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Abstract: Soil properties determining the thermal transmissivity, the heat duration and temperatures
reached during soil heating are key factors driving the fire-induced changes in soil microbial
communities. The aim of the present study is to analyze, under laboratory conditions, the impact
of the thermal shock (infrared lamps reaching temperatures of 100 °C, 200 °C and 400 °C) and
moisture level (0%, 25% and 50% per soil volume) on the microbial properties of three soil mixtures
from different sites. The results demonstrated that the initial water content was a determinant
factor in the response of the microbial communities to soil heating treatments. Measures of fire
impact included intensity and severity (temperature, duration), using the degree-hours method.
Heating temperatures produced varying thermal shock and impacts on biomass, bacterial activity
and microbial community structure.

Keywords: soil heating impact; soil moisture; bacterial activity; PLFA; degree-hours; time passed
after heating

1. Introduction

Wildfire hazards are common worldwide. Within the environmental impacts, problems like
increased erosion, reduced water quality, habitat degradation [1] and alteration of vegetation
dynamics [2] stand out. The wildfires also have effects on human life like infrastructures damages or
threats to water supplies due to post-fire water pollution, water stress or floods [3]. The historical fire
regimes have been replaced by larger fires known as well as “megafires” [4], with recent examples
in Portugal, Greece, the USA and Australia that have large impacts on human lives and require
an integrated fire management approach to address this problem [5]. These fires are the result of
more extreme conditions like, high fuel availability, low humidity, high temperatures and high wind
speed [6] and can have devastating effects on water-plant-soil systems.

It is widely accepted that the effects of the fire on the soil depend basically on the intensity
and severity of the fire and the ecosystem resilience [7], as well as several environmental factors
such as amount, nature and moisture of vegetation, soil moisture, air temperature and humidity,
wind speed and topography of the site [8]. Fire can affect the soil directly by heating, modifying the
physical, chemical and biological soil properties [8-11] or indirectly by the vegetation destruction.
The temperature reached in the soil is one of the main indicators of the fire intensity, which is an
integral part of the fire severity. Surface soil temperatures can reach temperatures as low as 50 °C or as
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high as 1500 °C and the spatial patterns of soil temperatures during the fire might affect soil properties
in different ways according to the fire severity [12].

The severity of wildfires has been increasing, partially due to the drier conditions associated
with climate change [13,14]. The soil thermal conductivity depends on the soil composition, bulk
density and especially on the water content [15]. Thus, moisture content might have an insulating
effect, decreasing the temperatures reached on the soil after a heating event [16] or might conduct heat
pulses more efficiently, resulting in deeper penetration and, perhaps, higher temperature down the soil
profile. Therefore, the impact of a fire on the physical, chemical and biological soil properties depends,
among other factors, on the soil moisture [17], which can affect both the direct impact of thermal shock
and the further survival of soil microorganisms [18]. The association of the wildfires with heat and dry
conditions, is in itself a stressful factor for the microorganisms, since they might be already in a state of
dormancy before the fire event [19].

The soil microbes are sensitive to temperature increments in the soil ecosystems, varying from
small increases, as the one expected from climate change, that can slightly affect the soil microbial
community structure [20], to extreme cases where the soil becomes partially sterilized [19] after a
high severity fire. The recovery of the soil microbial community after high severity wildfires can take
years [9,21-26] but can recover to pre-fire conditions faster than vegetation does [27]. Fire severity and
intensity is correlated with the plant biomass and can be used to predict plant survival [28].

The response of the microbial community to the fire might differ due to the complexity and
site-specific characteristics of the soil ecosystem [29], which hinders the comparison among different
studies. Additionally, different parameters of the soil microorganisms like the biomass, composition
or the activity may respond differently to fire. Microbial biomass generally decreases after a fire [30],
modifying the composition, while the activity can remain stable due to functional redundancy in key
microbial driven soil processes [31]. Soil properties determining the thermal transmissivity (moisture,
texture, organic matter, etc.) and the duration and temperatures reached (fire severity) during soil
heating are key factors driving the fire-induced changes in soil microbial communities. However,
despite its interest, the studies about this topic need further development. Experimental heating, under
controlled conditions, allows isolating the effect of the different environmental factors and focuses on
the impact of the heating temperature on various properties [32,33].

The aim of the present work is to study the importance of the initial soil moisture during a heating
event and the impact on three soil microbial communities. We tested the effect of three heat treatments
and three soil moisture treatments on microbial properties (composition, biomass and bacterial activity)
of three soil microbial mixtures. Our hypothesis is that the soil microbial community response to the
heat shock will change depending on the initial soil moisture. Nowadays, it is recognized that fire
intensity is related to temperature reached in the soil while fire severity is related to both temperature
and residence time. Fire severity, measured for example by the degree-hours method, rather than the
intensity, is more useful to measure the impact of heating on microbial properties [34,35]. Therefore,
the influence of the different heat treatments on soil microbial properties was measured on the basis of
both maximum temperature reached (fire intensity) and the degree-hours methodology (fire severity).

