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Highlights

e Prescribed burning is used to remove shrubs and restore pastures

e The effect on soil C stocks and related biological properties is studied

e Slow prescribed burning severely affected soil properties at 0-1 cm depth
e Soil properties were not affected at sites where the fire spread rapidly

e Soil biological activity decrease occurred in the short- and mid-term

Abstract

Prescribed burning has been recently readopted as a management practice in the
Central Pyrenees (NE-Spain) to stop shrub encroachment processes and recover
pasturelands. The immediate effects of prescribed burning on soil C stocks and related
biological properties and their evolution in the short- to mid-term after burning were
assessed. The study was conducted during three autumnal prescribed burnings in the
Central Pyrenees in the municipalities of Buisan, Asin de Broto and Yebra de Basa. At
each site, the topsoil Ah horizon was sampled at soil depths of 0-1, 1-2 and 2-3 cm
immediately before and immediately after burning. Additionally, seasonal samplings
were conducted every 6 months up to one year in the case of the Asin and Yebra sites
and up to 24 months at the Buisan site. The total soil organic C stock (SOCS) total N
stock (NS), microbial biomass C (MBC), soil basal respiration (SR) and B-D-glucosidase
activity were analyzed. The maximum temperatures recorded at the soil surface were
438 °C (Buisan), 768 °C (Asin) and 595 °C (Yebra). At the Buisan site, burning
significantly decreased the SOCS (-52 %), NS (-44 %), MBC (-57 %), SR (-72 %) and
glucosidase activity (-66 %) at 0-1 cm depth, whereas fire had no direct effects on soil at
the Asin and Yebra sites. The contrasting effects of burning on soil that were observed
among sites were found to be related to differences in fire residence time. The prescribed
fire at the Buisan site was on a plain slope under slow winds (<8 km ht) at a burning rate
of 0.64 ha h, which produced greater impacts on the soil properties than the burnings
at the Asin and Yebra sites, where fire spread rapidly (2.72 and 1.43 ha h%, respectively).
At the Buisan site, the SOCS and NS recovered to the unburned values 24 months after
burning. One year after burning, the SOCS at Asin were 60 % higher than those of the
unburned soils at 0-1 cm depth. At all sites a decreasing trend in soil biological activity
in the short- and mid-term was observed. From the results it can be concluded that: 1)
the direct effects of burning on soil are highly dependent on the environmental conditions,
2) in the mid-term, the reduction in soil biological activity and the incorporation of ashes

and charred plant remains led to an increase in the SOCS of the burned soils.
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sequestration
1. Introduction

Grasslands are rich and diverse ecosystems that provide considerable environmental,
economic and social services (Follett & Reed, 2010; Nadal-Romero et al., 2018a).
Temperate grasslands present high natural soil fertility due to their high soil organic
matter (SOM) content (Jones & Donelly, 2004; Conant, 2010; Garcia-Pausas et al.,
2017) and it is estimated that 176 to 295 billion tons of soil organic C (SOC) are stored
in these ecosystems (Lal, 2004). Therefore, the sustainable management of these lands
is of vital importance due to their potential for carbon sequestration and greenhouse
gases emission regulation (Conant, 2010; Farley et al., 2013).

In the Central Pyrenees (NE-Spain), grazing lands were established for pastoral
purposes below the potential tree line by removing the pre-existing vegetation such as
shrubs and forests (Gartzia et al.,, 2014). In these areas, pasturelands have been
traditionally maintained through livestock grazing and the recurrent elimination of shrubs
by either fire or mechanical procedures (Gartzia et al., 2014; Nadal-Romero et al.,
2018a). As a consequence of socioeconomic changes (i.e., rural exodus and the
decrease of grazing activity) and the fire suppression policies that were enacted in the
20™ century, these habitats have suffered from shrub encroachment (Komac et al., 2013;
Nadal-Romero et al., 2018b). In the grazing lands of the Central Pyrenees, one of the
main species that has led the ecological succession towards shrubs has been the thorny
cushion dwarf, Echinospartum horridum (Vahl) Rothm (Komac et al., 2013; Nuche et al.,
2018). This shrub forms large and dense monospecific patches that limit the
establishment of herbaceous species (Komac et al., 2011) hence posing a threat to
biodiversity and an increased flammability risk (Caballero et al., 2010; Gartzia et al.,
2014).

Prescribed burnings, defined as the planned use of fire to achieve precise and clearly
defined objectives (Fernandes et al., 2013), represent a suitable procedure for the
elimination of shrubs from grazing lands (Goldammer & Montiel, 2010). Since fire can
affect most of the soil physical, chemical and biological properties (Gonzélez-Pérez et
al., 2004; Certini, 2005), prescribed burnings are conducted under specific
environmental conditions (i.e., high soil and fuel moisture, low temperature, moderate
winds and favorable topography) to limit the severity of the fire (Vega et al., 2005). These
conditions can vary widely, so previous studies on prescribed burnings showed
heterogeneous outcomes, as recently reviewed in Alcafiiz et al. (2018). Due to the low

intensity that usually characterizes prescribed fires, it is common to find increases in



SOM contents after burning (Ubeda et al., 2005; Alcafiiz et al., 2016), which are related
to the incorporation of ashes and partially charred vegetal remains (Gonzéalez-Pérez et
al., 2004). Additionally, some studies note that prescribed burning may have no effects
on SOM (Alexis et al., 2007; Goberna et al., 2012; Fultz et al., 2016). Nevertheless, the
effects of the fire management of shrublands on SOC stocks and dynamics are still
uncertain (Garcia-Pausas et al., 2017) and few studies have covered the effects of this
practice on soils of montane and subalpine environments (San Emeterio et al., 2014,
2016; Armas-Herrera et al., 2016, 2018; Girona-Garcia et al., 2018a, 2018b, 2018c).
Previous works conducted in the Central Pyrenees showed that Echinospartum horridum
burnings may have a severe impact on SOM and soil biological activity, limited to a thin
layer of the topsoil, that persevere in the short- to mid-term (Armas-Herrera et al., 2018;
Girona-Garcia et al., 2018a). SOM turnover rates are mostly driven by soil microbial
biomass so changes in its activity due to fire can induce variations in the C transfer
between the soil and the atmosphere (Knicker, 2007; Dooley & Treseder, 2012).
Therefore, it is of special interest to study the role that prescribed burnings play in the C

cycle of mountain environments in the context of global change.

