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ARTICLE INFO ABSTRACT

Prescribed fires are a common management practice in the Mediterranean region and can be an alternative to
reduce the quantity of fuel and hence decrease the wildfire risk. This research focused in effects of a prescribed
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Keywords:

Shi',:;as fire, which was applied in Montesinho Natural Park (PNM), in soil properties and on soil erosion processes.

Chemical soil properties Chemical soil properties were assessed before, two, six and thirty-six months after the fire. Despite low fire

Runoff intensity, soil chemical changes were observed. Thirty-six months after the fire it turned out that the soil organic

ISZ'OH 105; . matter, pH values and electrical conductivity were similar to those seen before the fire. However, the same was
ermeability

not verified with the values of the exchangeable bases, extractable potassium and phosphorus and exchangeable
acidity that differ from the observed ones before the fire. Runoff and soil loss were monitored in a set of 4 m?
paired plots installed in the study area, during 14 months after the fire and summed annual losses equivalent to
10.3 mm runoff and 1.3 Mg ha™ ! soil loss. Although corresponding to a short monitoring period, these results
may add to a better knowledge of the potential susceptibility of burnt shrublands to soil degradation and their

natural recovery rates.

1. Introduction

Large areas of shrublands and forests are destroyed by fire every
year in the Mediterranean region, where wildfires are a most relevant
environmental problem; nevertheless, in the ecological context of the
Mediterranean mountains, fire is part of the vegetation and landscapes
dynamics (IPB/ICN, 2007; Pausas et al., 2008). However, previous
studies carried out in Mediterranean ecosystems highlight a wide
variability fire effects on soil properties and hydrological processes
(e.g., Certini, 2005; Bento-Gongalves et al., 2012; Inbar et al., 2014;
Alcaniz et al., 2016), contributing to soil degradation.

The use of prescribed fire, after careful planning and under con-
trolled conditions, is one of the most important measures to prevent the
occurrence of high intensity fires (Fernandes and Botelho, 2004; Bento-
Gongalves et al., 2012). There are many reasons to apply prescribed fire
in forest management as, for instance, it reduces hazardous fuels and
breaks up fuel continuity (Fernandes and Botelho, 2004; Fernandes and
Loureiro, 2010), it prepares sites for seeding or planting of forest spe-
cies, and controls the competing vegetation (Brooks and Lusk, 2009), it
improves habitat and creates diversity needed by wildlife (Wasserman,
2015), it controls insects and diseases (Parker et al., 2006), it improves
pasture quality for cattle (Fonseca et al., 2011), it improves access into
forest stands, and it contributes to preserve fire-dependent plant
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species, particularly important in Mediterranean environments (Pausas
and Keeley, 2009). Prescribed fire in shrublands applied to protect
forests stands is a relatively common practice in Montesinho Natural
Park (PNM), Northeast Portugal (IPB/ICN, 2007; Fonseca et al., 2011).
Soil is a qualitatively scarce resource in this region and even more
scarce in the marginal areas where the shrubs dominate (Figueiredo,
2002). The protection of this resource is essential due to its key role in
ecosystem services provision, associated to the hydrological cycle, nu-
trient cycles and carbon dynamics and storage (Rashid, 1987; Thomas
et al., 1999; Pardini et al., 2004; Bompastor et al., 2009; José, 2009;
Fonseca et al., 2011; Fonseca et al., 2012). The knowledge of soil de-
gradation processes and the context factors that determine them is a
basic condition for the design of strategies, actions and practices fo-
cused in the soil resource protection.

During burning, plant cover and litter layers are consumed, and the
mineral soil is heated, resulting in changes in physical, chemical, mi-
neralogical, and biological soil properties (Hubbert et al., 2006). The
combination of combustion and heat transfer produces sharp tem-
perature gradients in the topsoil profile (Certini, 2005). The extent and
duration of fire effects on soil properties depend on fire behaviour,
especially related to fire severity, as well as on post-fire weather con-
ditions, mainly the characteristics of subsequent rainfall events (de Luis
et al., 2001; Certini, 2005; Francos et al., 2016). A direct effect of fire
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on soil surface is the formation of a continuous water-repellent film,
which reduces permeability and increases runoff (Imeson et al., 1992).
In Mediterranean ecosystems, where the torrential rainfall events are
frequent in autumn and winter, October to March is a critical period
when soil susceptibility to water erosion processes is increased after the
summer wildfires (Andreu et al., 2001; Fonseca et al., 2011; Francos
et al., 2016). Higher frequency of fire and intense rainfalls represents a
large potential to reduce soil fertility by erosion and nutrient loss,
therefore limiting burnt areas recovery and enhancing soil degradation
(Thomas et al., 1999).

