictor 
variables was evaluated using the variance inflation factor (VIF), 
calculated with the vif.cca function from the “vegan” package. Predictor 
variables with VIF values below ten were considered acceptable. Full 
model formulas are provided in Supplementary Table SM2-6.

3. Results

3.1. Soil enzyme activity and microbial biomass

Enzyme activities exhibited different responses according to the use 
of contrasting organic amendments and fire occurrence (Fig. 1). Dehy
drogenase activity increased significantly in all amended soils compared 
to both the reference (T0) and control burned soils (T1). The enzyme 
activities related to the N cycle (urease and protease) showed significant 

Fig. 1. Dehydrogenase, urease, protease, β-glucosidase, and phosphatase levels for each treatment. Lowercase letters indicate significant differences among treat
ments (p-value <0.05, Tukey test). T0, unburned; T1, control burned; T2, mulch; T3, compost; T4, poultry manure; and T5, swine manure.
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differences between the reference (T0) and control burned soils (T1) 
when compared to poultry manure (T4) and swine manure (T5) amen
ded soils, but in opposite directions. Urease activity, related to the mi
crobial ammonium utilization, positively and exclusively responded to 
the manure application (T4 and T5), and was significantly activated in 
soils under their application. In contrast, protease activity, related to 
organic forms of nitrogen (peptides), was significantly higher in refer
ence soils, followed by control burned soils, and showed a lower 
response to the application of organic amendments. Regarding biogeo
chemical cycles related to soil organic carbon, evaluated here by 
β-glucosidase activity as an indicator of available labile carbon sub
stances in soils, this was significantly lower in T1 compared to T0; thus, 
it was affected by fire and sensitive to the different organic amendments 
applied. Phosphatase activity registered a significant reduction in 
burned soils, except poultry manure amended soils, which showed the 
highest values among treated soils, comparable to the reference condi
tion. Dose sensitivity analyses (T3–T5) regressing enzyme activities 
against initial N input (kg ha− 1) by the amendment yielded modest as
sociations that did not alter the treatment patterns from the main models 
(Supplementary Table SM2-54).

Total microbial biomass, determined by PLFA, showed no lasting 
effects of fire and did not vary among treatments (Table 1). Similarly, 
bacteria biomass followed the trend observed in total PLFA biomass, 
showing no significant differences among treatments. In contrast, fungi 
biomass responded significantly to fire occurrence and organic amend
ments. Control burned soils exhibited the lowest value of fungal biomass 
(1.60 nmol g− 1), while the highest values were evidenced in compost 
and swine manure treated soils (2.82 and 2.61 nmol g− 1, respectively). 
Dose sensitivity analyses restricted to T3–T5 (regressing PLFAs against 
initial N input, kg ha− 1) yielded weak associations and did not change 
treatment contrasts, indicating that material quality rather than N sup
ply drives the observed differences (Supplementary Table SM2-54).

3.2. Soil alpha and beta diversity

Alpha diversity indices showed strong treatment effects (MANOVA 
results, Supplementary Table S.M.1-2), and revealed contrasting re
sponses to treatments between prokaryotic and eukaryotic communities 
(Fig. 2, Supplementary Table S.M.1–3, S.M.2-3). In prokaryotic com
munities, while no fire legacies were detected (comparable results in T0 
and T1), a strong negative response was observed in manure soils for all 
alpha diversity indices, particularly in T5 compared to T4 (Fig. 2A). In 
contrast, soils treated with compost (T3) and mulch only (T2) main
tained diversity levels similar to those in control soils. An exception was 
observed for the Simpson index, where mulch treated soils (T2) showed 
significantly lower values, indicating less influence of dominant species. 
In eukaryotic communities, all amended soils showed markedly lower 
diversity values across all alpha diversity indices compared to unburned 
(T0) and burned control (T1) soils (Fig. 2B). Higher values for compost 
(T3) and poultry manure (T4) compared to mulch soils (T2) were 
generally observed, with swine manure (T5) in between these 

treatments. When conditioning on initial N inputs in the amendment 
subset (T3–T5) with dose sensitivity analyses, α-diversity patterns 
remained the same, indicating limited explanatory power of dose rela
tive to amendment quality (Supplementary Table SM2-4).