In Girona-Garcia et al. (2018a), the effects of prescribed burning on soil organic matter
and related biological properties were studied at one site throughout a year. From that
work, it could be concluded that in order to extrapolate the results and assess the
sustainability of this practice, it was needed to monitor the site further in time and to study
a higher number of sites. For this reason, in the present work, the previously published
dataset is further developed in time and two more study sites were added. This new
study aimed to assess the immediate effects of Echinospartum horridum prescribed
burning on topsoil SOC stocks and related biological properties, in the short- and mid-
term at three locations of the Central Pyrenees (NE-Spain). The main hypothesis of this
work are: 1) prescribed burning will have reduced or neutral effects on the selected soil
properties, 2) the effects of fire will be confined to the uppermost soil cm, 3) those effects
will be dependent on the site characteristics and environmental conditions under which
the burning is conducted, 4) in the short- to mid-term the SOC and N stocks, if affected
by fire, will recover to the unburned conditions and soil biological properties will respond

to the new postfire environmental conditions.
2. Materials and methods
2.1. Study sites

The study was conducted in three mountain pasture areas encroached by

Echinospartum horridum that were subjected to prescribed burning. The experimental



plots were located in the municipalities of Buisan, Asin de Broto and Yebra de Basa
(Central Pyrenees, Huesca province, NE-Spain, Fig. 1); these sites are referred to as
Buisan, Asin and Yebra in the remainder of the text. The general site characteristics are
provided in Table 1. The elevation, mean annual precipitation and mean annual
temperature of the study sites are 1480 m a.s.l., 1015 mm and 8.3 °C for Yebra; 1650 m
a.s.l., 1120 mm and 8.8 °C for Asin; and 1760 m a.s.l., 1500 mm, 6 °C for Buisan. The
soils are classified as Eutric Cambisol (Buisan), Calcaric Cambisol (Asin) and Leptic
Cambisol (Yebra) according to the IUSS Working Group WRB (2014) and are
characterized by high organic matter contents, high aggregate stability and neutral pH
values; the textures are silty loam (Buisan and Asin) and sandy loam (Yebra). The parent
material in Buisan consists of Eocene detritic sediments over clayey limestones
alternated with marls; in Asin, the parent material is composed of Eocene marls and
sandstones, while in Yebra, it consists of Eocene conglomerates. The Buisan plots were
established at the bottom of a gentle slope (10 %); the Asin plots were located at the top
of a steep slope (35 %) and the Yebra plots were positioned in the middle of a flat slope
(5 %). The vegetation was constituted by a predominant thorny shrub (Echinospartum
horridum) mosaic surrounded by herbaceous species such as Bromus erectus Huds.,
Festuca nigrescens Lam., Agrostis capillaris L., Briza media L., Onobrychis pyrenaica
(Sennen) Sirj., Trifolium pratense L. and Trifolium repens L.

0°22'W 0°20'W 0°18'W 0°16'W 0°14'W 0°12'W 010w 0°8'W

KGR Tt

Aso de S _PlNacionall .4
22938 SobremorBiescas Torla-Ordesa @rdesaly!Monte | SEVELTN

N(ESeT0 ) Rerdido

Broto
42°36'N Escuer 42°36'N

42°34'N : BT [N- 42°34'N
. ’Larres [N260]
L) : Senegué Escartin

' ' 42°37'N

) Salﬁiﬁa’mgo

(HELE]

Yebralde Basa

San Juste
Lacort

Study sites
@ Yebra de Basa Q A
& v ) Asin de Broto Q 0 25 5 10 15 20
- ’ i Buisan ' T ey s Kilometers

Fig. 1. Locations of the study sites.



2.2. Prescribed burning characteristics

The prescribed fires were conducted in November 2015 (Buisan), November 2016 (Asin)
and December 2016 (Yebra) by firefighters of the EPRIF (Wildfire Prevention Team) of
Huesca and BRIF (Reinforcement Brigades against Wildfires) of Daroca units. In all
cases, the prescribed burnings were performed when the environmental conditions met
the prescribed parameters for Echinospartum horridum: no heavy rainfall occurred prior
to burning, the temperature range was between 5 and 15 °C, the air relative humidity
was of 35-70 % and the wind speed of 5-10 km h. At the Buisan site, approximately 3.8
ha were burned by point source fires at a rate of 0.64 ha h; in Asin, backing fires were
applied downslope in a 7.4 ha area at a burning rate of 2.72 ha h, and in Yebra, 2.2 ha
were burned at 1.43 ha h'* by a head fire favored by wind. The detailed description of
each burning and the temperatures recorded at soil surface using type-K thermocouples

are provided in Table 1.

Table 1. General characteristics of the study sites and prescribed burnings. The temperature analysis comprises the

elapsed time since a temperature increase was detected until it stabilized during the cooling stage.

Study Site Buisan Asin de Broto Yebra de Basa
Coordinates  42°36'04.4"N 42°31'12.3"N 42°30'55.0"N
0°00'43.3"E 0°06' 02.4" W 0°15'47.9"W
Elevation (m a.s.l.) 1760 1650 1480
Mean annual temperature (°C) 6 8.8 8.3
Mean annual precipitation (mm) 1500 1120 1015
Aspect S w S
Mean slope (%) 10 35 5
Soil classification (IUSS WRB 2014)  Eutric Cambisol  Calcaric Cambisol  Leptic Cambisol
Echinospartum horridum cover (%) 75 95 75
Estimated fuel loads (kg m2):
Aerial biomass 9.24 11.71 9.24
Litter (OL + OF) 1.62 2.05 1.62
Burning Date  November 2015 November 2016 December 2016
Burned surface (ha) 3.8 7.4 2.2
Wind speed (km h1) <8 10-15 10-15
Firing technique  Point source fire Backing fire Head fire
Flame height (m) 1 0.7-1 1-3
Flame length (m) 15 0.65-1 1.5-3
Burning rate (ha h't) 0.64 2.72 1.43
Temperature at soil surface:
Maximum temperature (°C) 438 768 595
Initial temperature (°C) 13.1 7.5 4.9
Final temperature (°C) 27.5 24.3 10.2
Temperature residence time (min):
<60°C 2.50 15.0 24.9
60-100 °C 15.0 5.75 1.33
100 - 200 °C 6.00 2.50 1.50



