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ARTICLE INFO ABSTRACT

Keywords: Understanding the role of biocrust-forming mosses in soil recovery after wildfires is necessary for assessing the
Euca%ypms plantation resilience of managed ecosystems. The purpose of this study was to investigate the mid-term impacts of two
Logging contrasting post-fire management strategies on soil recovery in eucalypt plantations in north-central Portugal,
Moss biocrust h high £ bi f . developed & ibuti . L si

Mulching where a high cover of biocrust-forming mosses developed post-fire, contributing to erosion control. Six years
Wildfire after a wildfire, we examined the legacy effects of salvage logging and two rates of mulch application using

logging residues (a standard rate of 8.0 Mg ha! and a reduced rate of 2.6 Mg ha™) on soil properties, and
explored the interaction between moss biocrusts and forest management practices on soils. Our findings reveal
the resilience of soils to physical disturbance after logging operations, with no persistent negative effects on their
physicochemical properties. Although forest residue mulches showed minimal influence on soils after six years,
an interesting interaction with moss biocrusts was observed. In the absence of moss cover, direct contact of wood
residues with soil at the standard mulch rate promoted higher nutrient content and biochemical activity,
potentially attributed to accelerated decomposition processes. Regardless of the management applied, our study
highlights the role of moss biocrusts in improving soil aggregation and biochemical processes in the mid-term.
However, the severe water repellency observed in these soils may have impeded further biocrust expansion.
Understanding the implications of forest management practices on soil recovery after wildfires is imperative for
guiding strategies aimed at promoting ecosystem recovery and resilience in fire-prone managed forest
ecosystems.

Post-fire management

1. Introduction

Biological soil crusts, or biocrusts, represent complex communities of
photoautotrophic organisms (e.g., cyanobacteria, algae, lichens, bryo-
phytes) and heterotrophic organisms (e.g., bacteria, fungi, archaea)
inhabiting the uppermost millimeters of the soil surface (Weber et al.,
2022). In drylands, the ecological functions of biocrusts are
well-established, including the stabilization of the soil surface, positive
contribution to soil biodiversity, and enhancement of biochemical pro-
cesses and soil fertility (Belnap et al., 2016). However, their influence in
temperate biomes remains less explored, despite their potential to
contribute to aboveground and belowground processes. In mesic

environments, biocrust dominance is favored by disturbances that
temporarily limit vascular plant productivity and litter ground cover,
creating favorable opportunities for biocrust emergence (Corbin and
Thiet, 2020; Gall et al., 2022b). Wildland fires exemplify disturbances
that allow transitory dominance of biocrusts (Bowker et al., 2004;
Grover et al., 2020); although their response may vary depending on
disturbance history and factors such as fire severity (Palmer et al., 2020;
Zaady et al., 2016). After a disturbance in temperate biomes, the pres-
ence of biocrust diminishes or is replaced over succession, unless
stressful conditions for vascular plants persist, i.e., induced by subse-
quent disturbances such as soil compaction (e.g., by heavy machinery in
post-fire management), enabling longer persistence of biocrusts in those
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environments (Corbin and Thiet, 2020; Garcia-Carmona et al., 2023a).

Biocrust-forming mosses rapidly colonize bare soils following wild-
fires (De las Heras et al., 1994; Esposito et al., 1999), playing crucial
roles in key soil processes as ecosystem engineers (Ferrenberg et al.,
2017; Ladron De Guevara and Maestre, 2022). Their function as soil
stabilizers, facilitated by their fine rhizoids and protonema mats, pro-
motes rapid particle cohesion and stabilizes exposed soils (Seppelt et al.,
2016), contributing significantly to post-fire erosion mitigation (Gall
et al., 2022a; Silva et al., 2019). In semi-arid Mediterranean forests,
rapid biocrust soil stabilization following wildfires has been observed to
enhance nutrient cycling and biochemical processes, and accelerate the
recovery of microbial communities, although the effects on soils depend
on the developmental stage of the biocrust (Garcia-Carmona et al., 2022,
2020). Conversely, the role of biocrusts in facilitating water infiltration
in soils is inconsistent, as factors such as pore clogging or the hydro-
phobicity of certain species can promote water runoff rather than
infiltration (Kidron et al., 2022; Rodriguez-Caballero et al., 2013). Most
studies have focused on dryland ecosystems, often overlooking research
on biocrust under mesic conditions (Baumann et al., 2021; Corbin and
Thiet, 2020; Gall et al., 2022b). Addressing this gap is relevant for un-
derstanding ecosystem resilience in managed fire-affected ecosystems,
which is particularly urgent given the escalating fire activity linked to
climate change in temperate latitudes (Bedia et al., 2015; Kolden et al.,
2024).