The effect of fire on soil organic matter content is widely variable,
and depends on several factors including fire type, intensity and dura-
tion, and even land slope (Gonzalez-Pérez et al., 2004; Shakesby, 2011).
Depending on fire severity, the organic matter can suffer slight dis-
tillation, charring, or complete oxidation (Certini, 2005). Fire induces
changes in nutrient cycles (Certini, 2005) and the majority of those
nutrients released to the soil by burned vegetation are in highly soluble
forms, with the exception of soil phosphorus, which increases in-
solubility after fire. In summary, fires cause changes on soil physical
and chemical properties that, in turn, affect soil water permeability,
rainwater intake rate, life forms support capacity and resistance to
erosion and leaching processes.

This study aimed at evaluating the impact of a prescribed fire in a
mountain scrubland area, applied to protect neighbouring pine forest
stands, on topsoil properties (0-20 cm) and on hydrological processes,
as runoff and soil loss.

2. Methods

Montesinho Natural Park (PNM) is a protected area in the northeast
of Portugal, covering an area of 750 km?, one third of which corre-
sponds to shrub communities. The present study was carried out, in an
area covered by shrubs (41°53’57.06”N, 6°40’55.39”W), located within
a state ruled forest perimeter in PNM, which was subject to prescribed
fire according to its management plan (Fig. 1). It is a plateau area,
800 m asl, cut by deep valleys, with 12 °C mean annual temperature
and around 850 mm mean annual rainfall, concentrated from October
to March (Agroconsultores and Coba, 1991). Soils are schist derived
Umbric Leptosols, stony with medium-texture, acid and with medium/
high organic matter content in the surface layer (FAO/UNESCO, 1988;
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Agroconsultores and Coba, 1991).

The study area was formerly occupied by Pinus pinaster species, but
on August 1998 a wildfire destroyed part of the forest stand. Since then,
shrub vegetation invaded the area and in 31 March of 2011 a prescribed
fire was applied to 5 ha shrubland, as part of the management plan of
the pine forest plots, in order to control shrub vegetation and reduce
fire hazard in the remainder forest. A survey of the vegetation was
carried out before the prescribed fire, identifying patches with clear
dominance of species representative of the PNM shrub communities
(IPB/ICN, 2007; Bompastor et al., 2009). The relative abundance of
these species was evaluated in 11 sites randomly distributed in the area
to be burned. Accordingly, prior to prescribed fire, the area was covered
by Erica australis (44% of the surface), Chaemespartium tridentatum
(30%), Cystus ladanifer (26%). The prescribed fire differently affected
individuals of the three species, the former showing a high resistance to
fire.

During prescribed fire, temperatures at surface and at 5 cm below
ground were measured immediately after the fire with a portable in-
frared apparatus as shown in Fig. 2. These data, together with ob-
servations of the incompletely burned vegetation and the degree of
litter consumption, allowed a qualitative evaluation of fire severity,
concluding that it was a low severity fire (Hungerford, 1996).

In the same above mentioned 11 sites where the shrub vegetation
inventory was carried out, disturbed soil samples were collected before
prescribed fire (BF), two (2 M), six (6 M) and thirty-six months (36 M)
after fire, at 0-5, 5-10 and 10-20 cm depths, to assess organic matter,
nutrients concentration, soil pH and electrical conductivity. Methods
applied in laboratory analysis comprised the Walkley-Black method for
soil organic matter, the Egner-Riehm method for extractable phos-
phorus and potassium, the method proposed by Jones (2001) for elec-
trical conductivity, and pH determination in a soil-water suspension
(1:2.5 soil water ratio). Exchangeable bases were determined by atomic
adsorption (Ca? * and Mg?*) and by flame emission spectrophotometry
(K" and Na™). Cation exchangeable capacity was calculated as the sum
of exchangeable bases and exchangeable acidity.

Permeability was measured on 11 undisturbed samples randomly
collected in 100 cm® cylinders in the surface layer (0-5 cm), at several
moments: before the prescribed fire, soon after fire, and two and eight
months after fire. The permeability was measured in a constant head
closed circuit laboratory permeameter.