200 - 300 °C 4.00 1.42 0.83

300 - 400 °C 2.00 0.58 1.25

> 400 °C 0.50 4.83 0.25
Pre-fire soil water content (%, 0-1 cm) 147 + 17 37.0+34 29.0+3.3
Post-fire soil water content (%, 0-1 cm) 82.1+37.4 440+7.8 27.5+10.2

Note: soil water contents are expressed as mean * standard deviation of three (Buisan and Asin) or four
(Yebra) field replicates that correspond to the sampling plots.

2.3 Soil sampling

For each site, three (Buisan and Asin) or four (Yebra) representative spots that were
covered by Echinospartum horridum were selected prior to burning. After removing
shrubs and the litter layer, the topsoil Ah horizons at each sampling point were
meticulously scrapped using a spatula over surface areas of approximately 0.25 m? at O-
1, 1-2 and 2-3 cm depths. The soil samplings were conducted early in the morning
immediately before burning to obtain unburned (U) samples that were considered
controls. As soon as the soil cooled after burning, points adjacent to U were sampled
after removing ashes and charred remains to assess the immediate effect of fire (BO).
Afterwards, to monitor the evolution of soil after burning, seasonal samplings at points
contiguous to U and BO were conducted every 6 months up to 24 months in the case of
Buisan (B6, B12, B18 and B24) and up to 12 months in the case of Asin and Yebra (B6,
B12) (Fig. 2). Only the uppermost layer of the soil was sampled, as previous studies
conducted under this kind of prescribed burning detected no fire effects below 3 cm depth
(Armas-Herrera et al., 2016, 2018; Girona-Garcia et al.,, 2018a, 2018b, 2018c).
Additionally, a laboratory study that produced a temperature residence time that was
similar to that in the present study showed that fire effects may be confined to the first 3
cm, especially when burning in wet conditions (Badia et al., 2017). All samples were
collected in plastic bags to avoid desiccation and were rapidly transported and stored at
4 °C to maintain the fresh conditions. Additionally, at each study site, 8 undisturbed soil
samples were collected using steel cylinders (5 cm x 5 cm) for bulk density

determination.



Bumning site  November 2015 May 2016  November/December 2016  May/June 2017  November/December 2017
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Yebra de Basa - - U/BO B6 B12
5m
________________________ >
s 2 i A L
it
og N \
) e
% &y

ST \»g

Prescribed
burning

U BO B6 B12 B18 B24

~0.25 m?

Post-fire
sampling

0-1cm

1-2cm

Seasonal
samplings

2-3cm

Fig. 2. Sampling design followed throughout the study period for each study site. U: unburned samples; BO: immediate
postfire samples; B6, B12, B18, B24: seasonal samplings every 6 months after burning.

2.4 Sample preparation and analysis

The fresh (not-dry) samples were sieved to fine earth (2 mm) and kept at 4 °C for
subsequent biological analysis. A portion of each sample was separated, air-dried until
constant weight and ground to fine powder for total C and N, oxidizable C and carbonate
content determination. The soil water content was obtained by gravimetric
measurements to express all results based on 105 °C dried soil. Each of the first 3
centimeters of the undisturbed soil samples obtained with the steel cylinders was

carefully separated, dried at 105 °C and weighed individually to determine bulk density.

The soil total carbon (STC) and nitrogen (N) were obtained by dry combustion using an
elemental analyzer (Vario Max CN Macro Elemental Analyser, Germany). The soils at
the Buisén site contained carbonates; thus, equivalent CaCOs; was determined by the
Bernard calcimeter method to determine the C in the form of CaCOs3, and this value was
subtracted from the STC to obtain the total soil organic C (SOC). In the case of Asin and
Yebra, STC corresponds to SOC, as soils showed no carbonate contents. From these
data, the SOC and N stocks (SOCS and NS, respectively) contained in each soil layer,

expressed in Mg ha, were calculated as follows:
S0CS =S0C x BD x th x (1—-CF) x 0.01

where SOC is the concentration (g kg?) in the fine earth (<2 mm), BD is the soil bulk



density (kg m=3), th is the thickness (m) of each soil layer, and CF is the coarse fraction
(>2 mm) expressed as CF per total soil (kg kg*'). NS were calculated by the same
equation but instead using the N concentrations.

The microbial biomass C (MBC) was determined following the chloroform fumigation-
extraction method detailed in Vance et al. (1987) and an extraction factor of K.=0.38 was
applied. From these data, the MBC/SOC ratio was also calculated. Incubation assays of
28 days were conducted under controlled conditions of 25 £ 1 °C and darkness, and the
soil water content was maintained at values of 50 % (w w) of field capacity. The emitted
CO; was captured by NaOH traps and titrated with HCI, following the procedure
described in Anderson (1982) on specified days of the incubation (days 1, 2, 4, 7, 10,
14, 18, 23 and 28). From these experiments, the C-CO; efflux (soil basal respiration, SR)
was obtained, the C mineralization coefficient (CMC) was expressed as SR per
oxidizable C unit and time, and the microbial metabolic quotient (qCO2) was calculated
as SR per MBC unit and time. For the determination of the oxidizable C, the wet-oxidation
method with chromic acid (Nelson & Sommers, 1982) was followed. The soil B-D-
glucosidase enzymatic activity was determined by the Eivazi and Tabatabai (1988)

method.
2.5. Data analysis

To identify differences among the variables related to sampling time and soil depth, one-
way ANOVA tests were performed because the interaction between time and depth was
significant in most cases. The sampling time (U, BO, B6, B12, B18 and B24) was
considered a categorical independent variable to analyze the effects of fire and time, and
the data were split by soil depth (0-1, 1-2 and 2-3 cm). The variations in soil properties
among soil depths were tested using soil depth as a categorical independent variable,
and the data were split by sampling time (U, BO, B6, B12, B18 and B24). All the data met
the assumptions of normality and homoscedasticity, and no further transformations were
required. These analyses were performed using StatView for Windows version 5.0.1
(SAS Institute Inc. Cary, North Carolina, USA). A principal component analysis (PCA)
was also performed to identify the relationships among the soil properties, using the
Pearson correlation and a varimax rotation with Kaiser normalization (XLSTAT 2017.
Addinsoft, Paris, France). The values reported in the text are expressed as the mean +

standard deviation unless otherwise noted.
3. Results
3.1. Intensity and severity of prescribed burning

