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A B S T R A C T   

Woody plant encroachment threatens grassland biomes at a global scale. Pyric herbivory combines prescribed 
burnings and targeted grazing to restore open habitats and has proved to be successful in promoting landscape 
and plant community diversity. However, less is known on the effects of pyric herbivory practices on below-
ground biodiversity. We evaluated the midterm effect on mesofauna, bacteria and fungi of prescribed burns and 
targeted horse grazing regimes implemented to restore a grassland encroached by gorse (Ulex gallii Planch.). We 
hypothesized that 1) low-intensity shrub-to shrub burnings had no effect or had a transient effect of low 
magnitude on soil microbial diversity, and that 2) targeted horse grazing after burning increased soil mesofauna 
and microbial diversity in the midterm. We established an experiment in two shrub-encroached grasslands in 
western Pyrenees with three treatments (no burning and no grazing as control, burning but no grazing, and 
burning and grazing). We measured soil properties and soil diversity of fungi and bacteria (DNA-metabarcoding) 
just after fire, and vegetation structure, soil properties and soil diversity of fungi, bacteria and mesofauna after 
two periods of targeted grazing (a year and a half after the burning). The response to pyric herbivory differed 
among soil organisms. Fungi were more sensitive to burning than bacteria, but both recovered a year and a half 
after burning –fungi only recovered in the presence of grazing–. Grazing increased soil fungi and bacteria di-
versity indexes (~20 % and ~5 % increase, respectively) at the two sites. A year and a half after burning, burned 
and ungrazed areas had a 30 % more mesofauna diversity than control areas whereas grazing of the burned areas 
decreased mesofauna diversity by 30 % at one of the sites compared to the control. Since the responses to pyric 
herbivory vary among soil organisms, a wide range of management intensities across space and time are rec-
ommended for maximizing soil biodiversity.   

1. Introduction 

Woody plant encroachment threatens grassland biomes at a global 
scale (Archer et al., 2017; Sala and Maestre, 2014) with woody-cover 
increases per decade around 10–20 % in North America, 11 % in 
South America, 1.1 % in Australia, 2.5 % in Africa and 1.3 % in Southern 
Europe (Barger et al., 2011; Fuchs et al., 2013; Stevens et al., 2017; 

Venter et al., 2018). Despite different reasons are behind this global 
process (Archer et al., 2017; García et al., 2020; Venter et al., 2018), the 
maintenance of a disturbance regime of fire and grazing (natural or 
anthropogenic) that prevents biomass accumulation is known to be 
crucial for many open biomes (Pausas and Bond, 2019). 

In western Pyrenees, land abandonment and the decline in pastoral 
activities in the last decades has favored woody plant encroachment and 
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mountain grasslands have experienced profound changes (Canals, 
2019). In central Pyrenees, 24 % of sparse grasslands (vegetation cover 
<50 %) and 19 % of dense grasslands (grass cover >50 %) became 
shrublands between the mid-1980 s and mid-2000 s (Gartzia et al., 
2014). Preserving these grasslands and the ecosystem services that 
supply requires the adoption of sustainable ecosystem practices that 
allow the maintenance and restoration of open habitats and mosaic 
landscapes. 

Pyric herbivory –grazing driven by fire– combines prescribed burn-
ings and targeted grazing to maintain open habitats and increase land-
scape heterogeneity (Fuhlendorf et al., 2009). This management, 
focused on enhancing resources heterogeneity, relies on the coupling of 
fire and grazing and emulates an historical disturbance regime. Pyric 
herbivory creates a dynamic mosaic of patches (new burned, burned 
with regrowth and unburned) that are grazed at different intensities due 
to selective preference of livestock for recently re-growth vegetation 
(Wilcox et al., 2022). Pyric herbivory has been proven to be a suitable 
restoration management practice, capable of creating resilient land-
scapes that promote biodiversity and decrease the risk of extreme 
wildfire events while maintaining an economic activity around the 
livestock farming (Bowman et al., 2016; Fuhlendorf et al., 2017; Wilcox 
et al., 2022). Since heterogeneity prompts biodiversity due to the dif-
ferences in habitat selection of different species –from recently disturbed 
to less disturbed habitats (Christensen, 1997; Fuhlendorf et al., 2006)–, 
pyric herbivory increases biodiversity of vegetation (Mcgranahan et al., 
2012; Múgica et al., 2021), small mammals (Fuhlendorf et al., 2010; 
Ricketts and Sandercock, 2016), birds (Hovick et al., 2015) and 
aboveground invertebrates (Doxon et al., 2011). However, much less it 
is known on the effects of pyric herbivory on soil belowground 
biodiversity. 