2. Materials and Methods

2.1. Fire Intensity Gradient Experiment

We tested 3 x 3 x 2 factorial experiment (3 initial water content x 3 heating temperatures x 2
depths) on three soil microbial mixtures, with 2 replications and at two times (immediately after the
heating and after one month of incubation). Each soil microbial mixture was created by pooling soil
samples from a separate site. Soil samples were air-dried and then rewetted with milliQ to 25%,
and 50% water content per soil volume, obtaining three different initial water content per soil mixture
(0%, 25% and 50%). Subsequently, a 4 cm layer of the different soil mixtures with different water content
treatments was placed in aluminum trays (40 X 159 X 109 mm) and subjected to heat with infrared
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lamps (Philips IR375CH, 300W) which were situated 10 cm above the soil. Three heating treatments
were applied (one infrared lamp per each replicate) and the soil mixtures were heated until 100 °C,
200 °C and 400 °C. After the heating, the samples from the tray were split into two subsamples, 0-2 cm
top and 2-4 cm bottom (2 depths). A subsample of each one of the burnt samples was reinoculated
with the corresponding unburnt soil (20% soil volume), rewetted with milliQ water until 75% of water
field capacity (25% soil volume) and incubated at 18 °C during one month (water was added when it
was necessary to maintain the moisture content constant). Soil mixtures were subjected to the microbial
analysis immediately after the heating and one month after the incubation of the reinoculated soils,
obtaining a total of 216 soil samples (3 soil mixtures X 3 water content X 3 heating temperature x 2
depth X 2 times X 2 replicates).

The soil temperature was monitored every 5 min with thermocouples placed at 1 and 3 cm depth
of the tray. The maximum temperature (Tmax) reached was noted, and degree hours (DH) calculated
using the following formula [34]:

DH = %(t5 - t18/12)

where t5 is the average measured temperature every 5 min and t18 is the room temperature (18 °C);
average values of the three different soils shown in Table 1.

Table 1. Degree hours (DH) and maximum temperature reached (Tmax) of the soil mixtures with
different water content (WC) and heated to 100 °C, 200 °C and 400 °C. a, soil layer (0-2 cm); b, soil
layer (2—4 cm). Range of values and average of the three different soil mixtures + SE.

0% WC 25% WC 50% WC
DH Tmax (°C) DH Tmax (°C) DH Tmax (°C)
100 44-125 132-210 35-87 93-164 61-86 98-122
a (68 + 12) (168 + 12) (52 + 8) (122 + 11) (75 + 4) (106 + 4)
100b 16-47 60-72 23-43 71-89 48-71 90-97
(26 + 5) (66 + 2) (32 + 4) (79 + 3) (60 + 4) (94 £ 1)
200 104-168 238-269 66-167 169-223 80-184 167-205
a (134 + 12) (253 + 5) (100+17) (197 +10) (127 + 14) (190 + 6)
200b 37-64 79-82 34-72 80-94 51-117 88-99
(49 +5) 79+ 1) 49+7) (88 £2) (83+9) (96 + 1)
400 156-403 367-407 237-646 379-398 282-630 390-398
a (254 + 35) (392 +7) (484 £ 75) (392 + 3) (458 + 57) (395 £ 1)
400b 63-159 108-153 71-281 94-216 102-332 97-200

(103 + 14) (128 + 7) (191+£38)  (165+23)  (195+36) (135 18)

2.2. Soil Microbial Mixtures

The soils for the study were sampled at three different locations of the municipality of Carnota
(A Corufia, NW of Spain), near to the sea and with an average temperature of 14.5 °C and average
rainfall of 524 mm. The site 1 and 2 were separated by 56 m from each other and at 11 km distance from
the site 3. Sites 2 and 3 had pinewood vegetation (Pinus pinaster), while the site 1 was a grassland with
mostly herbaceous vegetation but with some pine trees still on the field. The top 4 cm of the mineral
soils was sampled, discarding the organic horizon, in each of the three locations, in several points
within 10 m? (3040 subsamples). The soil from each sampling site was sieved (<2 mm), homogenized
to obtain a composite sample (mixture) of 5-6 kg and finally air-dried. The characteristics of the
sampling sites are shown in Table 2.
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Table 2. Characteristics of soil sampling sites.