The soil surface conditions observed immediately after the fire showed traits of low- to



moderate-severity burning according to the indicators specified in Parsons et al. (2010).
In the Asin and Yebra burnings, the fire consumed a small part of the uppermost litter
layer, and there was no evidence of intense heat transfer into the soil. However, at the
Buiséan site, a high litter consumption was observed that resulted in scattered patches of
bare soil, litter and ashes (black, gray and white). At the Yebra and Asin sites, thick
accumulations of gray ashes over thick unburned litter layers were detected, indicating
that ashes could come from the scorched canopy rather than from litter combustion. In
addition, the soil structure remained unchanged and no aggregate weakening was
observed at any site. At the Yebra and Asin sites, fine roots near the soil surface were
not affected by burning, whereas some scorched fine roots were observed at Buisan site.

The data obtained using the type-K thermocouples placed on the soil surface showed
maximum temperatures of 438 °C (Buisan), 768 °C (Asin) and 595 °C (Yebra). Despite
the lower maximum temperature registered in Buisan, a higher temperature residence
time was observed compared to those in Asin and Yebra. In Buisan, temperatures were
maintained over 60 °C at the soil surface for ~27 min, whereas these temperatures were
maintained for ~15 min in Asin and ~5 min in Yebra. This result could be due to the slow
wind speed and the firing technique applied in Buisan, which resulted in a slow spread
of fire and therefore, higher residence times. These differences were also reflected in
the variations in soil water content after burning (Table 1). At the Buisan site, the soil
water content at 0-1 cm in U was 147 + 17 % and was significantly reduced by burning
(BO) to 82.1 + 37.4 %. On the other hand, in Asin and Yebra, the soil water contents
remained unaltered during burning. Given the low number of observations, the
temperature measurements can be considered only approximations of the fire intensity

reached during the burnings.
3.2. Ground cover evolution after burning

At the Buiséan site, ashes mixed with litter were still observed up to one year after burning
(B12) and some integration into the soil of these materials was visually detected in the
samplings that followed. At the Asin and Yebra sites, high amounts of ashes were still
present between the soil surface and the litter layer in B6 while in B12, ashes were mixed
with the uppermost topsoil layers. Although the sampling plots in Asin were located on a
steep slope (35 %), no traits of fire-induced erosion were detected during the study
period. Approximately 8 months after the fire, the burned plots in Buisan were mainly
colonized by Carex flacca Schreb., Carex humilis Leyss., Euphorbia cyparissias L., Iris
latifolia (Mill.) Voss, Teucrium chamaedrys L. and Viola cf. rupestris. Although the
vegetation was not inventoried in B24, it was observed that the burned areas were

covered to greater extents by herbaceous species and some incipient Echinospartum



horridum seedlings. Nine months after burning, Badia et al. (2017a) described that
vegetation represented the 29.2 % of the burned plot surface in Yebra. At this site,
vegetation recovery was driven by resprouter species such as Brachypodium pinnatum
(L.) Beauv., Bromus erectus Huds., Agrostis capillaris L., Carex flacca Schreb.,
Sanguisorba minor Scop., Galium verum L., Teucrium chamaedrys L., Onopordum
acaulon L. and Cirsium vulgare (Savi) Ten. Vegetation recovery in Asin was scarce and
slow compared to that in Buisan and Yebra. The burned surface in B12 was mainly
covered by stones and litter, and few scattered Buxus sempervirens L. and Onopordum
acaulon L. individuals were found. At all sites, it was observed that the burned
Echinospartum horridum started to regenerate approximately one year after the fire.

3.3. Impacts of prescribed burning on soil organic C and N stocks

The total organic C stocks (SOCS) in the U soils varied among the study sites (Fig. 3a).
The SOCS of U at Buisan were 12.8 + 0.5 Mg ha? at 0-1 cm depth and gradually
decreased to 4.74 + 0.85 Mg ha* at 2-3 cm depth. At the Asin and Yebra sites, lower
SOCS were detected in U compared to those at the Buisan site, and the values were
similar for all studied soil depths. The SOCS in the topsoil of Asin ranged from 1.91 +
0.27 to 2.6 + 0.55 Mg ha, whereas at Yebra, they varied from 3.54 + 0.39 to 4.29 + 0.51
Mg ha™. The soil N stocks (NS) showed the same trends observed in the SOCS for U
soils (Fig. 3b). In Buisan, NS were of 0.769 + 0.036 Mg ha at the 0-1 cm soil depth and
decreased to 0.369 + 0.055 Mg ha! at 2-3 cm depth. On the other hand, NS ranged from
0.139 + 0.028 to 0.185 + 0.037 Mg ha™ in Asin and 0.306 + 0.024 to 0.362 + 0.067 Mg
hain Yebra at all studied soil depths.
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Fig. 3. Soil total organic carbon stocks (SOCS) and total nitrogen stocks (NS) for each study site, sampling time and soil
depth (mean + standard error). U: unburned samples; BO: immediate postfire samples; B6, B12, B18, B24: seasonal



samplings every 6 months after burning. Lowercase letters indicate significant differences at p<0.05 among sampling
times for each studied soil depth and site.