Impacts of post-fire forest management on soils are complex and
conditioned by multiple factors that are linked to previous wildfire ef-
fects (Leverkus et al., 2018; Wagenbrenner et al., 2015). While these
impacts are frequently neglected in decision-making processes, they can
significantly reduce the ecosystem’s ability to recover (Pereira et al.,
2018; Tomao et al., 2020). In the Mediterranean region, salvage logging
stands out as a common post-fire forestry operation, especially in com-
mercial plantations such as the eucalypt and pine stands in Portugal,
where logging operations are conducted to recover timber economic
values and facilitate future forestry plantations (Moreira et al., 2011).
Ecological disturbances due to intensive salvage logging operations have
been widely reported, with impacts highly dependent on site charac-
teristics, soil erodibility, and logging methods and equipment
(Fernandez and Vega, 2016; Garcia-Orenes et al., 2017). Negative con-
sequences often include soil compaction due to heavy machinery,
which, in turn, can modify hydrological responses (Malvar et al., 2017;
Morgan et al., 2015; Slesak et al., 2015), delay vegetation recovery
(Wagenbrenner et al., 2016), and have detrimental effects on nutrient
cycling (Pereg et al., 2018), carbon fluxes (Hartmann et al., 2014;
Serrano-Ortiz et al., 2011), and soil biodiversity (Thorn et al., 2018).
Intensive salvage logging has also been found to negatively impact the
cover of biocrust-forming mosses in diverse biomes, both at the short
and medium term (Bradbury, 2006; Garcia-Carmona et al., 2020; Pharo
et al., 2013).

When the protective vegetation is lacking immediately after a
wildfire, mulching is considered the most effective and cost-effective
measure to mitigate post-fire erosion (Girona-Garcia et al., 2023,
2021; Keizer et al., 2018; Robichaud et al., 2013). Wood residue-based
mulches, with their strong resistance and longevity, are expected to
positively influence soils at the long term, by improving microclimatic
conditions and implying nutrient supply (Jonas et al., 2019; Lepinay
et al., 2022). The effects of mulches on the soil biological response,
however, remains relatively unexplored. A significant drawback of
wood mulch may be its inhibitory effect on vegetation recovery
(Bautista et al., 2009; Castro, 2021). The application of high doses of
burnt wood mulch drastically suppressed biocrust development in
semi-arid forests after one year, hence conflicting with soil recovery
fostered by mosses (Garcia-Carmona et al., 2023b). While protecting soil
from erosion is a primarily goal in Mediterranean post-fire land man-
agement, a better understanding of biocrust ecology and its impact on
soil properties recovery would be crucial to enhance soil protection
through effective management guidelines.
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In Portugal, wildfires annually affect approximately 124,000 ha per
year (ICNF, 2023). In recent decades, land abandonment and the
widespread introduction of fire-prone tree plantations have significantly
contributed to increasing fire risk (Moreira et al., 2011; Shakesby, 2011;
Valente et al., 2015). Given the intensification of wildfire regimes (Jones
et al., 2019), understanding ecosystem resilience is essential for ensure
the sustainable ecosystem management. With this purpose, we studied
two nearby eucalypt plantations in north-central Portugal that were
affected by a wildfire in 2015. The sites were subjected to salvage log-
ging and forest-residues mulching as part of an experiment designed to
quantify post-fire erosion (Malvar et al. 2017). At the latter site, addi-
tional experiments revealed the significant role of mosses in erosion
during the first post-fire year (Silva et al., 2019). The objective of this
study was to investigate, the legacies on soils of two contrasting types of
post-fire management, salvage logging and forest residue mulching, six
years after a wildfire in eucalypt plantations characterized by notable
post-fire cover of biocrust-forming mosses. Specifically, we aimed to: (1)
assess the medium-term legacies of post-fire management on soils,
subjected to salvage logging and two contrasting rates of mulch appli-
cation — a standard rate of 8.0 Mg ha! and a reduced rate of 2.6 Mg ha'’;
and (2) explore the relevance of biocrust-forming mosses for soil re-
covery under mesic conditions. We hypothesized that soil response after
six years would differ under different management approaches, with
salvage logging resulting in negative effects due to the potential physical
disturbance, and mulching exhibiting increasingly positive effects as
mulching rates increased due to its protective effect; and that the pres-
ence of biocrust would enhance soil recovery across a range of physi-
cochemical, biological and biochemical soil properties. Evaluating these
impacts would help to guide post-fire forest management practices,
especially focused on promoting post-fire recovery and resilience in
fire-prone managed forest ecosystems.

2. Material and methods
2.1. Study area and post-fire treatments

The research was conducted in two eucalypt plantations (Eucalyptus
globulus Labill.) in Vale de Colmeias, located in the Miranda do Corvo
municipality of north-central Portugal (40° 9.977'N, 8° 19.506' W). The
climate of the study area is Mediterranean with an oceanic influence and
can be classified as humid meso-thermal, with mild winters and dry and
warm summers. Its mean annual temperature and precipitation are 12°
and 851 mm. Eucalypt plantations is the predominant land cover of the
study area. The soils of the study area were derived from pre-Ordovician
schist of the Hesperic Massif (Pereira and FitzPatrick, 1995), and were
classified in the field as an association of Epileptic and Cambic Umbri-
sols and Dystric Cambisols (IUSS Working Group, 2022). The field de-
scriptions of soil profiles of several nearby eucalypt plantations
furthermore revealed Ah horizons with a sandy loam to loamy field
texture till a depth of 35-60 cm (Keizer et al., 2018; Prats et al., 2019).