Mixture 1 Mixture 2 Mixture 3
Location 42°51'48.6” N, 9°06'18” W 42°51749.2"722N, 9°06'20.4” W 42°45'45.1” N, 9°06”32.6"” W
Vegetation Grassland (old pinewood) Pinewood with herbaceus vegetation
Type of soil Alumbric Regosol Umbric Regosol Humic Cambisol
Basic rock Granodiorite Granite Granite
pH (H,0) 5.9 44 58
Total Carbon (%) 6.5 13.3 8.2

2.3. Microbial Analysis

The bacterial growth was measured using the leucine incorporation method [36]. Leucine marked
with tritium was incubated with soil bacterial suspension, using the incorporated leucine as a bacterial
growth indicator.

The soil microbial community structure and biomass were analysed using the phospholipid fatty
acid analysis (PLFA) [37]. Briefly, lipids were extracted with CHCl3:MeOH:citrate buffer and separated
with prepacked silica columns, subsequently rinsed with chloroform, acetone and methanol to obtain
the phospholipids fatty acids, which were finally subjected to methanolysis and quantified by gas
chromatography with flame ionization detector. The estimation of total biomass was calculated by
adding up the value of all fatty acids, while the specific group biomass calculation (bacteria, fungi,
bacteria Gram positive, bacteria Gram negative and actinobacteria) was calculated by adding up
specific fatty acids of each microbial group [38-40].

2.4. Statistical Analysis

Measurements of all microbial properties analysed were made per duplicate. The microbial
community structure was examined using the values corresponding to the concentrations of all the
individual PLFAs, expressed in mole percent and logarithmically transformed, subjected to principal
component analyses (PCA) and a PERMANOVA analysis. The impact of the heating temperature,
initial water content and depth on the soil bacterial growth and total biomass were analysed by means
of general linear models (GLM), selecting the model with the lowest AIC. A separated GLM was
performed for each mixture, immediately and after one moth of incubation. The correlation between
bacterial growth and total biomass and the degree hours and the maximum temperature per mixture
was analysed using Pearson correlation coefficients at the p < 0.05 level. The statistical analyses were
performed using the R software package (R studio, version 3.6.1, Development Core Team, 2019).

3. Results

3.1. Microbial Community Structure

The principal component analysis (PCA) of the whole dataset showed that the microbial community
structure of the soil mixture 2 was completely different from the soil mixtures 1 and 3. The first
principle component explained 39.5% of the variance and clearly separated mixture 2 from mixtures
1 and 3 (Figure 1). The second factor of the PCA, which explained 14.1% of the variance, separated,
with some overlapping, the samples incubated from the not incubated ones (Figure 1). In order to
discard the importance of soil mixture, different PCAs (Figure 2) and PERMANOVA (Table 3) were
performed with PLFAs data per soil mixture.
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Figure 1. Principal component analysis of the phospholipid fatty acid analysis (PLFA) data of the
different soil mixtures M1 (Soil mixture 1), M2 (Soil mixture 2) and M3 (Soil mixture 3), immediately after
heating (0) and one month after the incubation period (1). The ellipses represent data intervals (95%).
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Figure 2. Score (A) and loading plots (B) from principal component analysis of the PLFA data of
the different soil mixtures separately: M1 (Soil mixture 1), M2 (Soil mixture 2), M3 (Soil mixture3).
Soils with 0%, 25% and 50% initial water content and analysed immediately after heating (0) and after

one month of incubation (1).
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Table 3. PERMANOVA analysis of the PLFA values of the soil mixtures.

Degrees of Freedom F. Model R? p-Value
Soil mixture 1 Water content 2 3.051 0.15379 0.0001
) Depth 1 2.301 0.05819 0.0554
Temperature 1 0.261 0.00659 0.7233
Soil mixture 2 Water content 2 4.656 0.18359 0.0001
) Depth 1 6.498 0.1280 0.0001
Temperature 1 3.946 0.07773 0.0022
Soil mixture 3 Water content 2 4.454 0.09992 0.0016
) Depth 1 4.714 0.10575 0.0001
Temperature 1 4.409 0.09891 0.0047
Soil mixture 1 Water content 2 4.100 0.14355 0.0001
(1) Depth 1 8.947 0.15713 0.0001
Temperature 1 8.948 0.15665 0.0001
Soil mixture 2 Water content 2 8.026 0.31472 0.0001
(1) Depth 1 3.160 0.06196 0.0226
Temperature 1 0.792 0.01553 0.5031
Soil mixture 3 Water content 2 1.560 0.07273 0.0744
(1) Depth 1 3.719 0.08669 0.0009
Temperature 1 6.066 0.14138 0.0001

The analysis showed different results depending on soil mixture considered. The PCA of the Soil
mixture 1 separated the samples immediately (the positive part of the axis) and one month after the
heating (the negative part of the axis) along the component 2 (21.7% variance) (Figure 2). The microbial
community structure of the soil mixture 1, immediately after the heating, was mainly affected by
the water content (15.5% variance explained, p < 0.001) (Table 3) showing a higher proportion of
fatty acids indicative of bacteria (17:0, 117:0), actinobacteria (10Me16b:0) and the fatty acids 14:0, i16:1,
16:1w5, 18:0 and br18:0 (Figure 2). After one month of incubation all the parameters have a similar
and significant impact on the microbial community structure of the soil mixture 1, the water content,
depth and temperature explained 14.3%, 15.7% and 15.7% of the variance respectively (p < 0.001)
(Table 3). The samples were characterized by the abundance of PLFAs indicative of Gram™ bacteria
(cy17:0, 16:1w7c, 18:1w7) (Figure 2).