The prescribed fires had contrasting effects on SOCS and NS among the study sites. At
the Buisan site, burning (BO) significantly decreased SOCS (-52 %) and NS (-44 %) at
the 0-1 cm depth compared to U, although these values remained unchanged in deeper
soil layers. In Asin and Yebra, fire had no effects on topsoil SOCS and NS, whose BO
values were similar to those of U at all studied soil depths. The effects of fire detected
on SOCS and NS at the Buisan site were still present in B6 and B12, and no differences
compared to BO were observed. Nevertheless, in the B18 and B24 samplings, the effects
of fire on SOCS and NS were not as evident, as their values resembled the values of the
U samplings. At the Yebra site, soils showed no variations in SOCS and NS in the short
term, as reflected in the B6 and B12 values, which were statistically similar to the values
from U and BO; however, at the Asin site, the SOCS values at B12 for 0-1 cm were
significantly higher than those of U and BO. The SOM quality, as observed in the SOC/N
ratio (Table 2), varied according to these results, and it significantly decreased after the
Buisan burning at 0-1 cm and showed an increasing trend towards the U values over
time. Consequently, the SOC/N ratio remained unchanged in all samplings at the Asin

and Yebra sites.
3.4. Effects of prescribed burning on soil biological properties

The microbial biomass C (MBC) content in the studied U soils of Buisan was 35.6 + 4.8
g kg at 0-1 cm depth and gradually decreased to 14.6 + 7.0 g kg™ at 2-3 cm depth (Fig.
4a). The MBC content of the Asin U samples showed no differences among depths and
ranged from 12.5 + 6 to 18.2 + 5.7 g kg™. In Yebra, the lowest MBC values in the U
samples of the studied sites were found, and varied from 4.01 £ 0.86 t0 5.73 £ 1.55 g kg
1 and no differences were detected among depths. In Buisan, the burning caused a
significant decrease in the MBC content (-57 %) at the 0-1 cm depth, whereas no
changes were detected in deeper layers. This behavior is different from that found for
Asin and Yebra, where the MBC contents showed no differences between U and BO
samplings. A severe impact of fire on the MBC in Buisan was detected throughout the
study period, and no differences were observed among the BO and B6-to-B24 samplings,
although an increasing trend was observed over time. Despite the lack of changes in the
MBC content after fire in Asin, the values decreased significantly in B6 and B12 at all
studied soil depths. On the other hand, at the Yebra site, the MBC values showed a
transient pulse in B6 at 0 to 3 cm depth that recovered to U and BO values one year after

burning. The MBC/SOC ratio (Table 3) in the Buisan samples showed no changes



among samplings because the MBC and SOC values varied equally throughout the study
period. On the other hand, at the Asin and Yebra sites, where SOC did not change by
burning or over time, the MBC/SOC ratio changed according to the MBC content.
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Fig. 4. Microbial biomass carbon (MBC), soil basal respiration (SR) and 3-D-glucosidase activity (Glucosidase) for each
study site, sampling time and soil depth (mean + standard error). U: unburned samples; BO: immediate postfire samples;
B6, B12, B18, B24: seasonal samplings every 6 months after burning. Lowercase letters indicate significant differences
at p<0.05 among sampling times for each studied soil depth and site.

The soil basal respiration (SR) in the U samples from the Buisan site was significantly
higher than those from the Asin and Yebra sites (Fig. 4b), and it showed a steep
decreasing gradient with depth. In the Buisan burning, the SR was 72 % lower in BO than
that recorded in U at 0-1 cm depth and although not significant, there was a decreasing
trend in deeper layers. On the other hand, at the Asin and Yebra sites, the SR values in
BO remained almost unchanged compared to those of U. The SR showed transient
pulses in the spring samplings from Buisan (B6 and B18) and Yebra (B6) although no
seasonal variations were observed in Asin. Nevertheless, in the B24 samples collected
in Buisén and the B12 samples collected in Asin B12, the SR significantly decreased at
all studied depths compared to BO, and the pulse observed in Yebra-B6 disappeared in
B12.



The changes in the SR were reflected in the C mineralization coefficient (CMC) which
was directly reduced by burning at 0-1 cm depth and kept decreasing at all studied soil
depths up to B24 in Buisan (Table 3). In Asin, the CMC significantly increased at all
studied depths in BO, although it decreased over time, and the lowest CMC values for
this site were observed in B12 at the 0-1 and 1-2 cm depths. At the Yebra site, the CMC
was not affected by burning, and in the same way as SR, it showed a transient pulse in
B6 at 0 to 2 cm that was not detected in B12.

The microbial metabolic quotient (qCO.) in Buisan showed slight variations with fire and
sampling time up to B24, when it significantly decreased compared to the previous
samplings (Table 3). In Asin, the qCO- did not change at any sampling time or depth
during the studied period. In contrast, the qCO; of Yebra showed slight changes over

time that followed a decreasing trend at all studied depths.

The B-D-glucosidase activity in the Buisan U samples was three-fold higher than those
in the Asin and Yebra U samples (Fig. 4c). The B-D-glucosidase suffered from a 66 %
decrease at 0-1 cm in Buisan, which was still evident in the B6 and B12 samplings.
However, in B18 and B24, the fire-affected layer showed intermediate B-D-glucosidase
values between U and BO, suggesting signs of recovery. In the Yebra site, B-D-
glucosidase was not affected by burning, although it significantly decreased in B12 at 0-
1 cm depth compared to U. On the other hand, B-D-glucosidase remained unchanged in

Asin over time.