Fig. 1. Location of the study area in Montesinho
o Natural Park (PNM), NE Portugal.

A
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Following current methodology and field and lab procedures
(Figueiredo et al., 2012), a set of 6 paired erosion microplots (4 m
long X 1 m wide, mean slope 8%) was installed in the study area, two
days after the prescribed fire (Fig. 3). Erosion microplots were bounded
upwards and laterally by metal plates and in their lower part by a tri-
angular metal gutter, provided with a hole. Through this, water and
sediment exported from the plot area were conveyed by a flexible hose
into a 10 L plastic tank, placed downslope in a pit, excavated for this
purpose. Water and sediment exported from microplots were collected
after each period of precipitation, 8 in total during 14 months (April
2011 to May 2012). Outdoor operations comprised collecting sediment
trapped on microplot gutter and replacing filled tanks by empty and
clean ones. Indoor operations included oven-drying (105 °C) and
weighting sediment collected on microplot gutter, measuring tank
water volume with a graduated bucket, and sampling after thorough
stirring of water in the bucket, with a 100 ml beaker, oven-dried
afterwards for sediment dry-mass determination. Runoff was calculated
from measured water volume and soil loss from sediment concentration
in runoff water volume plus the mass of sediment collected in the
gutter, divided in both cases by microplot area (runoff expressed in mm
equivalent height, soil loss expressed in g m~ 2). Some erosion response
indicators were also calculated, including runoff coefficient (ratio be-
tween runoff and precipitation, %), sediment concentration in runoff
(ratio between soil loss and runoff, g L™ 1) and unit soil loss (ratio be-
tween soil loss and precipitation, gm ™ 2mm™ ).

A pluviometer, installed in the study area, allowed the measurement
of total precipitation between each one of the 8 runoff and soil loss
collection dates. During the first two years of the experiment, when the
assessment of soil erosion processes has been carried out (April 2011 to
May 2012), the precipitation was abnormally low (about 40% of the
average for the region), with a summer wetter and a winter drier than
the normal seasonal rainfall distribution (Fig. 4) (IPMA (Instituto
Portugués do Mar e da Atmosfera), 2016).
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Fig. 2. Observations of vegetation consumption and tem-
perature measurement on surface and 5cm below after
passage of prescribed fire.

Fig. 3. Experimental device to measure water
erosion in the burned area: location of the 6
microplots (right center), microplots configura-
tion to collect runoff and sediment (left and
right), microplots surface condition after in-
stallation (center, left, right).

Shrubland burnt area

As required, the experiment was designed to comply with the re-
search objectives stated above. Seasonal variations in soil properties
and hydrological processes in unburned areas may be assumed negli-
gible when compared with the direct and indirect effects of fire, be-
cause fire induces sharp direct changes in vegetation and litter cover,
which leave surface exposed to erosion and affect processes in soils and
ecosystems. As so, the experiment was installed and developed only in
the burned area with no unburned control plots. This way, with the pre-
fire conditions fully characterized and taken as reference, the experi-
ment provided the information required to meet the research objec-
tives, meaning the study of the temporal evolution of topsoil properties
and soil and water losses due to erosion, in an area burned by pre-
scribed fire.

The statistical treatment of the information collected included de-
scriptive statistics, analysis of variance (one-way) and tests of means
comparison (Tukey, p < 0.05).

3. Results

The temporal variation patterns of soil organic matter content
(SOM) are similar at all depths (Fig. 5). Six months after the prescribed
fire, SOM showed a non-significant decrease in the three sampled layers
(< 10% of pre-fire value). Thirty-six months after the fire, at the three
depths, SOM average values were higher than those of the reference
situation (BF), with a relative increase of 8% in the uppermost layers
and of about 20% in the deepest layer, in both representing a not sta-
tistically significant change.

Extractable phosphorus and potassium showed different behaviour.
Extractable phosphorus increased in all layers six months after the fire
when compared to the reference situation (BF), showing a slight de-
crease thirty-six months after fire, yet with values always higher than
the ones observed before the fire (Fig. 5). In the surface layer (0-5 cm)
the phosphorus contents are similar in all sampling dates, the other
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layers presenting significant differences over time: the first two sam-
pling dates (BF and 2M) with lower values than the last two (6M and
36M). For extractable potassium (Fig. 5), the reference situation (BF)
and that thirty-six months after the fire, showed similar values in each
sampled layer. However, two and six months after the fire, the po-
tassium contents were significantly lower than the remainder sampling
dates.