Regarding the soil mixture 2, the first component of the PCA (21.4% of variance explained),
separated the samples immediately (the positive part of the axis) and one month after the heating
(the negative part of the axis) (Figure 2). Immediately after the heating, the microbial community
structure was mainly affected by the water content and the depth, explaining 18.4% and 12.8% of the
variance respectively (p < 0.001) and, in this case, the temperature explained a 7.8% of the variance
(p < 0.01) (Table 3). The samples characterized by the predominance of saturated fatty acids indicative
of bacteria (15:0, 17:0) or no specific (14:0, 16:0, 18:0) (Figure 2). However, after one month of incubation,
the water content explained 31.5% (p < 0.001) of the variance in the soil microbial community of the soil
mixture 2, while the depth only explained 6.2% (p < 0.05) and the temperature had no effect (Table 3).
The samples were characterized by higher contents of PLFAs indicatives of Gram™ bacteria (i15:0,
i16:0), Gram™ bacteria (16:1w7c) and actinobacteria (10Mel6a:0) (Figure 2).

Finally, for the soil mixture 3 the PCA separated the samples immediately (the negative part of
the axis) and one month after the heating (the positive part of the axis), along the factor 2 (22.8% of
variance explained) (Figure 2). The three parameters, water content, depth and temperature, explained
a similar % of variance (10%, 10.5% and 9.9% respectively, p < 0.01), immediately after the heating
(Table 3). The samples had a higher proportion of PLFA indicative of Gram™ bacteria (cy17:0) and PLFA
16:0 (Figure 2). After one month of incubation, the temperature of heating explained the large amount
of variance (14.1%, p < 0.001), followed by the depth (8.7%, p < 0.001) and the effect of the water content
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was not significant (p > 0.05) (Table 3). The samples were associated with PLFAs indicative of bacteria
(a15:0, i15:0, al17:0, i17:0), Gram™ bacteria (i14:0, 10Me18:0), actinobacteria (10Me17:0) and the fatty
acids br17:0, br18:0 and 16:1w5 (Figure 2).

3.2. Bacterial Growth

The results of GLM for the bacterial growth immediately (0) and one (1) month after the heating
showed marked differences depending on soil mixture as well as time considered (Table 4). The values
were low immediately after the heating, but 10 times greater after one month of incubation (Figure 3).
Immediately after the heating, the depth had a significant impact on the bacterial growth (Table 4) in
the mixture 1, with the highest values in the deeper layer under 25% of water content and heated at 100
and 200 °C (Figure 3). For the soil mixture 2 the model with the lowest AIC include the interactions
and the depth and the respective interactions with temperature and water content, had an impact on
the bacterial activity (Table 4). Finally, the bacterial growth in the soil mixture 3 was affected by the
heating temperature (Table 4), showing smaller values the samples heated at 200 and 400 °C (Figure 3).

Table 4. Results of general linear models (GLM) performed with the bacterial growth data obtained
immediately (0) and one (1) month after the heating in the three different soil mixtures (M1, M2 and
M3). Significance codes: *** p < 0.001; ** p < 0.01; * p < 0.05.

Estimate Std. Error t Value p-Value
(Intercept) 216.942 135.053 1.606 0.118
M1 (0) Water content 0.778 2.501 0.311 0.758
Temperature —0.806 0.409 -1.969 0.058
Depth 232.009 102.091 2.273 0.030 *
(Intercept) 5.848 13.642 0.429 0.671
Water content 0.128 0.423 0.302 0.765
Temperature —-0.012 0.052 —0.242 0.811
M2 (0) Depth 64.591 19.293 3.348 0.002 **
WC x Temp 0.000 0.002 0.242 0.811
WC x Depth -1.577 0.598 -2.639 0.013*
Temp x Depth —0.184 0.073 -2.524 0.018 *
WC x Temp X Depth 0.005 0.002 2.233 0.034 *
(Intercept) 167.588 51.552 3.251 0.003 **
M3 (0) Water content 0.945 0.955 0.990 0.329
Temperature —-0.543 0.156 —-3.473 0.002 **
Depth 75.742 38.969 1.944 0.061
(Intercept) 6721.357 1730.025 3.885 0.000 ***
M1 (1) Water content —78.894 32.034 —2.463 0.019 *
Temperature 0.558 5.243 0.106 0.916
Depth 3042.829 1307.776 2.327 0.026 *
(Intercept) 5748.134 3339.430 1.721 0.095
M2 (1) Water content 30.842 61.834 0.499 0.621
Temperature -9.362 10.120 -0.925 0.362
Depth 5047.885 2524.372 2.000 0.054
(Intercept) 5424.106 2699.428 2.009 0.053
M3 (1) Water content 37.211 49.984 0.744 0.462
Temperature 3.402 8.181 0.416 0.680