The study area was affected by a wildfire that started on August 8th
2015, and ended on August 9th 2015, affecting a total area of 715 ha.
The severity of the fire was predominantly moderate and high (EFFIS,
2015). Field observations of the consumption of tree canopies and litter
layer as well as the color of the ash layer suggested a moderate fire
severity at both study sites (Malvar et al., 2017; Silva et al., 2019). Both
sites were furthermore similarly steep (27° and 30 °), had a similar
aspect (NNE), and were located at less than 500 m from the Ceira river.

Shortly after the wildfire, the two sites were subjected to two con-
trasting management operations, i.e. salvage logging and mulching with
eucalypt logging residues. The salvage logging was conducted for
operational purposes, while the mulching was done for demonstration
purposes in the framework of the EU-FP7 project RECARE. As previously
detailed in Malvar et al. (2017), three treatments were implemented
immediately after the salvage logging, each instrumented with three
erosion plots of 16 m2. For the present study, the skid_low logging and
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control treatments were selected, in particular for being located on the
same upper part of the slope (referred to "logging" hereafter instead of
skid_low). The second site selected for the mulching experiment fol-
lowed the same experimental setup with nine 16 m? plots, three repli-
cates for each of the two mulching treatments and the control without
mulch. The two mulching treatments corresponded to two contrasting
application rates of 8.0 Mg ha™ (“standard rate”) and 2.6 Mg ha™!
(“reduced rate”).

Previous research at the mulching site demonstrated the significant
role of the high moss cover, up to 48% one year after the wildfire, in
reducing post-fire soil erosion (Silva et al., 2019), and served as inspi-
ration for the present study. At the logging site, despite ground cover
was monitored during the first year after the fire in Malvar et al. (2017),
the moss cover was not considered in the assessment. At the time of the
field sampling for this study, six years after the wildfire, patches of moss
biocrust were well observed at both study sites. Moss cover was visually
estimated to be approximately 50% at the mulching site and 80% at the
logging site.

Worth special reference was that the mean erosion rate at the logged
site over the first post-fire year was markedly higher for the logging
(skid_low) plots than the control plots, amounting to 7.7 and 5.1 Mg ha'!
respectively (Malvar et al., 2017). The first-post-fire-year erosion rates
of the 16 m? plots at the mulched site were below 1 Mg ha™! for all three
treatments (unpublished data), in line with the range of values of
1.0-2.2 reported by Silva et al. (2019).

2.2. Experimental design and soil sampling

Soil sampling for this study was conducted on 13 July, 2021, almost
six years after the wildfire. For each of the five treatments mentioned
above (logging and its control, two rates of mulching and its control), ten
mineral soil samples were collected at 0-2.5 cm depth. Each set of ten
samples included five replicates from underneath moss biocrust soils
and five from uncrusted soils, resulting in a total of 20 samples at the
logged site and 30 samples at the mulched site. At each site, biocrust and
uncrusted soil samples were randomly selected within the 16 m? plots.
Biocrust soils were visually identified, and bare soil samples were
collected from unvegetated interspaces with no apparent biocrust
development. Figure A1 illustrates the visual aspects of both cover types.

From each soil sample, a subsample was stored at 4°C for measuring
biological and biochemical parameters, while the remainder was air-
dried at room temperature. From the dried samples, a part was sieved
between 4 mm and 0.25 mm for the measurement of aggregate stability,
whereas the remaining part was sieved at 2 mm for the physicochemical
analyses.

2.3. Laboratory analyses of the soil samples

Soil organic carbon was determined by the Walkley-Black method
(Nelson and Sommers, 1983), total nitrogen by the Kjeldahl method
(Bremner and Mulvaney, 1982), and the available phosphorus by the
Olsen method (Olsen, 1954).

To evaluate the impact on soil structure, we measured the aggregate
stability and the total macroaggregate content in the 4-0.25 mm soil
fraction, which represent the macroaggregate fraction, following the
Roldan et al. (1994) procedure. This method quantifies the proportion of
aggregates that remain stable after exposure to a simulated rainfall of
known energy (279J min~! m’l), which allows the calculation of
macroaggregates formation within a sample. The Water Drop Penetra-
tion Time test (Wessel, 1988) was used to measure the persistence of
water repellency in soils under controlled laboratory conditions (20°C,
~50% relative humidity) to ensure comparability between treatments
given the potential microenvironment changes under field conditions
and the steepness of the slopes. Values were classified as follows, ac-
cording to Bisdom et al. (1993) and Doerr et al. (1998): wettable (<5s),
slightly water repellent (5 — <60s), strongly water repellent (60 —
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<600 s), severely water repellent (600 — <3,600 s), and extremely water
repellent (>3,600s).

Basal soil respiration was measured using an automated impedance-
meter (BacTrac 4200 Microbiological Analyser, Sylab, Austria), based
on changes in the impedance of a KOH solution (2%) after CO, emissions
by soil microorganisms incubated at 30 °C. Microbial biomass carbon
was estimated, also using an impedance-meter, as the substrate-induced
respiration using glucose (3 mg per gram of soil) as carbon substrate,
according to Anderson and Domsch (1978).