Microbial community structure shows a profound effect in response 
to organic amendments and the fire effects on both prokaryotic and 
eukaryotic communities (Fig. 3A and B, perMANOVA results in Sup
plementary Table SM1-3; SM2-5). In the prokaryotic community 
(Fig. 3A), treatments resulted in high dissimilarity, with the unburned 
control soils (T0) clearly separated from all other treatments (upper part 
Y-axis), especially from the manure treated soils, which clustered in the 
lower part of the plot. The communities in manure soils showed notable 
differentiation along the X-axis, indicating variability among these 
treatments. In particular, poultry manure soils (T4) showed a marked 
divergence from other treated soils, suggesting a unique microbial 
composition. In contrast, eukaryotic communities showed a different 
response (Fig. 3B). Soils treated with organic amendments clustered 
closely together, indicating a high degree of similarity in microbial 
composition. These amended soils were highly dissimilar to both the 
unburned (T0) and burned control (T1) soils, which were also clearly 
separated from each other (Y-axis). The significant dissimilarity be
tween the two control soils indicates the persistent influence of the fire 
occurrence on the eukaryotic community structure.

Shifts in microbial community composition were explained by 
changes in selected soil physicochemical properties following organic 
amendments (Fig. 3C and D; Supplementary Table S.M.1-4). Soil vari
ables included in the dbRDA models (pH, Cu, Pb, Cd, and carbohydrates) 
were chosen from an initial set of 10 physicochemical parameters 
(Supplementary Table SM1-1) after checking for multicollinearity using 
VIF (threshold <10). In the prokaryotic community (Fig. 3C), the in
crease in soil pH in compost soils (7.48, Supplementary Table S.M1-1) 
strongly affected the community composition, along with the increase in 
Cu content. In contrast, the communities in soils treated with manures 
were mainly driven by the increase in Pb, in the case of T4, and Cd for 
both manures. Similar trends were observed for the eukaryotic com
munity (Fig. 3D), where Pb and Cd were main drivers in manure treated 
soils, while pH was the dominant factor in compost soils (T3).

3.3. Soil prokaryotic and eukaryotic community composition

In the prokaryotic community, control soils, both unburned (T0) and 
burned without amendment (T1), showed similar relative abundances of 
dominant phyla and genera (Fig. 4A). The most notable fire legacy was 
the significant increase in Firmicutes, particularly the genus Bacillus, 
which persisted in amended soils. Except for the elevated Firmicutes, 
mulch treated soils (T2) were similar to the control soils in terms of 
dominant taxa, revealing low effects from mulch. In contrast, organic 
amendments (compost T3, and manures T4 and T5) significantly influ
enced microbial composition. These three amendments increased the 
dominance of Bacteroidetes at the phylum level, while Arthrobacter 
(Actinobacteria) consistently increased across amendments, and Solir
ubrobacter (Actinobacteria) decreased. Both compost and manure 
amendments were also associated with an increase in Proteobacteria, 
particularly Sphingomonas, in detriment of Acidobacteria. Differences 
emerged between compost and manure treatments: compost (T3) 
uniquely promoted an increase in Microvirga (Proteobacteria), while 
manure-treated soils showed notable increases in Nocardioides (Acti
nobacteria) and Flavobacterium (Bacteroidetes). Swine manure (T5) 
stands out with an exceptionally high increase in Sphingomonas 
(Fig. 4C).