Results concerning soil exchangeable complex as affected by fire are
presented in Table 1. Thirty-six months after the fire, sum of ex-
changeable bases (SEB) decreased significantly in deeper layers
(5-10 cm, about 50% and 10-20 cm, about 55%), as compared to the
BF, while in the surface layer values were similar to those BF. At the
three sampling depths, the values of base cations in the original situa-
tion (BF) follow the sequence Ca®?* > Mg?* > K* > Na", a pat-
tern that remains at the remainder sampling dates, except six months
after fire. Calcium is the most important base cation in the soil, con-
tributing for around 70% of the sum of exchangeable bases until six
months after the fire, decreasing to about 55% at the end of the thirty-
six months. In general, exchangeable acidity (EA) increases in depth,
following closely the variations of the exchangeable aluminum, a
change that is reflected in the corresponding decrease in base saturation
(BS). Thirty-six months after the fire, the exchangeable acidity presents,
in all layers, considerably higher values than the reference situation.
Increases of about 60, 85 and 88% were observed in the layers 0-5,
5-10 and 10-20 cm, respectively. Cation exchangeable capacity (CEC)
showed very similar values at all sampling dates in each layer.

In each depth, the mean values of pH before the fire and thirty-six
months after were not significantly different, but these values are sig-
nificantly higher two and six months after the fire (Fig. 5). Overall, the
electrical conductivity values (EC) decreased in all depths after the fire,
but without significant differences as compared to BF, reaching the
lowest values thirty-six months after the fire (Fig. 5).

A brief summary of the changes in chemical soil properties at sev-
eral sampling dates after fire is presented in Table 2. Most chemical soil
properties studied had fluctuations within the experimental time span.
The last sampling date was taken as a time reference for evaluating
global recovery of the original pre-fire condition, in what regards soil
chemical properties. In fact, after thirty-six months the effects of pre-
scribed fire are still visible in extractable potassium, base cations (Ca
and Mg), sum of exchangeable bases and base saturation, generally with
values significantly lower than the pre-fire situation. In contrast, ex-
tractable phosphorus, exchangeable aluminum and exchangeable
acidity show values significantly higher than BF. However, soil surface
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Fig. 4. Precipitation values, recorded at the Braganca
weather station, from April 2011 to April 2014.
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layer (0-5 cm), had a faster recovery when compared to deeper layers
(5-10 and 10-20 cm).

In addition to the effects produced in soil chemical properties, fire
can alter the hydraulic properties of soil, as well as runoff and soil loss.
A total of 545.3 mm of precipitation was recorded during 14 months
following the fire (evaluation period of runoff and soil loss), with a total
runoff and soil loss the 13 mm and 147.3 gm™ 2, respectively. The
overall erosive response in this period resulted in a runoff coefficient of
2.4%, with a sediment concentration of 11 g L~ ! and soil loss per unit
of precipitation of 0.27 gm™ 2mm ™! (Table 3). In parameters, runoff
and soil loss, significant differences were observed between collects, as
a result of a temporal variation in the erosive response of the micro-
plots. The average pattern of this response is shown in Fig. 6. Runoff
and soil loss differ clearly in this pattern, in the first case approaching
the linear response, with a strong correlation between the cumulative
values of precipitation and runoff (r* = 0.954). In spite of this, two
periods were observed in which the erosive response was more pro-
ductive in terms of water and sediment exportation. The pattern re-
sembles a sigmoid curve, with soil losses tendentially smaller over time.

Soil permeability, in average terms, was included in the classes high
and very high. However, the values of this parameter showed a very
pronounced dispersion. It should be noted that the median values are
noticeably lower than the mean values, still indicating non-unfavorable
surface water flow conditions in most samples. The mean permeability
values evolved over time, decreasing from 22 cmh™*! in the original
soil condition to 14 cm h™ ! immediately after fire. Two months later,
the mean increased significantly to 113cecmh™!, decreasing to
36 cm h™ ! eight months after fire, a value that differs significantly from
the remainder ones (Table 4).