The obtained results are well summarized by the PCA (Fig. 5). Axis D1, which accounted
for 49.03 % of the variation, distributed the samples by SOC, N and MBC contents as
well as parameters related to biological activity such as the CMC and 3-D-glucosidase.
The Buisan samples showed higher positive loadings, especially in the U samples at 0-
1 cm depth. The effects of fire at this site could be clearly observed, as burned samples
showed lower positive loadings similar to those of the deeper soil layers in the U samples.
The distribution of the Buisdn samples on axis D1 also showed recovery in the soil
properties of B18 and B24 because they were located near the U samples. However,
axis D1 did not show any clear trend for Asin and Yebra, as the values of their soll
properties were similar. On axis D2 (22.71 %), the Asin samples showed higher positive
loadings due to the MBC/SOC ratio and SR, whereas the Yebra samples were distributed
by their higher qCO.. The effects of fire and time in Asin and Yebra showed opposite
trends compared to Buisan, as indicated by the arrows in Fig. 5a. This result occurred
as a consequence of the Yebra and Asin values being separated by biological
parameters that progressively decreased in B6 and B12. Nevertheless, most of these

variations can be considered only trends because no significant differences were



detected among them.
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Fig. 5. Principal component analysis (PCA) after varimax rotation for the observations (a) and the variables (b). In figure
a) abbreviations refer to unburned samples (U), immediate postfire samples (B0) and seasonal samplings every 6 months
after burning (B6, B12, B18, B24) for each soil depth. Abbreviations in figure b) show soil total organic carbon (TOC), total



nitrogen (N), microbial biomass carbon (MBC), soil basal respiration (SR), carbon mineralization coefficient (CMC),
microbial metabolic quotient (qCO_) and B3-D-glucosidase activity (Glucosidase).

4. Discussion
4.1. Contrasting effects of prescribed burning on SOC and N stocks and dynamics

The effects that heat may have on soil properties depend not only on the temperatures
reached but also on their residence time. This phenomenon is clearly reflected in the
contrasting results that were obtained in this study, which are well correlated with the
temperature observations. Immediately after burning, significant effects were detected
only in Buisan, where the lowest maximum temperature among sites was found.
Nevertheless, temperatures were maintained over 60 °C for approximately 27 min which
was a higher heat residence time than those at Asin (~15 min) and Yebra (~5 min). The
SOM can be substantially reduced when temperatures increase to a range of 200-250
°C over a certain amount of time (Certini, 2005), which explains the remarkable decrease
of SOCS and NS observed at 0-1 cm depth in Buisan. On the other hand, the high soil
moisture content in the U soils of Buisan could have limited the transfer of heat to deeper
soil layers because the latent heat of water prevents sudden temperature increases until
it is completely vaporized (Campbell et al., 1995; Badia et al., 2017b). The fire-affected
depths also showed changes in the SOC/N ratio, suggesting that N was immobilized into
more recalcitrant forms or that fire had a greater effect on SOC (Gonzalez-Pérez et al.,
2004; Knicker, 2007). Severe reductions in SOC and N were also observed in Armas-
Herrera et al. (2016) after a similar prescribed burning of Echinospartum horridum in the
Central Pyrenees, and this impact was attributed to the high intensity of fire. In contrast,
prescribed burning had no effects on SOCS and NS in Asin and Yebra, which agrees
with the results of previous studies (Alexis et al., 2007; Marcos et al., 2009; Fonturbel et
al., 2012, 2016), and in our case, this result was probably a consequence of the rapid
propagation of the fire. However, our data contrast the increases in SOC and N shortly
after burning that are commonly reported in the literature (Ubeda et al., 2005; Gonzéalez-
Pelayo et al., 2015; Alcafiiz et al., 2016; San Emeterio et al., 2016), which are related to
the contributions of ashes and charred vegetal remain. Nevertheless, because the soil
was sampled hours after burning and the ashes were removed in the present study, this
effect could not be detected. At the Yebra and Buisan sites, neither SOCS nor NS
showed changes up to B12, indicating a poor integration of ashes and charred remains
into the soil; nevertheless, this process could have occurred at the Asin site in B12
because the SOCS values were higher than those in the U and BO soils. In Buisan, this

integration could have occurred over a longer term, as can be observed in the results



from B18 and B24, in which the SOCS and NS recovered to values similar to those of U.
This recovery diverges from the results obtained in Armas-Herrera et al. (2018) after
Echinospartum horridum prescribed fire in a nearby site, which indicated that the SOC
and N contents did not recover even 5 years after the burning, which was related to the

fire intensity and the occurrence of soil erosion processes.

The burning of soils with high water contents can limit the maximum temperatures
reached (Campbell et al., 1995; Badia et al., 2017b), but it can also induce increased
mortality of microorganisms in the uppermost soil layers as a consequence of moist heat
(Choromanska & Deluca, 2002); therefore, the effects of fire on soil biology can be
marked when temperatures increase to 50-210 °C (Mataix-Solera et al., 2009). For this
reason, a severe decrease was observed in the MBC at Buisan in BO because it is a
sensitive soil property that can be altered at temperatures over 50 °C (Barcenas-Moreno
& Baath, 2009). This result is in accordance with previous works that showed that MBC
decreased after prescribed burning in the uppermost topsoil layers (Fontlrbel et al.,
2012; Armas-Herrera et al., 2016). The MBC/SOC ratio showed only slight variations
after burning in Buisan and Asin, which suggests that the microbial population fluctuated
in the same way as the available C. Therefore, the transient pulse observed in the MBC
in Yebra as well as the MBC/SOC in B6 might be related to an increase in nutrient
availability (Fontarbel et al., 2016). The remarkable effect of fire on MBC observed at
Buisan in BO is clearly reflected in the SR reduction, which is a probable effect usually
reported in the literature (Choromanska & Deluca, 2001; Hamman et al., 2008; Armas-
Herrera et al. 2016). After burning, the SR showed a trend towards recovery up to B18,
but it dramatically decreased in B24. Because MBC remained virtually unchanged after
BO, changes in the SR and CMC could be related to shifts in microbial communities as
well as a reduction in labile C because its availability determines C mineralization rates
(Hamman et al., 2008). For this reason, despite the SOCS increase at Buisan in B24,
the CMC plummeted, which suggests the contribution of C forms that are more resistant
to microbial attack. The decrease in B-D-glucosidase immediately after burning at Buisan
could be related to enzyme denaturation by heat (Knicker, 2007) and have also been
observed in previous works conducted on prescribed fires (LOpez-Poma & Bautista,
2014; Armas-Herrera et al., 2016). However, this effect was not detected in Asin or
Yebra, which is also in line with the studies that indicated that burning had no effect on
this property (Boerner et al., 2008; Fonturbel et al., 2016). Nevertheless, the B-D-
glucosidase activity over time differed among the study sites. In Buisan, an increasing
trend towards recovery could be observed in the B-D-glucosidase values of B18 and