In the eukaryotic community, fire and organic amendments led to 
significant changes at both the phylum and genus levels (Fig. 4B, Table 
S.M.2). A distinct fire legacy effect was observed with an increase in 
Chytridiomycota in burned control soils (T1) and mulch treated soils 
(T2), an effect that was presumably mitigated by organic amendments 
addition (T3-T5), where the abundance decreased. At the genus level, 

Table 1 
Microbial abundances (mean and standard deviation) for the total microbial 
community, fungal, bacterial, and the ratio fungal to bacteria communities, 
based on the PLFAs abundances (nmol g− 1). Lowercase letters indicate signifi
cant differences among treatments (p-value <0.05, Tukey test). Letters are only 
shown when statistical significance is observed. T0, unburned; T1, control 
burned; T2, mulch; T3, compost; T4, poultry manure; and T5, swine manure.

Treatments Total Fungi Bacteria Fungi/Bacteria

T0 11.9 ± 2.4 2.11 ± 0.44 ab 7.19 ± 1.79 0.30 ± 0.06
T1 10.1 ± 0.8 1.60 ± 0.22 b 5.71 ± 0.91 0.29 ± 0.07
T2 11.0 ± 1.7 2.42 ± 0.33 ab 6.32 ± 0.89 0.38 ± 0.03
T3 12.8 ± 2.2 2.82 ± 0.50 a 7.16 ± 1.26 0.40 ± 0.07
T4 10.3 ± 1.4 2.11 ± 0.38 ab 5.78 ± 0.68 0.36 ± 0.03
T5 11.9 ± 1.4 2.61 ± 0.44 a 6.81 ± 0.97 0.39 ± 0.08
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Fig. 2. Box plots of alpha diversity (mean ± standard deviation) of prokaryotic (A) and eukaryotes (B) communities for treatments, showing the effect of organic 
amendments in burned soils. Lowercase letters indicate significant differences among treatments (p-value <0.05, Tukey test). T0, unburned; T1, control burned; T2, 
mulch; T3, compost; T4, poultry manure; and T5, swine manure.
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Alternaria showed a notable increase in fire-affected soils. Organic 
amendments also stimulated a range of less abundant taxa, as reflected 
by the increase in the “other” category (i.e., taxa making less that 0.1 of 
relative abundance) in all amended soils, increasing the diversity within 
the community compared to control soils (T0 and T1). Compared to 
control burned soils (T1), amendments with compost and manure 
increased Ascomycota, with Cladosporium responding positively to 

organic inputs after initially declining with fire occurrence. The compost 
addition (T3) showed a unique effect, with a selective inhibition of 
Mortierellomycota abundance, and a relative increase in Stromatinia at 
the genus level. Both manure types also significantly reduced the 
abundance of Fusarium. Poultry manure (T4) showed a distinct pattern 
with a relative increase in Trichocladium and decreases in Tetracladium 
and Enterocarpus, suggesting favorable conditions to certain genera 

Fig. 3. Beta diversity analysis for communities treated with organic amendments. In the upper part, canonical analysis of principal coordinates (CAP) based on Bray- 
Curtis dissimilarities for prokaryotes (A) and eukaryotes (B). In the bottom part, distance-based redundancy analysis (dbRDA) based on Bray-Curtis dissimilarities, 
constrained by soil physicochemical properties (pH, Cu, Pb, Cd, and Ch as carbohydrates) for prokaryotes (C) and eukaryotes (D).

Fig. 4. Bar plots show the relative abundance of phylum-level taxonomic assignments for prokaryotic (A) and eukaryotic (B) ASVs, and genus-level assignments for 
prokaryotic (C) and eukaryotic (D) ASVs. The “Others” group in prokaryotic and eukaryotic plots represents taxa with low relative abundance. T0, unburned; T1, 
control burned; T2, mulch; T3, compost; T4, poultry manure; and T5, swine manure.
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within Ascomycota (Fig. 4D).