Depth 3231.508 2040.576 1.584 0.123
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Figure 3. Bacterial growth immediately (0) and one month after the incubation (1) of the soil mixtures
with 0%, 25% and 50% of initial soil water content, before heating at 100 °C, 200 °C and 400 °C. M1, soil
mixture 1; M2, soil mixture 2; M3, soil mixture 3; a, soil layer (0-2 cm); b, soil layer (2-4 cm). The boxes
represent the interquartile range and the horizontal lines within those boxes are the median. The dash
line represents the intercept of the GLM model.

After one month of incubation, the bacterial growth of the soil mixture 1 was affected by the initial
water content and the depth (Table 4). In this soil mixture the higher values were for the samples from
the 2—4 cm but the impact of the water content was different depending on the heating temperature.
Samples with initial water content of 25% had higher values when heated at 100 °C, but at higher
temperatures (200 and 400 °C) the samples with 0% of initial water content showed the biggest values
(Figure 3). The bacterial growth of the soil mixtures 2 and 3 were not significantly affected for any
of the factors (water content, temperature, depth) according the GLM; however, the samples with an
initial water content of 25% showed bigger values than the ones with 0 and 50% when heated at 400 °C.

3.3. Microbial Biomass

The results of GLM for the total biomass immediately (0) and one (1) month after the heating
differed depending on the time but was similar among the three soil mixtures (Table 5). In general,
total biomass values observed immediately after heating were similar or slightly lower than those
exhibited one month after the incubation (Figure 4). Immediately after the heating, the total biomass
was affected by the temperature and the depth, but not the initial water content, in the three soil
mixtures (Table 5). As expected, temperature showed an immediate negative effect on total soil biomass
values. This effect was more accentuated at the highest temperatures (400 °C) and, except for samples
heated at 100 °C, diminished with depth. Thus, values of 2—4 cm soil samples are bigger than those
observed for 0-2 cm soil samples (Figure 4). An effect of water content was also observed since higher
total biomass values were observed for soil samples heated at 100 and 200 °C rewetted to 25% of soil
water content (Figure 4).
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Table 5. Results of GLM performed with the total biomass data obtained immediately (0) and one
(1) month after the heating in the three different soil mixtures (M1, M2 and M3). Significance codes:
***p < 0.001; ** p < 0.01; * p < 0.05.

Estimate Std. Error t Value p-Value
(Intercept) 335.320 48.677 6.889 0.000 ***
M1 (0) Water content -1.514 0.901 —1.680 0.103
Temperature —0.599 0.148 —4.061 0.000 ***
Depth 112.825 36.797 3.066 0.004 **
(Intercept) 368.569 77.275 4.770 0.000 ***
M2 (0) Water content -1.503 1.431 —1.050 0.301
Temperature —0.528 0.234 -2.256 0.031 *
Depth 135.193 58.414 2.314 0.027 *
(Intercept) 307.644 52.004 5.916 0.000 ***
M3 (0) Water content -1.670 0.963 -1.734 0.092
Temperature —-0.482 0.158 -3.059 0.004 **
Depth 99.666 39.312 2.535 0.016 *
(Intercept) 611.493 106.942 5.718 0.000 ***
Water content —8.324 3.313 —-2.512 0.018 *
Temperature -1.554 0.404 —3.845 0.001 ***
M1 (1) Depth 53.955 151.239 0.357 0.724
WC x Temp 0.026 0.013 2.092 0.046 *
WC x Depth -1.237 4.686 -0.264 0.794
Temp x Depth 0.407 0.572 0.711 0.483
WC x Temp X Depth —0.005 0.018 -0.266 0.792
(Intercept) 232.360 48.118 4.829 0.000 ***
M2 (1) Water content -1.935 0.891 -2.172 0.037 *
Temperature -0.001 0.146 -0.007 0.995
Depth 85.083 36.374 2.339 0.026 *
(Intercept) 270.100 31.560 8.559 0.000 ***
Water content —2.080 0.978 -2.128 0.042 *
Temperature —0.361 0.119 -3.023 0.005 **
M3 (1) Depth -9.880 44.630 -0.221 0.826
WC x Temp 0.003 0.004 0.696 0.492
WC x Depth -0.216 1.383 —-0.156 0.877
Temp x Depth 0.282 0.169 1.670 0.106
WC x Temp X Depth 0.000 0.005 0.062 0.951