Urease and protease enzymatic activities were determined as
described by Kandeler et al. (1999), quantifying the NHJ released after
the addition of urea or N-a-benzoyl-l-arginine amide substrates,
respectively (Nannipieri et al., 1981). p-Glucosidase and acidic phos-
phatase activities were quantified by measuring the formation of
p-nitrophenol after soil incubation with p-nitro-
phenyl-p-d-glucopyranoside (Tabatabai, 1983) and p-nitrophenyl
phosphate (Naseby and Lynch, 1997; Tabatabai, 1983). Dehydrogenase
activity was determined following the procedure described by Garcia
et al. (1997), measuring the reaction product INTF (iodonitrote-
trazolium formazan), which is formed by the reduction of the substrate
INT (2-p-iodophenyl-3-p-nitrophenyl-5-phenyltetrazolium chloride).

2.4. Statistical analyses

The effects of post-fire forest management types and moss develop-
ment on soil properties were tested statistically using the software
package RStudio v. 4.0.5 (R Core Team, 2023). ANOVA models were
selected for statistical testing after initial analysis revealed a reduced
contribution in the variance component associated with individual
experimental erosion plots. Two-way ANOVA were conducted at each
site to test the treatment and biocrust effects on soil properties. Phos-
phorus content and soil water repellency were log transformed to meet
the assumption of a normal distribution of errors, and values were back
transformed to facilitate interpretation. To explore differences between
management sites, treatments, and biocrust presence across the entire
sample set, a perMANOVA analysis was conducted using the adonis2
function in vegan with 999 permutations. Then, the relationships among
variables were explored with principal component analysis, using
“FactoMineR” and “factoextra” packages (Kassambara and Mundt,
2017; Le et al., 2008).

3. Results
3.1. Physical properties: soil water repellency and soil aggregation

Six years after the fire, soils revealed water repellency regardless of
site and treatment (Fig. 1). At the logging site, the presence of mosses
significantly influenced the hydrophobicity observed (p-value <0.001,
Table A1). While uncrusted soils predominantly classified as extremely
water repellent, soils under mosses exhibited mostly strong water
repellency. Similarly, at the mulching site, reduced level of water
repellency was related to the presence of mosses (p-value <0.05,
Table A1), although the frequencies defined also varied with the mulch
application rate. Most soils were strongly water repellent, with
uncrusted soils under standard mulch rate tending to be more severely
water repellent. Additionally, the latter soils did not show the “slightly
water repellent” class, while control soils under mosses had the highest
frequency of this class (Fig. 1).

Differences in soil aggregation were observed for both soil structural
parameters measured, i.e. the total content of aggregates (or total
macroaggregates) and the stability of soil aggregates (Fig. 2). The total
aggregation of soils was notably and significantly influenced by the
presence of mosses, resulting in higher aggregation values compared to
uncrusted soils (see Table Al in supplementary materials for more sta-
tistical details). In contrast, biocrust did not show statistical effect on
aggregate stability. In general, lower values were observed in soils under
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Mulching site

Standard: Moss A

Reduced: Moss A
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Fig. 1. Frequency of soil water repellency classes at the salvage logging and the mulch sites by treatment and biocrust presence (uncrusted and moss). Classes are
identified as: wettable (<5 s), slightly water repellent (5-<60 s), strongly water repellent (60-<600 s), severely water repellent (600-<3,600 s), and extremely water

repellent (>3,600 s).

Logging site
Treatment n.s.
801 Biocrust n.s.
Treat:Bsc n.s.
<
Q .
1’ 70 -
n
Q
=
©
(=
% 60 °
o
©
2 = =
5 50 -
|—
40 4
T T
Control logging Logging
Treatment n.s.
50 4 Biocrust n.s.
Treat:Bsc n.s.
<
s
>
£ 70 I%I
=
© ==
S
7]
vg 6 . ° .
© 601
g
5 .
(=2}
< 50 4

Control logging Logging

Mulching site

Treatment n.s.
80 9 Biocrust 0.14*
Treat:Bsc n.s.
70 4 °
60
Y —
o
40 4
T T T
Control mulch Reduced rate Standard rate
Treatment n.s.
80 4 Biocrust n.s.
Treat:Bsc n.s.
70
o
60
50 4 .
o

Control mulch Reduced rate Standard rate

E Uncrusted E Moss

Fig. 2. Soil aggregation at the salvage logging and the mulching sites per treatment and biocrust presence (uncrusted and moss). Summary of statistical results for
treatment and biocrust factors from two-way ANOVA are included. P-values indicate significant effect (“**** p <0.001; “*** p <0.01; ‘*’ p <0.05; ‘ns’ not significant).
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mulch, while uncrusted soils remained relatively constant, showing
similar values to those in logged soils (~ 65%).

3.2. Chemical properties: organic carbon, nitrogen, and phosphorus
contents

At the logging site, organic carbon and total nitrogen contents were
significantly lower under mosses compared to uncrusted soils (Fig. 3).
However, biocrust did not significantly affect the available phosphorus
content at the logging site, whereas the treatment did (p-value < 0.001),
resulting in significantly higher values in the logged soils. By contrast, at
the mulching site, neither biocrust nor treatment had a significant
overall effect on organic carbon and nitrogen, while the phosphorus
content revealed a significant interaction between the two factors. This
interaction reflected a tendency for higher values for the uncrusted soils
under the standard rate.