4. Discussion

4.1. Differentiated responses of prokaryotes and eukaryotes to organic 
amendments

The type of organic amendment emerged as a major dominant of 
post-fire microbial trajectories. Prokaryotic communities were particu
larly sensitive to amendment typology, whereas eukaryotic communities 
experienced a loss in diversity and a trend toward homogeneous as
semblages regardless of amendment type. These contrasting patterns 
suggest that prokaryotes quickly react to nutrient and pH shifts, a 
mechanism commonly highlighted in post-fire dynamics, while fungi 
show a more constrained recovery, consistent with their life cycles and 
higher fire sensitivity (Pressler et al., 2019; Whitman et al., 2019).

Fresh manures induced the strongest shifts in the microbial com
munity, reflecting the immediate availability of labile nutrients that 
stimulates copiotrophic taxa (Zhang et al., 2018). This stimulation 
enhanced microbial activity and fungi biomass, particularly under swine 
manure, consistent with previous findings emphasizing its potential to 
accelerate nutrient mineralization (García-Carmona et al., 2021). 
However, the boost in activity was accompanied by a loss in alpha di
versity, suggesting that manures promote microbial activity at expense 
of community complexity. Dissimilarities between communities in 
poultry and swine manure soils may be explained by differences in 
carbon profiles and the content of trace metals, since heavy metals are 
known to be long-term stressors for microbes (Shuaib et al., 2021).

In contrast, compost induced a balanced microbial response, 
enhancing activity and fungal biomass while maintaining prokaryotic 
diversity more similar to control soils (unburned and untreated burned). 
This balanced response reflects the gradual release of nutrients from 
stable organic matter, a mechanism reported as beneficial for microbial 
communities under long-term compost application (Francioli et al., 
2016; Ros et al., 2003). Additionally, the associated increase in pH, a 
well-stablished modulator of microbial community structure (Morris 
and Blackwood, 2024; Li et al., 2019), further explain the compositional 
changes in both prokaryotic and eukaryotic communities; emphasizing 
the role of soil pH as master variable in edaphic ecosystems.

Straw mulch induced only moderate shifts in microbial communities, 
likely due to the slower decomposition rate of plant materials that lead 
to accumulation of recalcitrant carbon in soils (Bao et al., 2020; Siedt 
et al., 2021). Unlike manure or compost, straw mulch might exert more 
pronounced long-term effects, consistent with observations in burned 
semiarid Mediterranean ecosystems where it is described to increase soil 
multifunctionality over time (Lucas-Borja et al., 2019).

Organic amendments had a stronger impact on eukaryotic commu
nities, which exhibited reduced diversity and a homogenized structure 
after six months, irrespective of amendment type. This pattern is 
consistent with the idea that nutrient pulses and pH strong shifts favor 
competitively dominant sapiotrophic taxa over low-nutrient and stable 
conditions, adapted taxa, a mechanism reported in agricultural soils 
under long-term organic amendment application (Sun et al., 2020; Vida 
et al., 2020). Similar trends have been observed in burned Mediterra
nean soils, where wood mulch addition led to temporal fungal homog
enization (García-Carmona et al., 2023). Given their role in carbon and 
nutrient cycling (Taylor and Bhatnagar, 2024), and their slower recov
ery than bacteria after fires (Dove and Hart, 2017; Holden et al., 2016), a 
short-term loss of diversity may temporarily limit these functions. 
Nonetheless, the high functional redundancy among saprotrophic spe
cies (Baldrian, 2017), and the migration from nearby refugia (Averill 
et al., 2022), suggest that a single amendment application is unlikely to 
cause permanent disruption to fungal communities. Even so, increasing 
fire severity and frequency could amplify the loss of diversity and would 
require particular caution in fire-prone environments.