4. Discussion

After the prescribed fire no significant changes were observed in
SOM for as long as thirty-six months, which is in agreement with the
low severity fire applied and its actual low impact. However, thirty- six
months after the fire, SOM was slightly higher than that before the fire.
The observed changes in SOM contents can be accommodated within
the known and justified oscillations that occur throughout the year,
mainly due to variations in soil temperature and moisture and their
effects in soil biological activity, which is related to the decomposition
rates of soil organic materials. Scharenbroch et al. (2012) refer that one
year after a low severity prescribed fire the soil organic carbon in-
creased, suggesting that the soil did not reach such a high temperature
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Fig. 5. Mean values of selected soil chemical properties per soil layer
for each sampling date: Before the fire (BF), two (2 M), six (6 M) and
thirty-six (36) months after fire. In bars with the same colour means
followed by different letters are significantly different (p < 0.05).

Exchangeable cations (Ca, Mg, K, Na, Al), sum exchangeable bases (SEB), exchangeable acidity, cation exchangeable capacity (CEC), exchangeable acidity (EA) and base saturation (BS)
in soil before and after prescribed fire. Average values of each depth with the same letter are not significantly different (p < 0.05). Before prescribed fire (BF), two (2 M), six (6 M) and
thirty-six (36 M) months after prescribed fire.

Depth Sampling Ca%™* Mg?* K* Na* AR SEB EA CEC BS
(cm) date (cmol kg™ 1) (% CEC)
0-5 BF 3.37° 0.77° 0.35° 0.12% 0.722 4.61° 1.33° 5.9 77°
2M 3.00° 0.71° 0.29° 0.08° 1.18° 4.08° 1.53° 5.6 720
6M 3.07° 0.60° 0.55° 0.12% 1.04% 4.342 1.13° 5.5% 78"
36 M 2.32° 0.61% 0.34° 0.12% 1.68° 3,39° 2.11° 5.5% 58%
5-10 BF 1.89° 0.40° 0.21° 0.11%° 0.96° 2.61° 1.557 4,27 62°
2M 1.46° 0.28% 0.19% 0.08? 1.60° 2.01° 1.972 4.0° 51°
6M 1.88° 0.30%° 0.51° 0.14° 1.59° 2.83° 1.63% 4.5% 63°
36 M 0.77° 0.28° 0.19° 0.10%° 2.31¢ 1.34° 2.87° 4,20 322
10-20 BF 1.59° 0.31° 0.19% 0.117 0.92° 2.20° 1.47% 3.7¢ 60°
2M 1.37° 0.23% 0.14% 0.07° 1.50° 1.81° 1.85% 3.7% 50°
6M 1.43° 0.16° 0.33" 0.19° 1.67¢ 2.11° 1.742 3.9° 55b¢
36 M 0.53° 0.22° 0.16° 0.10° 2.28° 1.01° 2.76° 3.8% 27°

176
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Table 2
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Temporal evolution of soil chemical properties after the prescribed fire relative to pre-fire situation. Before pre-
scribed fire (BF), two (2 M), six (6 M) and thirty-six (36 M) months after prescribed fire.

Chemical

Depth

properties 0—5cm

5-10cm 10-20 cm

2M

6M 36M 2M 6M 36M

SOM

pH (H,0)
P extractable =
K extractable
Ca2+ _
Mg2+ _
K+ _
Nat* -
SEB - - -
EA +
CEC -
BS -
A13+
EC -

+ o+ o+

+

4e

+ + + + + o+

SOM - soil organic matter; SEB - sum exchangeable bases; EA — exchangeable acidity; CEC - cation exchangeable

capacity; BS - base saturation; E C - electrical conductivity.

l:l significantly higher (+) or significantly lower (—) than the pre-fire situation (BF).
|:| slightly higher (+) or lower (—) than the pre-fire situation, but not statistically significant.

as to cause organic matter oxidation. Alcafiz et al. (2014) observed an
increase in SOM immediately after a prescribed fire, but a year later the
organic matter content was lower than that recorded before the fire.
Fire effects on soil organic matter are not yet fully known so as to
precisely describe SOM quantitative and qualitative dynamics after fire
(Gonzalez-Pérez et al., 2004; Armas-Herrera et al., 2016).

After the fire, extractable phosphorus content tends to increase due

Table 3
Total precipitation and 6 plots mean and extreme values of runoff and soil loss, and the
related indices.