3.3. Biological and biochemical properties: microbial biomass, basal
respiration, and enzyme activities

Microbial biomass did not show statistically significant differences
based on treatment or biocrust presence at any site (Fig. 4). Overall,
mulching site tended to show higher values compared to the logging site.
At the mulching site, a trend to higher microbial biomass in soils under
the standard rate of mulch compared to the reduced rate was observed,
particularly in uncrusted soils compared to those under mosses. A
similar pattern was observed for basal respiration. At the logging site,
basal soil respiration significantly decreased due to the treatment,
regardless of the presence of moss biocrusts.

All enzymes revealed differences between sites, and higher values
were observed in the mulching site compared to the logging site
(Table 2). Both dehydrogenase and urease enzymes showed a significant
response to the biocrust presence, while only p-glucosidase showed a
treatment effect in mulched soils (Table 2). Dehydrogenase activity
significantly increased with the presence of mosses in both logging and
mulching sites, regardless of the treatment applied. On the other hand,
specific enzymatic activities related to nitrogen, carbon, and phosphorus
cycles showed a tendency to higher activity under mosses in logged soils,
although not statistically significant. In the mulching site, control soils
without biocrust showed higher enzyme activities. Under the standard
rate of mulch, soils under mosses registered lower values of activity
compared to uncrusted soils.

3.4. Relationships between physical, chemical, and biological properties

Soils from logging and mulching sites were strongly and significantly
different as indicated by the perMANOVA results (Table 3). These dif-
ferences were also visually evident along the first axis of the principal
component analysis (PCA), which explained 36.4% of the variability
(Fig. 5).

When examining the distribution of samples per treatment, distinct
patterns emerged (Fig. 5). At the logging site, small differences were
observed between control and logged soils, with key soil properties
explaining the differences such as water repellency, phosphorus content,
and aggregate stability. In contrast, at the mulching site, treatment ef-
fects were more pronounced, in particular the standard mulching rate
differed from the low rate and control soils, which exhibited similar
behavior. All biological soil properties played a significant role in
explaining the distribution of individuals. Phosphatase, p-glucosidase,
and dehydrogenase activities showed similar scores, which contrasted
with organic carbon and nitrogen contents along the Y-axis, clustering in
the standard rate of mulch.

The presence of biocrust was a significant factor in the perMANOVA
analysis (Table 3), with a significant interaction with site. This distinct
clustering between uncrusted and moss samples was clearly observed
along the X-axis at the logging site. Variables such as organic carbon,
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nitrogen, water repellency, and aggregate stability explained the dis-
tribution of uncrusted samples, while enzymatic activities, specifically
B-glucosidase in control soils and dehydrogenase, phosphatase, and
urease in logged soils, explained the clustering of moss samples. In
contrast, at the mulching site, no clear pattern was discernible for the
biocrust factor.

4. Discussion

Our findings confirm that contrasting post-fire forest management
operations result in significant divergence in soil response, which holds
profound implications for ecosystem recovery. The divergent trajec-
tories between the two study sites could be partly attributed to the
inherent heterogeneity of fire effects on soils (Keeley, 2009), as evi-
denced by differences between control soils. However, the adopted
management strategy emerged as a critical determinant of soil proper-
ties after six years. While soils subjected to logging were expected to
show strong negative legacies due to the potential physical disturbance
caused by logging operations (Pereg et al., 2018; Thorn et al., 2018;
Wagenbrenner et al., 2016), mulched soils were anticipated to improve
biological response thanks to their protective effect (Bautista et al.,
2009; Garcia-Carmona et al., 2023b). However, mulched soils revealed a
neutral response to mulch application with only small differences be-
tween the two - markedly different - mulching rates, while logged soils
showed few indicators of degradation, thus revealing notable resilience
to both fire and physical disturbances. Our findings aligned with those
reporting minimal detrimental effects after logging under comparable
soil and climate conditions in NW Spain (Fernandez et al., 2021;
Fernandez and Vega, 2016). This suggests that soils under favorable
climatic conditions that promote rapid vegetation recovery are poten-
tially less vulnerable, even if soil fire severity and rainfall intensity after
logging are critical factors (Fernandez and Vega, 2016). Indeed, Malvar
et al. (2017) reported for the logging site of this study that logging did
not delay the short-term recovery of vegetation, despite an increase in
soil compaction (14% increase in bulk density) and the increase in
erosion (7.7 to 5.1 Mg ha! in control soils). In particular, the rapid
establishment of biocrust-forming mosses played a significant role in
reducing soil erosion in the short term (Silva et al., 2019), thus pre-
venting soil structure degradation, promoting soil stabilization and
accelerating biochemical processes over time, as it has been extensively
reported for drylands (Belnap and Biidel, 2016; Ladron De Guevara and
Maestre, 2022).