After one month of incubation, the total biomass was affected by the initial water content in the
three soil mixtures (Table 5). In the soil mixture 1, which was also affected by the heating temperature
(Table 5), the samples with 0% initial water content heated at 100 °C showed the higher total biomass
values. The soil mixture 2 showed the higher total biomass values in the samples with 25% initial
water content and heated at 400 °C. The total biomass of the mixture 3, which was affected by the
heating temperature and the depth as well (Table 5), showed smaller values of total biomass in the
samples with 50% initial water content (Figure 4).

The biomass of the different specific groups of microorganisms (fungi, bacteria, Gram~, Gram
and actinobacteria) was estimated (data not showed). A positive correlation was observed between
total biomass and the biomass of the different groups both immediately and one month after heating
(data not shown). Therefore, the total microbial biomass and the biomass of the different groups have
a similar response to the different soil heating treatments. Thus, in the present work only results of
total microbial biomass were described in detail.

+
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Figure 4. Total microbial biomass (sum of all PLFA) in nmol g_l’ immediately (0) and 1 month (1) after
the heating of the heated samples (0%), and samples rewetted to 25 and 50% of soil water content
before heating at 100, 200 and 400 °C. M1, soil mixture 1; M2, soil mixture 2; M3, soil mixture 3; a, soil
layer (0-2 cm); b, soil layer (2—4 cm). The boxes represent the interquartile range and the horizontal
lines within those boxes are the median. The dash line represents the intercept of the GLM model.

3.4. Correlations of Microbial Parameters with the Degree-Hours and Maximum Temperatures

The total biomass was highly correlated with the degree-hours (R between —0.64 and —0.94,
p < 0.05) and the maximum temperature (R between 0.60 and 0.91, p < 0.05) for all the soil mixtures
under different initial water content, except the mixture 3 with 50% WC, immediately after the heating
(Table 6). At the same time, the bacterial growth showed significant correlations with the degree-hours
only for the soil mixture 3 with 0% WC (R = -0.60, p < 0.05) and 25% WC (R = -0.73, p < 0.01) (Table 6).
The correlations between the bacterial growth and the maximum temperature were only significant for
the mixture M3 with 0% WC (R = 0.60, p < 0.05), M1 with 25% WC (R = -0.60, p < 0.05) and M3 with
25% WC (R = -0.76, p < 0.05) (Table 6).

After one month of incubation, the correlations between the degree-hours and the maximum
temperature with the total biomass were in general significant (R between —0.60 and —0.92, p < 0.05)
with the exception of the mixture 2 with 25% WC and mixture 3 with 50% WC. The correlation
coefficient was smaller than immediately after the heating. With regard to the bacterial growth, the
correlations with the degree-hours and the maximum temperature were significant only in the mixture
2 with 0% WC (R = —0.60 for DH and R = —0.67 for Tmax, p < 0.05).



Geosciences 2020, 10, 355 11 of 17

Table 6. Correlation between the degree-hours with the total biomass values for the three different soil
mixtures (M1, M2 and M3) with different initial water content (0, 25 and 50%) immediately (0) and one
month after the heating (1). Significance codes: *** p < 0.001; ** p < 0.01; * p < 0.05.

DH (0) T Max (0) DH (1) T Max (1)
M1 0% —0.82 ** —0.86 *** —0.74 ** —-0.63 *
M2 0% —(.84 *** —(0.86 *** —0.86 *** —0.77 **
M3 0% —0.77 ** —0.83 *** —0.92 *** —0.82 **
Total biomass indicator Ml 252/0 -0.85 *i* -0.84 *:* —0.60 * —0.66
(nmol g_1) M2 25% -0.64 -0.60 -0.28 —-0.40
M3 25% —0.90 *** —0.83 *** —(0.85 *** —0.80 **
M1 50% —0.86 *** —0.78 ** 0.79 ** —-0.67 *
M2 50% —(0.94 *** —(0.97 *** -0.62 * —-0.65 *
M3 50% —-0.38 —-0.34 0.18 0.16
M1 0% -0.35 —-0.34 -0.26 -0.36
M2 0% -0.49 -0.52 -0.60 * -0.67 *
M3 0% —0.60 * —0.60 * -0.36 —-0.48
Bacterial growth indicator Ml 25:/0 =051 —0.60* —0.31 -0.28
(mol leucine 10-14 -1 h_l) M2 25% -0.33 -0.26 -0.44 -0.46
M3 25% —0.73 ** —-0.76 ** 0.42 0.32
M1 50% -0.44 -0.48 -0.41 -0.47
M2 50% 0.12 0.017 -0.49 -0.33
M3 50% —-0.31 -0.23 -0.17 —0.069