Fire and grazing affect soil biodiversity by multiple direct (i.e., 
thermal shock, soil compaction) and indirect pathways (i.e., changes in 
composition and structure of vegetation and changes in soil spatial 
heterogeneity). Direct effects depend on fire severity (Barreiro and 
Díaz-Raviña, 2021; Dooley and Treseder, 2012), grazing intensity 
(Wang and Tang, 2019) and grazer species (Wang et al., 2019) and in-
direct effects may be modulated by the prevailing environment (Adkins 
et al., 2020). Both disturbances eliminate plant biomass (by combustion 
or consumption) and add nutrients into the soil through ashes, excreta or 
grazing-induced root exudates and C through the last two (Hamilton 
et al., 2008). Soil physical properties can also be affected since fire can 
increase or decrease soil water repellence depending on the temperature 
reached during fire (DeBano, 2000) and grazing increases soil bulk 
density, and decreases porosity and water infiltration by trampling and 
treading (Drewry et al., 2008). 

Fire and grazing effects on soil biodiversity differ among taxa. In low- 
intensity fires, only the topsoil is affected by high temperatures, thus 
organisms’ resistance will depend on its ability to avoid the thermal 
shock by moving deeper into the soil or through a fire-resistant spore 
stage. Thermal shock has been proved to have more significant negative 
effects on soil microbiota (<100 µm) than in meso (80 µm–2 mm, e.g. 
collembola, acari) and macro-biota (500 µm–50 mm, e.g. earthworms, 
termites) (Alcañiz et al., 2018; Swift et al., 1979), and on fungi more 
than on bacteria, being the latter more resistant to fire and recovering 
faster after it (Ammitzboll et al., 2022; Pressler et al., 2019). Regarding 
soil physical changes, compaction hinders the movement of soil organ-
isms (non-burrowing would be more affected than burrowing species, 
(Larsen et al., 2004)) and diminishes the availability of oxygen through 
changes in the distribution of soil pores, affecting differently aero-
bic/anaerobic microbial populations. 

The magnitude and final response of soil biodiversity after fire and 
grazing are difficult to predict because they may trigger different pro-
cesses with opposite directions, which may affect differently to different 
taxa. In essence, the combination of both low-intensity fires and grazing 
can increase soil biodiversity by promoting new microhabitats that offer 
a variety of niche compartments for species characterized by its low 

mobility (Ettema and Wardle, 2002; Sulkava and Huhta, 1998). Fire can 
increase bacterial diversity through increasing microhabitat heteroge-
neity of burned soils with distinct patches of pyrogenic organic matter 
(Zhang et al., 2021). Grazing increases the spatial heterogeneity of bulk 
density and water content through trampling (Stavi et al., 2008), creates 
hotspots of nutrient accumulation and soil N2O fluxes via deposition of 
faeces and urine (Cowan et al., 2015) and changes in the spatial het-
erogeneity of litter cover and soil pH through selective defoliation of 
plant species (Eldridge et al., 2020). 

Although fire and grazing are intimately linked, their effects have 
been usually studied separately so, our objective was to evaluate the 
effect on diversity of soil mesofauna, bacteria and fungi of a prescribed 
burn and a targeted horse grazing regime two years after burning. The 
pyric herbivory practice was implemented to restore an open dominant- 
grassland community in an area becoming encroached by the gorse 
(Ulex gallii Planch.). Our hypotheses were: 1) low-intensity shrub-to 
shrub burnings have no effect or have a transient effect of low magni-
tude on soil microbial diversity because of the short increase of tem-
peratures reached during fire, and 2) targeted horse grazing after 
burning increases soil mesofauna and microbial diversity because of the 
priming effect of C and N inputs and the increase in heterogeneity of 
resources and micro-habitats. 

2. Material and methods 

2.1. Study site 

The study site is located in Roncesvalles (Fig. 1), at the western side 
of the Special Area of Conservation (SAC) Roncesvalles-Selva de Irati 
(Natura 2000 network site code ES0000126), in the SW Pyrenees 
(43◦1’N 1◦19 ́W). The climate is humid temperate (Cfb) according to 
Koppen climate classification, with snowy winters and cold and misty 
summers. The mean annual temperature and precipitation are 9.3 ◦C 
and 1638 mm, respectively, according to data collected during 
1972–2021 at the nearest climatic station, Auritzberri-Espinal (872 m 
asl), located ca. 5 km from the sampling plots (Gobierno de Navarra, 
2020). Soils, developed from shales, are loamy, organic (~20 % of soil 
organic matter), acidic (~4) and with high cation exchange capacity 
(~23 cmol(+) kg-1). According to the USDA, soils are classified as Humic 
Dystrudept and Typic Humudept. The vegetation is a mosaic of beech 
forests, shrubland communities dominated by gorse (Ulex gallii Planch.) 
and accompanied by heath species such as Calluna vulgaris (L.) Hull. and 
Erica vagans L., and grassland communities dominated by perennial 
grasses such as Festuca rubra gr., Agrostis capillaris L., Agrostis curtisii 
Kerguélen., forbs such as Galium saxatile L. and Potentilla erecta (L.) 
Räeusch and a small proportion of legumes such as Trifolium repens L. 