B24. Similar results were obtained in Barreiro et al. (2010) and Lopez-Poma & Bautista



(2014), where the reduction in the B-D-glucosidase activity observed after burning was
still present one year later but started to recover from that point. In the case of the Yebra
burning, although fire had no immediate effects on the (3-D-glucosidase, it showed a
decreasing trend over time, and the B12 values were lower than those of the U at 0-1
cm. This reduction could be a consequence of low labile C content, as hypothesized for
SR and CMC, because B-D-glucosidase is regulated by substrate availability (Barreiro
etal., 2016). In this way, the results suggest that the variations in the biological properties
observed after burning may be a direct consequence of not only fire but also changes in
SOM quality and microbial communities (Hart et al., 2005; Fonturbel et al. 2016).
Additionally, variations in soil microbiology are tightly related to changes in the
vegetation, which can be a more predominant factor than the direct effects of fire itself in
the recovery of microbial activity (Hart et al., 2005). Therefore, the slow recovery of
vegetation might have had a negative impact on soil biological activity. On the other
hand, the high soil biological activity observed prior to burning in the U soils could have
been related to the favorable environment developed under the Echinospartum horridum
canopy, where temperatures are softened and high levels of soil moisture are maintained
(Cavieres et al., 2007).

It is noteworthy that the differences observed in our study compared to the results
obtained after other prescribed burnings can be related to many variability-inducing
factors, such as 1) the intensity, duration and distribution of fire (Granged et al., 2011);
2) moisture and amount of fuel loads (Neary et al., 1999); 3) weather conditions
(Fernandes et al., 2013); 4) soil water content (Massman, 2012); 5) the sampled soill
thickness (Badia-Villas, et al., 2014) and 6) whether the ashes were completely removed
prior to sampling (Girona-Garcia et al., 2018b).

4.2. Sustainability of utilizing prescribed burning for pastureland management

The results obtained in the present study provide valuable information regarding the
sustainability of utilizing prescribed burning as a pastureland management tool in
mountain environments. The studied soils stored large amounts of SOCS and NS so fire-
induced changes even within the uppermost few centimeters of soil may account for high
SOM losses. For this reason, it is of importance the contrasting effect that prescribed
burning may have on soil depending on topography, wind speed and the ignition
technique applied when burning shrubs that accumulate high biomass loads. The Buisén
results indicated that burning might not be appropriate in plain areas under slow wind
conditions. Nevertheless, the application of a head fire for burning in a plain area, as in
the case of Yebra, where there was a moderate wind speed, resulted in no immediate

changes to soil properties, and most of the litter remained unburned. Although the Asin



burning was performed downslope and high temperatures were registered at the soil
surface, the immediate effects of fire on soil were almost negligible due to the rapid
spread of fire.

The results also suggest that burning in autumn may have a positive effect in avoiding
material losses because the snowfall that followed the burnings could have stabilized the
ashes and litter remains (Hamman et al., 2008). The maintenance of the litter layer is
also important to prevent further C losses by soil erosion and to favor litter retention and
incorporation into the soil. In addition, the decrease in sail biological activity may allow
for higher C sequestration, which is probably favored by the incorporation of partially
charred remains. However, these results indicate the need for further research on
whether the substantial C losses produced by above-ground biomass combustion could
be balanced by the improved C sequestration that is expected in the soil and the
development of pastures. Some authors advise against the use of burning as a tool for
shrub removal due to its effects on soil and suggest mechanical clearing as a better
management practice (Nadal-Romero et al., 2018b; Nuche et al., 2018). In contrast,
other authors claim that recurrent burning combined with grazing is the best practice for
avoiding plant succession towards shrubs (Bartolomé et al., 2005; Komac et al., 2011).
However, the literature agrees with the fact that grazing alone is not enough for shrub
control (Nadal-Romero et al., 2018b), especially in the Pyrenees, where species such as
Echinospartum horridum rapidly recover due to undergrazing (Montserrat et al., 1984;
Badia et al., 2017a). In our study sites, the density of the livestock that grazed after
burning did not seem to be enough to control the recovery of Echinospartum horridum
because its seedlings quickly developed in the burned areas. Because either clearing
and prescribed burning have not always had satisfactory outcomes (Gartzia et al., 2014),
further research based on a comparative approach is needed to assess the suitability

and sustainability of both practices.
5. Conclusions

The study shows that the prescribed burning of shrubs may have contrasting effects on
SOCS and related biological properties. The use of prescribed fire on plain slopes under
slow wind conditions exerted severe negative effects on SOCS and soil biological activity
at 0-1 cm depth. These results were related to the long fire residence time that caused
the partial consumption of litter, which allowed a higher amount of heat transfer to the
soil surface. It is important to acknowledge this effect on soil because even changes in
a small soil thickness may account for high C losses in ecosystems that store large
amounts of SOM, such as pasturelands. However, when the site and environmental

conditions favored the rapid spread of fire, the soil properties remained virtually



unchanged. Apart from the direct impact of fire, variations in the C dynamics over time
were observed as a consequence of the new postfire environmental conditions. At the
site where burning remarkably reduced SOCS and biological properties at 0-1 cm, SOCS
recovered to values similar to those of the unburned soils 2 years after burning. The
results obtained at the three sites for the short- and mid-term showed a decreasing trend
in C mineralization, which was probably due to the changes in the quality of new SOM
inputs and the variations in cycling rates. Therefore, it is essential to study whether the
increase in soil organic C content and pasture development could balance the losses
produced by the burning of biomass over the long term.
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Table 2. Soil total organic carbon (SOC), total N (N) and SOC/N ratio for each site, sampling time and depth. Lowercase letters indicate differences at p<0.05 among sampling times for each studied

soil depth and site.