4. Discussion

The impact of the different soil heating treatments on soil microorganisms may differ notably
according the initial pre-fire soil properties. In fact, microbial community structure of samples of soil
site 2 was clearly separated from soil sites 1 and 3 (Figures 1 and 2). The present study, performed with
heated samples, showed that the microbial community structure of soil samples from soil mixture 1,
with an initial lower pH (4.4) and a higher percentage of total C (13%) was completely different from
those observed for soil mixtures 2 and 3 (pH, 5.9; 7-8% C). Likely, the pH rather than the total C content
was the most determinant factor in the differential response to the heating since a global topsoil survey
identified this soil property as one of the main drivers of niche differentiation of fungi and bacteria [41],
which can be used as a predictor of the microbial community structure across large spatial scales [42].
The PCA performed with the whole PLFA data set of heated samples also showed that, besides the
soil properties (40% of variance explained), other factors that determine differences in soil microbial
structure are the incubation of re-inoculated heated soils (11% of variance explained) and, in a lesser
extent (< 1% of variance explained) the water content and the soil depth. When the analysis was
performed separately for each soil mixture, the results showed clearly that the structure or diversity of
soil microbial communities collected immediately after the different soil heating treatments differed
notably from those observed for the corresponding re-inoculated samples incubated during one month
period. As expected, the variables associated with these microbial changes were the water content,
depth and temperature; however, the percentage of variance explained by each factor varied depending
on the time passed after heating (0, 1 month incubation) as well as on soil site considered. In general,
the importance of these variables followed the order: water content (7-31% of variance explained) >
depth (5-16% of variance explained) > temperature (0-15% of variance explained) (Table 3). Similar
results were obtained by Lombao et al., [43] who observed that the soil microbial community structure
of a soil under Eucalyptus differed notably from that observed in the same soil under Quercus, indicating
that soil characteristics (vegetation) were even a more important factor for microbial composition than
one of the most important disturbance agents for forest ecosystems, the wildfires. The results are
also in agreement with previous studies showing that the sampling time was a more important factor
determining microbial community structure than other disturbance agents such as prescribed fire, soil
mulching treatments to mitigate post-fire erosion and soil depth [44,45].
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The results of the GLM varied depending on the microbial parameter included in the analysis.
Our data showed that in order to quantify the impact of initial water content, depth and heating
temperature, total biomass measurements rather than the bacterial growth estimates are more adequate.
The results also showed that the data interpretation following a fire event is very difficult due partly
to the high spatial and temporal data variation, different information derived from these microbial
parameters, their different sensitivity to detect changes in soil quality as well as the presence of
numerous interactive factors which are affecting, in a direct or indirect way, the microorganisms [8].
This reflects the complexity of analyzing the fire impact on soil microbial communities and hence on
soil quality both under laboratory and field conditions.

In general, the soil heating treatments have an initial marked effect on bacterial growth showing
very low values, some of them below the detection limit, independently of moisture content. The only
exception is the 2—4 cm samples of soil rewetted at 25% moisture content heated at 100 and 200 °C,
which can be due to the presence of water which was not evaporated. The inhibition of bacterial growth
at relatively low heating temperatures has been previously described on temperatures above 50 °C by
several authors, indicating the high sensitivity of this parameter to detect the heating impact [33,43,46].
After one month of incubation, in all soil heating treatments, the bacterial growth values increased,
reaching values around 10 times higher than those observed in the corresponding uncontrolled soils.
The increases were higher for 2—4 cm soil samples layers and again, especially in soil samples rewetted
at 25% moisture content. This fast recovery was mainly attributed to the increase in the C and nutrient
availability derived from dead microorganisms which is used by surviving microorganisms for their
growth [33,47,48].

The heating has a different impact on the soil bacterial growth than that observed for the total
microbial biomass. The negative impact of soil heating treatments on the total microbial biomass
determined by the PLFAs increase with temperature but decrease with soil depth; thus, the lower
values almost undetectable were exhibited by the surface layers of soils heated at 400 °C independently
of soil moisture content. The results showed a rewetting effect on microbial values, but an inconsistent
trend was observed, e.g., marked negative effect on soil samples rewetted at 50% while the opposite
behavior (positive effect) was detected for samples rewetted at 25%. The higher impact of the microbial
biomass at the highest heating temperatures was similar to previous studies at the same temperature
ranges [47], which might be related to a decrease in the soil organic matter, detected at 250 °C under
experimental heating [48]. The high impact of the heating in the first 2 cm of the soil surface, compared
with deeper soil layers, has been also previously described [42,49-52]. After one month, microbial
biomass values recovered slowly and varied depending on soil rewetting. Highly intensive heating
might partially sterilize the soil, inducing a late recovery in the microbial biomass [24]. This can partly
be due to the fact that, on the one hand, fungi are more sensible to heat impact than bacteria and by the
other that post-fire conditions favored the growth of bacteria in detriment of fungi [33,48], which are
eukaryote and contributed more to the total microbial biomass than bacteria did.