At the logging site, soils that remained unvegetated (uncrusted)
exhibited severe water repellency, a characteristic expressed regardless
logging activities. Previous studies in Eucalyptus globulus plantations in
Portugal indicate that those soils naturally develop water repellency
(Doerr et al., 1996), and also exhibit it after wildfires (Ferreira et al.,
2008; Keizer et al., 2008; Malvar et al., 2016). While fire can act as a
trigger for soil hydrophobicity (Doerr et al., 2000), previous studies
suggested that eucalyptus’s litter inputs, rich in essential oils, are a
natural driver of soil water repellency. However, high soil temperatures
during fires can temporarily disrupt the hydrophobicity of naturally
repellent soils (DeBano, 2000), creating wettable soil patches that serve
as potential sinks for overland flows. This would facilitate the initial
establishment of moss propagules transported by water and air, or
already in the soil, enabling their colonization in naturally
water-repellent soils. Once established, the subsequent expansion of
biocrust-forming mosses would be facilitated by their alteration of sur-
rounding surface conditions, both physically (by increasing moisture)
and chemically (by changing the organic compounds) (Eldridge et al.,
2020; Ferrenberg et al., 2018; Gao et al., 2020). Contrary to expecta-
tions, soils under mosses in the logging site had significantly lower
organic matter content than in uncrusted soils. Therefore, the observed
severe hydrophobicity in uncrusted soils may be related to a possible
higher accumulation of hydrophobic organic compounds, potentially
induced by the fire (Jiménez-Morillo et al., 2022) or eucalypt litter
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Fig. 3. Organic carbon, total nitrogen and available phosphorus contents in salvage logging and mulch sites for soils differentiated by treatments and biocrust
presence (uncrusted and moss). Phosphorus values were log transformed for analyses, but back transformed in the table for clarity of interpretation. Summary of
statistical results for treatment and biocrust factors from two-way ANOVA are presented. P-values indicate significant effect (“**** p <0.001; “**’ p <0.01; “** p <0.05;

‘ns’ not significant).

deposition, hindering moss establishment in these patches.

A different scenario emerged for soils under mulch, where the
decrease in water repellency is likely attributable to gradual changes in
soil surface conditions over time. Water repellency fluctuates with soil
moisture levels, as it naturally diminishes with increasing soil moisture
(Doerr et al., 2000). This phenomenon explains the slightly reduced
repellency observed at the highest mulch rate, where greater soil
coverage would anticipate higher permanent soil moisture and

consequently a decrease in soil hydrophobicity. This decrease is
particularly notable for uncrusted soils under this rate, where residue
materials are in direct contact with soils without a layer of moss between
them.

One significant finding of our study is the consistently high level of
total aggregation in soils under the moss biocrust, regardless of the
forest management. The mid-term preservation and/or promotion of soil
aggregation can be attributed to the well-known role of mosses in
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‘ns’ not significant).

Table 2

Microbial Biomass (mg C kg ™)

Basal Respiration (mg CO; h i kg '1)
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Fig. 4. Microbial biomass and basal respiration at the salvage logging and mulching sites per treatment and biocrust presence (uncrusted and moss). Summary of
statistical results for treatment and biocrust factors from two-way ANOVA are presented. P-values indicate significant effect (“**** p <0.001; “**’ p <0.01; “*’ p <0.05;

Enzymatic activities in salvage logging and mulch sites for soils differentiated by treatments and biocrust presence (uncrusted and moss). Summary of statistical results
for treatment and biocrust factors from two-way ANOVA are presented. P-values in bold indicate significant effect (“***’ p <0.001; ***’ p <0.01; ‘** p <0.05; ‘ns’ not

significant).
Treatment Biocrust Dehydrogenase Protease Urease p-Glucosidase Phosphatase
(pg INTF g’l) (pmol N-NHy g’1 h (umol N-NH7 g’l h (pmol PNP g’l h (pmol PNP g’l h™h
Logging site Control Uncrusted 4.12 + 3.33 1.26 + 0.78 0.61 + 0.09 0.46 + 0.48 2.07 + 0.56
Moss 11.7 + 3.65 0.91 + 0.28 0.49 + 0.12 1.00 + 0.37 6.13 + 2.94
Logging Uncrusted 8.32 + 3.65 0.89 + 0.10 0.69 + 0.31 0.46 + 0.25 5.73 + 4.32
Moss 13.0 +5.99 1.25+ 0.34 0.77 £ 0.18 0.56 + 0.26 6.65 £ 1.87
F-value P-value F-value P-value F-value P-value F-value P-value F-value P-value
Treatment 2.09 ns 0.01 ns 4.39 ns 1.82 ns 2.81 ns
Biocrust 10.21 0.005** 0.001 ns 0.07 ns 3.91 ns 3.98 ns
Treatment: Biocrust 0.55 ns 3.05 ns 1.44 ns 2.12 ns 1.58 ns
Mulching site Control Uncrusted 18.8 +4.72 2.23 +£1.33 1.45 £+ 0.33 3.23+1.61 19.4 £+ 6.53
Moss 29.6 + 10.7 1.72 + 0.85 1.26 + 0.26 3.29 £ 1.20 17.2 + 5.63
Reduced rate Uncrusted 22.8 + 8.30 1.37 + 0.56 1.31 +£0.33 2.55 + 0.96 13.1 £7.97
Moss 27.0 +9.25 1.43 + 0.66 1.12 4+ 0.18 2.61 +0.74 13.0 & 3.67
Standard rate Uncrusted 21.2 £ 15.6 2.01 £0.27 1.87 £ 0.77 2.41 £1.33 15.7 + 4.33
Moss 32.8 + 28.4 1.41 £ 0.61 0.95 + 0.30 1.01 £+ 0.30 12.6 £+ 5.01
F-value P-value F-value P-value F-value P-value F-value P-value F-value P-value
Treatment 2.22 ns 0.85 ns 1.02 ns 4.89 0.016* 2.38 ns
Biocrust 5.42 0.03* 0.57 ns 9.54 0.005** 1.12 ns 0.74 ns
Treatment: Biocrust 0.44 ns 1.03 ns 1.59 ns 1.43 ns 0.18 ns
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Table 3