SOC (g kg?) N (g kg?) SOC/N
Depth (cm) 0-1 1-2 2-3 0-1 1-2 2-3 0-1 1-2 2-3
Buisén ] 243 £10 a 108+18 a 78.8+14.1 a 146 £0.7 a 757+050 a 6.15£091 a 16.6 +0.7 a 142+18 a 129+18 a
BO 116 £ 52 b 97.6+41.4 a 91.4+327 a 8.14+287 ¢ 7.07+258 a 6.75+212 a 139+13 ¢ 13.6+09 a 135+09 a
B6 116 + 30 b 84.0+£179 a 724+11.2 a 8.18+x2.09 ¢ 6.61+1.39 a 592+147 a 141+10 c 12.7+05 a 125+16 a
B12 129 + 20 b 87.8+15.2 a 68.9+143 a 8.890+1.86 bc 6.81+1.23 a 561+1.06 a 146+1.0 bc 129+03 a 12.3+0.3 a
B18 231 £92 a 159+93 a 109+61 a 139+45 ab 104+44 a 781+£319 a 16.3+15 ab 14723 a 134+20 a
B24 192+62 ab 111+34 a 68.6+84 a 12.8+3.8 abc 8.10£2.05 a 571+0.74 a 149+0.8 abc 13.6+09 a 120+x0.2 a
Asin U 915+194 b 65.0+119 a 58.3+82 a 6.51+1.30 ab 520+1.06 a 494+0.86 a 141+13 a 125+05 a 119+09 a
BO 795+17.7 b 64.1+11.2 a 58.8+10.8 a 580+081 b 494 +0.40 a 459+0.70 a 13612 a 129+13 a 128+04 a
B6 111+34 ab 73.9+135 a 65.4+83 a 7.90+2.06 ab 596+0.71 a 548+048 a 139+10 a 124+09 a 119+0.7 a
B12 147 + 34 a 82.3+£103 a 66.1+9.8 a 956+229 a 6.23+£0.73 a 501+£054 a 154+0.1 a 13.2+04 a 13.2+03 a
Yebra U 541+65 a 514+79 a 455+51 a 4.07 £0.42 435+0.81 a 394+031 b 13.3+x05 a 119+09 a 11.6+0.7 a
BO 60.3+£189 a 546+79 a 520+6.9 a 5.00+1.28 ab 474055 a 474 +0.57 a 120+09 a 115+09 a 11.0+x09 a
B6 66.2+105 a 53.5+10.0 a 46.9+6.7 a 553+0.70 a 457+059 a 429+0.42 ab 119+06 a 11.7+09 a 109+10 a
B12 61.1+95 a 516+46 a 471+7.2 a 4.62+0.74 ab 425+0.25 a 396+055 b 133+x14 a 121+0.7 a 119+06 a

U: unburned samples; BO: immediate post-fire samples; B6, B12, B18, B24: seasonal samplings every 6 months after burning.



Table 3. Microbial biomass carbon to total organic carbon ratio (MBC/SOC), carbon mineralization coefficient (CMC) and microbial metabolic quotient (qCO;) for each site, sampling time and depth.
Lowercase letters indicate differences at p<0.05 among sampling times for each studied soil depth and site.

MBC/SOC CMC (g C-COz g Cox yY) qCO2 (g C-CO2 g MBC yY)
Depth (cm) 0-1 1-2 2:3 0-1 1-2 2:3 0-1 1-2 2:3

Buisan U 01470025 a 0.219£0.059 a 0.179+0.058 a 0.699£0.083 a 0.527+0.135 a 0.421+0.097 abc 250£049 a 150+0.11 ab 1.64+0.42 ab
BO 0.146+0.050 a 0210£1.091 a 0.227+0.092 a 0.454+0.139 bc 0.486£0.098 ab 0549+0.093 a 1854034 ab 141+048 ab 1154028 ab

B6 0.156+0.064 a 0.208+0.113 a 0.174+0.089 a 0.491£0.099 b 0.481+0.009 ab 0.453+0.043 ab 289+118 a 232100 a 277+134  a

B12 0.114+0.026 a 0.146£0.025 a 0.156+0.052 a 0.361+£0.072 bc 0.370£0.049 hc 0.403+£0.092 a 266025 a 223021 a 2374059 a

B18 0.089+0.001 a 0.118+0.011 a 0.120£0.024 a 0.305+£0.062 ¢ 0.306 £0.086 cd 0.307£0.033 a 309077 a 239£094 a 234+101 a

B24 01210031 a 0.172£0.058 a 0.254+0.099 a 0.124+0043 d 0.175+0.053 d 0.209+£0.049 b 0.756 £0.252 b 0.819£0319 b 0.758+0.301 b

Asin U 0.209+0093 ab 0.242+0.146 ab 0.223+0.117 ab 0.232+£0.036 b 0.161+0.032 hc 0172+0041 b 1.20+034 a 0.865+0.445 a 0.977+£0504 a
BO 0285+0042 a 0.325£0020 a 0.285+0.067 a 0.366£0.125 a 0.297£0.096 a 0.339£0.103 a 149+057 a 1.03+0.35 a 1154045 a

B6 0.116+0.027 b 0.146£0.025 b 0.155+0.037 ab 0.261+0.017 ab 0.212+£0.025 ab 0.195+0.006 b 1544035 a 112+024 a 1.00+£034 a

B12 0.096+0.045 b 0.135£0.040 b 0.103+0.038 b 0.098+0.014 ¢ 0.100£0.019 ¢ 0.113+£0.033 b 0.767+£037 a 0.565+0216 a 0.980£0.504 a

Yebra U 0108+0033 b 0.095+0.010 ¢ 0.089+0.021 b 0.166£0.016 b 0.143+0.044 hc 0.358+0.158 a 143+042 ab 123+017 b 328078 b
BO 0.103%£0.026 b 0.089£0.017 ¢ 0.070£0.017 b 0.235£0.036 b 0.355+0238 a 0568+0219 a 1824033 a 284+195 a 582+301 a

B6 0281%0.086 a 0.305+0.067 a 0.321+0084 a 0.500+0.091 a 0443+0022 a 0483+0.032 a 129048 ab 100017 b 111+£020  bc

B12 0.119+0.054 b 0.195+0.088 b 0.244+0102 a 0.149+0.123 b 0.098+0.026 bc 0.097+0.032 b 1.05:068 b 0.460+0.161 b 0.336+0.095 ¢

U: unburned samples; BO: immediate post-fire samples; B6, B12, B18, B24: seasonal samplings every 6 months after burning.