Parameter Minimum Maximum Average
Total precipitation (mm) 545.3
Runoff (mm) 9.8 19.2 13.0
Soil loss (g m™2) 95.8 276.6 147.3
Runoff coefficient (%) 1.8 3.5 2.4
Sediment concentration (gL~ ") 8 14 11
Unitary soil loss (gm~2mm™ 1) 0.18 0.51 0.27
e Runoff (mm x 0.1) Soil Loss (g m-2)
160
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3 S 100
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Precipitation (cumulative values, mm)

Fig. 6. Temporal evolution of runoff and soil loss throughout the experiment: average of
6 erosion plots for 14 months.
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to the mineralization of organic forms this element is part of, ashes from
burned vegetation being also a major contribution to its increase in
topsoil after fire (Huseyin, 2006). Regardless of the fire effect in
phosphorus increase this and other nutrients are generally deposited on
topsoil as part of ash, where they are susceptible to loss by erosion and
leaching (Wienhold and Klemmedson, 1992). This may explain the re-
duction of soil phosphorus content found in this study two months after
fire. Despite the increase of extractable phosphorus content with time,
values are yet considered very low (0-25 mg kg™ ') in all depths and
sampling dates (Santos, 2015). Alcaniz et al. (2014) report increases in
the phosphorus content after the fire passage but one year later the
values were lower than those recorded before the fire. According to
Certini (2005), the increase in phosphorus due to fire is ephemeral,
lasting for less than a year. Arocena and Opio (2003) and Scharenbroch
et al. (2012) found that extractable phosphorus content was not af-
fected by prescribed fire, as observed in the present study in the surface
layer (0-5 cm).

Extractable potassium decrease two and six month after the fire, as
reported for phosphorus, these losses can be attributed to the processes
of leaching and erosion (Fonseca et al., 2011), as well as to vegetation
root uptake which fastly grew up in this period. Thirty-six months after
the fire the potassium content is identical to pre-fire situation and it is

Table 4

Soil permeability of the surface soil: mean and dispersion of values of 11 samples.
Averages followed by different letters differ significantly, (p < 0.05; SD - Standard
Deviation).

Statistics Before the fire After the fire
Immediately 2 Months 8 Months
Parametric Permeability (cm h™ ')
Average - SD - - 20 18
Average 222 142 113¢ 36°
Average + SD 51 30 206 54
No parametric
Minimum 0 1 17 16
Median 13 9 81 28
Maximum 94 50 250 76
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classified as high (101-200mgkg~!; 0-5cm) and moderate
(51-100 mg kg~ 1. 5-10 and 10-20 cm) (Santos, 2015). Shakesby et al.
(2015) observed that one year after prescribed fire the extractable po-
tassium content of the soil increased compared to the pre-fire situation.
In this study, however, two and thirty-six months later their content
was less than the initial one. Ubeda and Outeiro (2009) verified that the
potassium contents three years after fire had not recovered with respect
to the initial contents, attributing this fact to the consumption of this
nutrient by the emergent vegetation.

The sum of exchangeable bases (SEB) generally decreased after the
fire at all depths, which would be expected, since this parameter reflects
the variation of the base cations, and these also suffered reductions by
fire effect, which is in agreement with Fonseca et al. (2011). The values
of this parameter (SEB) are considered low (LQARS (Laboratério
Quimico Agricola Rebelo da Silva), 2006). As base cations are very
soluble, the main losses are associated with soil erosion and leaching
processes. The cation exchangeable capacity (CEC) shows small varia-
tions over time, without significant differences, following closely the
variations on soil organic matter, in agreement with other studies (e.g.,
Huseyin, 2006; Inbar et al., 2014), which refer changes in CEC and
organic matter in the same sense. The variation of the exchangeable
acidity values had similar behaviour to the exchangeable aluminum
content and always decreased during the experimental period.

Two and six months after the prescribed fire, pH values are sig-
nificantly higher than those observed before fire, a tendency also ob-
served by Scharenbroch et al. (2012). The increase in pH is related to
the presence of carbonates, base cations and oxides in the ash formed
and deposited in the soil during the fire (Huseyin, 2006). Thirty-six
months after the fire the pH values are similar to those recorded in the
reference situation, meaning that the impact caused by the fire in the
soil reaction is no longer verified. According to Mataix-Solera and
Guerrero (2007), the recovery time of the initial pH is variable and
depends on the time that ashes remain in the soil. The response of the
electrical conductivity to the passage of the fire resulted in a slight
reduction, a fact that is generally not observed, since the presence of the
ashes contributes to an increase of salts in solution (Huseyin, 2006).
Overall, effects of fire on chemical soil properties were described by
several authors (e.g., Ubeda and Outeiro, 2009; Fonseca et al., 2011;
Inbar et al., 2014; Armas-Herrera et al., 2016), yet with trends in
temporal changes that are not always similar to those found in this
study, which might be due to a large set of local factors as post-fire
rainfalls, fire severity and intensity, litter thickness and moisture con-
tent, not always comparable in the referred studies.