Both the bacterial growth rate and the total microbial biomass determined by the PLFAs showed a
negative relationship with the heating temperature measured both in terms of maximum temperature
or degree-hours. There are only slight differences between correlations independently of maximum
temperature (intensity) or degree-hours (severity, time and residence time) immediately after the
heating and after one month of incubation. This can be explained by the high range of temperature
used in our study, which except in the case of 100 °C, depending on soil rewetting and its residence time,
sterilized the soils and therefore the relationships between microbial parameters and temperature cannot
be properly established (range of values are not adequate to establish the correlations). In contrast,
in a recent study carried out with a low range of temperature, which affect the soil microorganisms (not
higher to provoked total soil sterilization), the data clearly showed that biochemical parameters were
more closely related to the degree-hours data (fire severity, temperature and residence time) than with
maximum temperature (fire intensity) [35,46]. Our data indicated that an immediate inhibitory effect
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around 100 °C was observed for bacterial growth, while for total microbial biomass it is necessary to
reach temperatures > 200 °C to detect the same effect [33].

The water content of the soil was a determinant factor in the response of the soil microbial
community to the heating impact. A consistent trend was observed with higher values of the microbial
property in the mixture samples with 25% of water content, while the soil with 50% of water content
showed smaller values for all temperatures. The heat transfer on soils depends on heat capacity,
the amount of heat needed to increase the temperature, and the heat conductivity, the ability of the
soil to conduct heat; and the increase of soil water content causes an increase in both properties [53].
The limited impact on the soil with 25% of water content might be due to the fact that this water content
causes a retardation in the conduction of heat [54], due to an increase in the heat capacity [54,55].
In this sense, decreases in the heat transfer when the soil water content is higher than 20% has been
described [56]. Similarly, low intensity prescribed fires performed on shrublands with a 24% of soil
water content did not cause detectable effects on the soil chemical properties [57]; and soils at water
holding capacity have been proved to delay the soil heating and cooling faster, compared to dry soils,
under experimental heating [55]. This slowdown of the heat transfer related to soil moisture has been
recently included in 3D models as well [58]. However, the lower values of the samples with 50%
water content, might imply a more efficient heat penetration at 100 and 200 °C [59,60], when the water
content is too high due to the increase in the soil heat conductivity [53].

Drought events are expected to increase in frequency and severity worldwide due to climate change
and, in Europe, the predictions reveal more severe conditions for the southernmost countries [61].
The fire danger in this region has been increasing since the 1970s, consistent with the pattern of climate
change [62]. Drought events, besides increase the risk of fire, can stress the soil carbon sink, increasing
C emissions and reducing soil C sequestration [63] and affect ecosystem functioning by modifying the
relationship between plants, microbes and soil chemistry, with consequent impacts on plant growth,
microbial community structure, microbial activity and nutrient cycling. The water availability regulates
the microbial growth and activity, with diminution in the substrate accessibility for the microorganisms.
The impact of the fire on the soil microbial community is higher in dry soil versus wet soil, since the
microorganisms are already affected by the water limitation since the drought conditions have a legacy
effect on the recovery of burned soils [64].

The results clearly showed the importance of soil moisture level in the transmission of heat through
the soil, and hence in the further direct impact of high temperatures on soil microorganisms. The values
of microbial parameters analysed were low, particularly immediately after soil heating at higher
temperatures, being that bacterial activity measurements (leucine incorporation technique) are more
sensitive to detecting the thermal shock than total biomass measurements (PLFA). Time elapsed after the
heating was found to be decisive when examining the relationships between the microbial properties
and the soil heating parameters (DH, Tmax). It should be noted that even though temperatures above
400 °C have been detected in some cases [65] in high severity wildfires, the temperatures reached in
the mineral soil are generally lower than those used in the present study. Therefore, further laboratory
experiments which allow us to extrapolate the data on the field conditions are necessary. These studies
should be performed with soil samples under a different moisture content heated at temperature
affecting soil microorganisms (wide range of temperatures < 200) and using a more precise heating
source (e.g., an oven instead of infrared lamps) in order to improve our acknowledgment on this topic.
The results can be of great interest for land managers when they use the prescribed fires as a tool to
control wildfires.
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