Summary of perMANOVA model results. Significant factors include “Site”
(logging and mulching), “Treatments” (logging, control logging, mulch reduced
rate, mulch standard rate, control mulching), “Biocrust” (moss and uncrusted),
and the interaction between them. P-values in bold indicate significant effect
(“*** p <0.001; “**’ p <0.01; “*’ p <0.05; ‘ns’ not significant).

df Sums of Mean F- R? P-value
Sgs Sgs value
Site 1 1.107 1.107 20.78 0.217  0.001%**
Treatments 3 0.149 0.049 0.93 0.029 0.456
Biocrust 1 0814 0.814 15.27 0.159  0.001***
Site:Biocrust 1 0.859 0.859 16.11 0.168  0.001%**
Treatment: 3 0.039 0.013 0.24 0.008 0.962
Biocrust
Residuals 40 2131 0.053 0.418
Total 49  5.099 1

enhancing soil stabilization after disturbances (Belnap and Biidel, 2016;
Gao et al., 2020; Garcia-Carmona et al., 2020). In contrast, the total
aggregation and aggregate stability in uncrusted soils remained constant
regardless of the treatment, which includes the potential physical
disturbance of logging operations, such as soil compaction and
destruction of stable aggregates (Garcia-Orenes et al., 2017). While the
higher variability in aggregate stability under mosses was not clearly
related to the management practices (5% increase in logged soils and 7%
decrease in mulched soils in moss soils compared to uncrusted soils),
there was some evidence that potential increments in unprotected
(uncrusted) and logged soils could be attributed to erosion processes.
After a fire, erosion forces tend to selectively affect and displace weaker
aggregates, leaving the more stable ones and therefore, apparently
increasing the aggregate stability values in the short-midterm
(Mataix-Solera et al., 2021). The low aggregate stability values high-
light the vulnerability of the soils studied to erosion processes and
emphasize the importance of both live covers (such as mosses) and inert
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covers (mulch) in promoting soil stabilization processes (Bautista et al.,
2009; Vallejo et al., 2012).

As previously pointed out, the lower organic carbon observed in soils
under mosses in logged sites do not seem to be a direct consequence of
moss development, but potentially linked to carbon recalcitrance in
uncrusted soils. While fast-growing mosses are able to mobilize nitrogen
from soils during the colonization stage (Ladron De Guevara and
Maestre, 2022), moss-dominated biocrusts are expected over time to
significantly increase nutrient content and carbon sequestration in soils.
These observations have mostly been documented in drylands, where
the contribution of mosses to soils is significant, particularly compared
to other biocrust types, due to their larger litter inputs to soils (Eldridge
etal., 2023; Tian et al., 2022; Weber et al., 2015). However, under mesic
conditions, the presence of mosses did not lead to an increase in nitrogen
and organic carbon content, as forest soils already have high levels of
organic carbon and nitrogen making it difficult to discern differences
due to moss litter inputs. On the other hand, the available phosphorus
content did not respond to the biocrust presence but rather to the forest
management, increasing after the logging operations. A possible expla-
nation would be in line with the findings of Garcia-Carmona et al.
(2020), where this increase in phosphorus content could be attributed to
the deposition of wind-borne soil particles originating from logging
activities.

The application of mulch with forest residues did not significantly
increase soil nutrient content after six years. Mulch application is ex-
pected to increase soil nutrient content over time due to their decom-
position and improved soil microclimatic conditions, which stimulate
microbial activity and biochemical processes (Garcia-Carmona et al.,
2023b; Jonas et al., 2019). However, given the inherent resistance to
decomposition of woody materials (i.e., logging residues) with high
lignin content and low nitrogen levels, increments of nutrients in soils
are hardly expected in the first years post-application (Bonanomi et al.,
2021; Kumaraswamy et al., 2014). Studies in Mediterranean regions

Logging site
B
64 Urease
24 © A
A A teghe
oc
A ° S ®  Uncrusted
Dehydrogenas:
g ,La Phog e 9N A Moss
i <= By °
e TA WR
[ ] N
3 AY £ °
WR of ° °
[ ] [ 4 Nﬂ 24 Gluggsidase Control logging
Y ® Logging
® Potease
/
- — MB_Uregse . : . : T
:\: -3 -2 -1 0 1 2 3
8, 04 BR Dim1 (30.1%)
& . !
E Stucosidase Mulching site
° Phosphatasé Phosphatase
5 Glucogidase
®  Uncrusted
=31 _ Dehydipgena A Moss
i & TA
Control logging u“) 04 -
= A
E] Logging = A
s}
E Control mulch Urease Control mulch
24
E Reduced rate ° Reduced rate
WR
-6+ Standard rate Standard rate
44
T T T T T T T T T T T
-5.0 -2.5 0.0 25 5.0 7.5 -4 -2 0 2 4 6
Dim1 (36.4%) Dim1 (38.4%)