The evaluation period of runoff and soil loss was abnormally dry
and with a very different distribution from the normal pattern (rainfall
in the summer months and a winter without precipitation) (Fig. 4).
Considering that precipitation is a fundamental erosion factor, the
erosive response obtained might be taken as representative of a po-
tential minimum for the conditions under study. The annual erosion
rate, equivalent to 1.3 Mgha™?, is lower than the soil loss tolerance
indicated for shallow soils of non-renewable substrate
(2.2Mgha~'year™!; Arnoldus, 1977), although approaching the
value of 1.4 Mg ha™ ! year™ !, which is in process of acceptance as soil
loss tolerance in the European space (Verheijen et al., 2009). It is also
lower than that recorded in plots of similar size installed in the early
years of a forest stand, with similar surface conditions for adventitious
vegetation cover (Figueiredo et al., 2012). In burned forest and
shrublands areas, the records are generally higher (Thomas et al., 1999;
Andreu et al., 2001; Pardini et al., 2004; Gimeno-Garcia et al., 2007;
Shakesby, 2011). Interpretation in the same direction is valid for the
average annual runoff (10.3 mm). Despite soil loss values obtained in
this work are low, since the study area was established on shallow soils
(Leptosols), these losses might be representative and contribute gra-
dually to the exposure of bedrock; indeed, this is already observed in
neighbouring areas. The very low annual precipitation justifies, at first
approach, these values since, taking the unit soil loss calculated for the
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experimental period as an estimator (0.27 g m “2mm™ Y, a loss of
2.3 Mgha™! is obtained in a year with normal climatic conditions. In
addition, other factors not explored in the analysis of the results may be
contributing to low soil loss as the case of the high soil stoniness in the
area, a situation similar to that of other areas studied by the authors in
the NE of Portugal (Figueiredo, 2001; Figueiredo et al., 2012). The
temporal evolution of soil loss and runoff follows an already known
pattern, experimentally verified in areas of bare or sparsely vegetated
soil (Figueiredo et al., 2012). The sigmoid shape of the soil loss re-
sponse curve to cumulative rainfall was explained by Figueiredo et al.
(2009) as the result of selective erosion of fine particles in soils covered
by surface rock fragments, and the descriptive model presented by these
authors outputs a faster decline in soil loss rate as surface cover by rock
fragments becomes higher, and this corresponds to the situation pre-
vailing in the experimental area.

The dispersion of permeability values corresponds to the typical
situation observed in this soil property (Hillel, 1998). The decrease of
the permeability immediately after fire with respect to pre-fire situation
is widely referenced in literature, and in general it is attributed to soil
hydrophobicity generated by lipid compounds released from burnt
plant material, whose persistence in the soil is very variable, depending
on fire severity and environmental conditions after fire (Imeson et al.,
1992; Hubbert et al., 2006; Are et al., 2009; Woods and Balfour, 2010).
The high mean permeability values, and even the median, show that
this effect was no more evident in the study area two months after fire.
For this, may have contributed the abnormally high soil moisture
conditions in this period of the year (late spring-early summer. The
temporal evolution of permeability after the short term effects of fire on
hydrophobicity can be also explained by soil structural rearrangements
affecting biopores functionality (Figueiredo et al., 2013).