4.2. Legacy effects of fire

The strong effects of organic amendments on microbial communities 
overlapped with the persistent fire legacies that remained evident nearly 
two years post-disturbance. Phylogenetic shifts, such as the increase in 
Firmicutes and the genus Arthrobacter, are consistent with common 
post-fire responses in Mediterranean soils (Aponte et al., 2022; 
Fernández-González et al., 2017; Prendergast-Miller et al., 2017), 
highlighting the resilience of fire-adapted taxa. However, fungal 
biomass and eukaryotic structure revealed persistent fire effects, 
consistent with their greater heat sensitivity and slower recolonization 
than bacteria (Mataix-Solera et al., 2009). In Mediterranean ecosystems, 
fire-induced alterations in the quantity and quality of organic matter, 
pH, water repellency, and aggregate stability, are major drivers of 
long-lasting changes in microbial diversity and functionality 
(González-Pérez et al., 2004; Pérez-Valera et al., 2019). In Chilean 
sclerophyll forests, however, the resilience of soil microbiota remains 
understudied, raising concerns given the predicted increase in fire fre
quency with climate change in the region (Armenteras et al., 2020). 
Recent evidence from the 2017 megafire at the same site showed that 
prokaryote composition remained profoundly altered almost three years 
post-fire, despite the stabilization of soil physicochemical properties, 
with organic matter mineralization and nitrogen availability emerging 
as key driver of structural shifts, revealing the long-lasting effects of fires 
in microbial diversity (Aponte et al., 2022). Given the generalized 
decrease in soil organic matter after fire events across South America 
(Giorgis et al., 2021), organic matter replenishment through amend
ments could represent an effective management strategy to mitigate the 
loss of soil functionality, stimulating microbial processes associated with 
organic matter turnover in soils that buffer fire legacies and accelerate 
ecosystem recovery.

4.3. Recovery of soil functions through enzyme activity

Organic amendments influenced soil enzymes differently, suggesting 
diverse pathways for restoring nutrient cycling related to C, N, and P 
cycles. Dehydrogenase activity consistently increased across treatments, 
confirming that amendments generally stimulate microbial metabolism 
(Bastida et al., 2008), as reported in other recently burned Mediterra
nean soils (Guénon and Gros, 2015). Fresh manures strongly enhanced 
urease, β-glucosidase, and phosphatase activities, indicating ongoing 
nutrient mineralization and effective utilization of labile nutrients. By 
contrast, compost and mulch led to more moderate enzyme activity 
levels, reflecting slower nutrient release rates and potentially 
longer-term stability (Luna et al., 2016; Wang et al., 2022). Interest
ingly, high enzymatic activity persisted even when microbial diversity 
declined, suggesting that functional redundancy buffered the diversity 
loss, taxonomic shifts across amendments (Pérez-Valera et al., 2019).

Because amendments were applied at constant volume, initial loads 
differed among materials; however, by six months material quality and 
stoichiometry more plausibly govern enzyme patterns than dose. Fresh 
manures, rich in readily mineralizable C and N, tend to produce short- 
lived enzymatic surges (rapid ammonification and copiotrophic 
blooms), whereas compost, with more polymerized organic matter, 
promotes slower release kinetics and steadier functions. In parallel, 
saturation of microbial–enzymatic processes and subsequent abiotic 
losses (leaching, volatilization, sorption), together with plant–microbial 
uptake, progressively diminish the imprint of the initial dose. Consistent 
with this mechanism, the dose sensitive models (in T3–T5, conditioning 
on initial N input) produced only modest, enzyme-specific slopes and did 
not alter treatment contrasts, reinforcing that material composition 
rather than initial load alone explains the observed biochemical recov
ery over six months.
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4.4. Shifts in specific microbial taxa related to copio- and oligotrophic 
strategists

Organic amendments promoted clear taxonomic shifts, favoring fast- 
growing and nutrient-responsive taxa over those adapted to resource- 
limited conditions (Goldfarb et al., 2011; Ye et al., 2021). These 
changes suggest that the main driver for those shifts was nutrient 
availability rather than the establishment of exogenous microbes, that 
tend to be outcompeted by native communities in post-fire environ
ments characterized by lower moisture, higher pH, and nutrient limi
tations (Hueso et al., 2011; Pérez-Valera et al., 2022).