Fig. 5. Principal component analysis in salvage logging and mulch sites for soils differentiated by treatments at left, and at right separated by sites each one
differentiated by treatments and biocrust (AS: aggregate stability; BR: basal respiration; MB: microbial biomass; OC: organic carbon; TA: total aggregates; WR:

water repellency).
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suggest that soil nutrient increments from dead wood materials occurs
three to ten years after fire (Juan-Ovejero et al., 2021; Maranon-Jiménez
and Castro, 2013). Therefore, the lack of a significant effect after six
years may be due to specific wood properties that influence
wood-decomposing communities and decay rates (Arnstadt et al., 2016;
Kahletal., 2017), as well as potential persistent effects of the wildfire on
the soil microbial community composition. Nevertheless, a tendency
towards higher nutrient and organic carbon was observed in soils under
the standard rate of mulching compared to the reduced rate and control
soils. This difference was only observed in uncrusted soils, suggesting
that direct contact of wood residues with the soil accelerates their
decomposition by providing wood decay fungi with access to moisture
and essential nutrients required for their growth (Goodell et al., 2020).
In contrast, mosses may act as a physical barrier slowing the nutrient
incorporation from mulch residues to soils.

Consistent with the previously discussed findings on soil nutrients,
the application of the standard rate of mulch correlated with a trend
towards increased microbial biomass in uncrusted soils. This greater
biomass was associated with higher microbial activity, not only in terms
of basal respiration but also in specific enzymes such as p-glucosidase,
protease, urease, and phosphatase. A high quantity of mulch not only
reduced the soil and organic matter losses (unpublished data), but also
stimulated biochemical processes by introducing organic materials and
ameliorating the harsh surface conditions following a wildfire, thus
improving microbial performance over time (Barreiro et al., 2016; Hu
et al., 2023; Lucas-Borja et al., 2019). Nevertheless, the reduced rate of
mulch did not result in improvements in nutrient cycling after six years,
probably due to the lower material inputs or changes in soil microbial
community diversity and functionality after the wildfire (Nelson et al.,
2022). Previous research suggests that mulch application can alter the
microbial community, favoring species with generalist degradation ca-
pabilities (Li et al., 2019; Yang et al., 2003). Compared to microbial
communities under moss biocrust, those under forest residue mulch are
reported to be transitorily less diverse in early post-fire stages
(Garcia-Carmona et al., 2023b), potentially impacting the decomposi-
tion of forest materials in the mid-term.

The microbial biomass in the salvage logging site was not markedly
influenced by the presence of moss biocrusts. Values tended to be higher
in logged soils, but this pattern did not translate to soil basal respiration,
which instead tended to decrease. The lower soil basal respiration is
probably a result of the physical degradation legacies of logging oper-
ations (i.e. compaction) (Garcia-Orenes et al., 2013; Longepierre et al.,
2021), which alters the microbial community composition and subse-
quently affects respiration rates (Hartmann et al., 2014; Hu et al., 2023;
Garcia-Carmona et al., 2021). The lower heterotrophic respiration in
logged soils however did not correlate with dehydrogenase activity.
Interestingly, dehydrogenase was consistently and positively associated
with the presence of mosses at both the logging and mulching sites,
regardless of the treatment applied. Therefore, six years after the wild-
fire, the presence of mosses notably impacted soil biochemistry as the
biocrust microbiota increased the demand of soil nutrient resources
increasing the enzyme activity. This effect extended to $-glucosidase and
phosphatase activities, suggesting a greater stimulation of decomposi-
tion processes compared to uncrusted soils lacking a living cover.
However, a contrasting pattern was observed for urease activity, with
lower levels under mosses. This observation might suggest a temporary
depletion of available nitrogen forms, although the total nitrogen con-
tent did not respond to moss presence. The lower values were mainly
observed in mulched soils, particularly at the standard rate. This enzy-
matic response could be related to the higher complexity of compounds
being degraded from the forest residues, compared to the rapid stimu-
lation usually observed with straw mulches (Lucas-Borja et al., 2019).
However, no correlation was observed for protease activity.
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5. Conclusions

This case study provides valuable insights into the impacts of forest
management practices on soil recovery following a wildfire in mesic
conditions. We found that soils exhibit resilience to physical distur-
bance, with no lasting effects on their physicochemical properties. While
forest residue mulches did not significantly affect soils after six years, an
interesting interaction with moss biocrusts was observed; in the absence
of moss cover, soil contact with mulch at a standard rate stimulated
biochemical processes in soils. Our findings also highlight the role of
moss biocrusts in midterm soil recovery. Biocrusts dominated by mosses
played an interesting role in enhancing soil structure and promoting
biochemical processes. However, the severe water repellency of these
soils may hinder the spread of biocrusts. Further research into the dy-
namics of moss biocrust under mesic conditions is essential to better
understand and support management practices that preserve ecosystem
functionality. Considering that the impacts of wildfires on ecosystems
and society are expected to increase due to global change, more infor-
mation is urgently needed to develop effective management strategies.
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