The direct and indirect effects of fire were often studied in soil
surface (e.g., Arocena and Opio, 2003; Huseyin, 2006; Thomaz and
Fachin, 2014; Meira-Castro et al., 2015; Armas-Herrera et al., 2016;
Aznar et al., 2016), but some works showed that these effects reach
deeper soil layers, at least down to 30 cm (Fonseca et al., 2011; Dennis
et al., 2013; Heydari et al., 2017). The present work is in agreement
with the results presented by the former authors, contributing to re-
inforce the idea that more attention should be given to the direct and
indirect effects of fire at deeper depths. The variations observed in the
chemical and physical properties of the first 20 cm topsoil can be re-
lated to the heating of the soil (Dennis et al., 2013) and the production
of hydrophobic substances (e.g., Keizer et al., 2008), which in turn
cause changes in the biological activity (e.g., Guerrero et al., 2005),
hydraulic conductivity (e.g., Imeson et al., 1992; Fonseca et al., 2011),
chemical transformations occurring in the soil (e.g., Heydari et al.,
2017), and erosion and leaching processes (e.g., Cancelo-Gonzélez
et al., 2015). In the present study, soil permeability was high and very
high in all measurement campaigns performed. On the other hand,
runoff coefficient calculated from erosion plot data shows an average of
about 2.4%, meaning that most rainfall infiltrates in the soil and re-
distributes easily through the uppermost layers. Therefore, solute
transfer downwards is restricted only by nutrient immobilization pro-
cesses, either organic or in inorganic. Therefore, leaching could easily
occur following rainfall events. This may have contributed to significant
changes in soil chemical properties found in deeper sampled layers
(5-10 and 10-20 cm) that, by no means, could have been affected by
direct heating during fire passage.

5. Conclusions

Prescribed fire is a commonly recommended forest management
practice aiming at controlling fuel accumulation in forest stands un-
derstory or in the shrub covered surroundings, due to the lower eco-
nomic cost compared to other vegetation management techniques. Such
control is required to reduce wildfire risk. This is important in
Mediterranean mountain areas because weather prevailing during the
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dry summer months generates high potential hazardous conditions for
ignition and, therefore, fire occurrence and propagation mostly depend
on fuel amount and continuity. On the other hand, mountain areas
show an increasingly larger extent of unmanaged areas, where fuel
stocks grow uncontrolled, increasing fire hazard on the neighbouring
managed woodlands.

By definition, prescribed fires have negligible or low severity,
meaning that the effects of fire on soils, mostly studied after severe
wildfires, are not actually expected. The research conducted in a
scrubland, in Montesinho Natural Park, Portugal, where prescribed fire
was applied as part of the management plan of pine forest stands
growing in this area, showed that a period of thirty-six months was not
enough to cancel out the effects of an effectively low severity prescribed
fire on the soil chemical properties. In fact, thirty-six months after the
fire, significant effects persist on some soil properties, namely on sum of
exchangeable bases, exchangeable aluminum and on phosphorus and
potassium contents. These results, especially regarding the soil layers
from 5 to 20 cm soil depth may help deconstructing the idea that the
effects of fire are restricted to the uppermost soil surface layer, as far as
dynamic processes as leaching are taken into account in results inter-
pretations. Nevertheless, the recovery of most soil chemical properties,
so as to reach the levels prevailing before the prescribed fire, was faster
in the surface layer (0-5 cm) and this is understood as a result of the
biological activity and the weathering processes that are more intense
at surface than in deeper topsoil layers.

Although the absolute values reported in relation to the variables
indicative of soil physical degradation (permeability, runoff and soil
loss) by fire effect in the study area, are not expressive, they elucidate
however on the complexity of the responses in the hydrological and soil
processes in these conditions. In addition, and especially with regard to
water erosion, consideration should be given to the fact that the starting
condition corresponds to shallow soils, already degraded in their ca-
pacity to support a significant vegetation cover capable of soil protec-
tion. The observed sigmoid shape of the erosion response curve to cu-
mulative precipitation along the monitoring period shows that the
initial soil loss rate, after fire, rapidly declines to much lower values and
this is explained for the most by shortage of available fines to be en-
trained by surface runoff. In marginal or degraded areas as these,
having high surface stoniness, measured soil loss is not high, but the
fines shortage at surface raises their importance in a so fragile en-
vironment, as a soil fertility background necessary for vegetation re-
covery and its further feedback effects in soil protection.

The research carried out also allowed an insight on soil recovery
rates in burnt areas after light severity fire. Even though recovery is on-
going, and faster in the uppermost soil layer, after thirty-six months the
20 cm topsoil did not yet reach the prior to fire condition. As compared
to severe wildfires, prescribed fires have far lower impacts on soil, and
this study did not actually focus on the widely proven assets of this
forest management practice. On the contrary, it calls the attention to
the high fragility of marginal mountain areas, where light environ-
mental stresses cause significant impacts that may stand for long, as
slow recovery rates leave them exposed to further stresses.
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