In the prokaryotic community, organic amendments promoted 
copiotrophic taxa, such as Proteobacteria (notably Sphingomonas), 
while reducing the relative abundance of oligotrophic groups like 
Acidobacteria, a pattern consistent with previous findings (Francioli 
et al., 2016; Goldfarb et al., 2011; Naether et al., 2012). These shifts 
were pronounced in manure-treated soils, with an increase in Nocar
dioides (Actinobacteria) and Flavobacterium (Bacteroidetes), taxa 
associated with nutrient-rich environments and organic matter degra
dation (Neher et al., 2020; Sun et al., 2019), the dominance of Sphin
gomonas under swine manure highlights a selective enrichment of 
decomposer genera compared to poultry manure (Cheng et al., 2023). 
Compost supported taxa associated with more stable carbon pools, such 
as Microvirga, indicating a sustained pathway to nutrient cycling 
(Araujo et al., 2023; Mayerhofer et al., 2021).

Eukaryotic communities showed similar changes driven by the 
amendments, with organic inputs favoring Ascomycota, a group of 
saprotrophic taxa that thrive on organic amended soils (Ye et al., 2021), 
while fire legacies were evident in the persistence of Chytridiomycota 
(Smith et al., 2017). The significant increase in less dominant or rare 
taxa probably indicates a diversification effect due to the availability of 
diverse substrates, suggesting that organic amendments support a wider 
range of saprotrophic fungi, which may translate into an increase in soil 
multifunctionality (Chen et al., 2020). However, the profile of the 
organic inputs plays a key role in determining specific saprotrophic taxa 
stimulation (Clocchiatti et al., 2020), as seen with different responses 
between compost and manure additions. Unique to the compost treat
ment, Mortierellomycota decreased, as observed in long-term com
posted soils (Liu et al., 2024). Stromatinia also increased in compost 
soils, but while it was present in all soils, its increase should be moni
tored as a specific species, S. cepivora, is pathogenic to crops like onions. 
A reduction in Fusarium in manure soils, a genus that includes sapro
phytic but also pathogenic species in agricultural systems, may be linked 
to the increase of Actinobacteria that can suppress pathogens with ac
tinomycins secretion (Yang et al., 2020).

4.5. Implications for soil restoration

A key question in post-fire restoration is whether organic amend
ments can enhance microbial recovery in fire-affected soils. The results 
confirmed the main hypothesis, showing that amendments altered mi
crobial communities within six months of application, favoring fast- 
growing decomposers compared to the nutrient-limited native commu
nities. In terms of functionally, manures provided a short-term boost in 
nutrient cycling enzymes, while compost and mulch promoted slower 
but more stable effects. Importantly, compost maintained prokaryotic 
communities closer to reference conditions, whereas manures induced 
stronger shifts and reduced microbial diversity.

These findings suggest that organic amendments can contribute to 
post-fire soil resilience, but their effectiveness depends on the type of 
material applied. In practical terms, compost emerges as a more 
balanced and ecologically safer amendment for supporting microbial 
functions while minimizing disruption to community structure. Manures 
may be useful when rapid functional recovery is required, but their 
potential risks, including nutrient imbalances, pollution with heavy 
metals or pathogen introduction, require careful monitoring.

In Mediterranean sclerophyll forests of Chile, where fire frequency is 
increasing under climate change, targeted applications of compost as 
“fertile islands” in the most degraded patches (Rojas et al., 2016; Varela 
et al., 2011), could accelerate ecosystem recovery while reducing 
ecological risks. This study, together with previous work at the same site 
(García-Carmona et al., 2021), constitutes one of the few efforts 
assessing soil restoration strategies in these ecosystems, where the 
microbiome remains largely understudied (Aponte et al., 2022). 
Expanding research on the use of organic amendments in 
non-agricultural, fire-prone ecosystems is critical to refine restoration 
practices and anticipate responses to changing fire regime. Overall, 
these insights underscore the need to select appropriate organic inputs 
to foster soil functional resilience and ecosystem recovery in a Medi
terranean ecosystem highly vulnerable to climate change, with impli
cations for fire-prone regions worldwide.
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