In the last decades, extensive stock farming has sharply decline in the 
area. Livestock grazing abandonment has favored shrub encroachment 
and gorse expansion in particular. Gorse is a legume-shrub that develops 
tall and dense covers that are very flammable and with a high calorific 
power (Marino et al., 2011). Regional government promotes and 
financially supports prescribed burns of these shrublands with two ob-
jectives: 1) restauration purposes by promoting plant diversity and the 
entry of new species and 2) fuel control to minimize the risk of wildfires 
that can expand to nearby beech forests. Dense gorse lands are usually 
burned by professional firefighters according to a burning plan (Múgica 
et al., 2018), whereas areas with a lower gorse cover are burned by 
shepherds and rangers using the traditional practice of shrub-to-shrub, 
in which single shrubs are burned while the nearby herbaceous vege-
tation remains unburned (San Emeterio et al., 2016). 

2.2. Experimental design 

In order to evaluate the effect of pyric herbivory we used the 
demonstrative pilot experience set up in the Open2preserve project 
(SOE2/P5/E0804, https://open2preserve.eu/). In 2018 we established 
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the experiment in two sites in which we implemented three treatments: 
no burning and no grazing as control (B-G-), burning and no grazing 
(B+G-) and burning and grazing (B+G+) (Fig. 1). The characteristics of 
each site are shown in Table 1. Both sites have similar altitudes and soils 
but differ in aspect, slope, initial vegetation and previous management. 
Site 1 has a southern aspect with slopes over 40 % and in the last decades 
it has been practically abandoned being burned in 2014 and lightly 
grazed only in 2018 by a small herd of mares. Site 2 has an eastern aspect 
with slopes below 40 % and in the last decades shrub encroachment has 
been reduced through a prescribed burning in 1998 and a mechanical 
clearing in 2006, combined with an extensive horse and sheep grazing. 

Fine ecological monitoring of restauration measures is often logisti-
cally complicated, particularly in the cases of grazing and fire in which 
large areas are needed and which implementation is highly expensive in 
terms of financial and human effort. For this reason, fire and grazing 
were not replicated within each site in this experience and the resulting 
data were analysed according to the suggestions of Davies and Gray 
(2015) and Oksanen (2001) 1) which are: 1) minimize potential con-
founding effects (see below), 2) when possible, examine the magnitude 
of differences between the treatment and the control areas before and 
after the experiment, 3) use inferential statistics and let the reader judge 
the reliability of the descriptive statistics and 4) clearly state the sta-
tistical inferences that can be drawn from data sets and do not over 
interpret. In detail, we followed these approaches: 

1) To avoid pre-existent spatial differences before the treatment appli-
cation (burning and/or grazing), treatment plots within each site had 
similar soil and treatments were applied parallel to the slope line in 
order to avoid slope effects (upper vs bottom). 

2) Due to the lack of data, we cannot compare soil diversity of meso-
fauna, fungi and bacteria before and after burning, but we can 
compare soil fungi and bacteria diversity before and after grazing.  

3) and 4) To make inference of both effects (immediate burning and 
grazing after burning) we considered sampling point within plots as 
replicates for burning and grazing for two main reasons. First, soil 
biota shows patchy distributions at the scale of centimetres to metres 
within topographically and textural uniform soil surfaces. These 
patches are structured depending on plant size, type of organism and 
the scale of the study. At plot scale, these patches can range, from 1 to 

3 in forests to 5 cm in arable soil (Ettema and Wardle, 2002). 
Therefore, the minimum distance between sampling points (> 5 m) 
suggested that the samples were probably independent. Second, we 
expect that burning and grazing impacts on soil diversity occur 
mainly at small spatial scales (Loucougaray et al., 2004). However, 
to avoid overinterpretation, when we do not have data before and 
after treatment (before and after burning for soil microbial and 
mesofauna diversity and before and after grazing for soil mesofauna 
diversity) we compare the responses of soil diversity between 
treatments, and we discuss how likely the observed differences in soil 
diversity are caused by the treatment (burning and/or grazing). 
When we have data before and after the treatment (microbial di-
versity before and after grazing) we assume that the differences are 
caused by the treatment. 

2.3. Prescribed burnings 

Regional legislation requires a burning permission that depends on 
the risk of the controlled burn. Burnings at the two sites were classified 
at the lowest risk level (1 over a 3-risk category) which meant that the 
burnings could be performed by local farmers and forest rangers ac-
cording to a previous established burning plan. However, professional 
firefighters helped in the burning because of their experimental and 
demonstrative goal. At each site, a 2 m-strip of land was cleared of 
vegetation to avoid the unwanted burning of the control plot. Burnings 
at the two sites were performed on March 28th, 2019. At each site, three 
sets of four k thermocouples were set up to monitor the temperature 
profile of the burnings: flame (35–45 cm above soil level), soil surface, 
1 cm-soil depth and 5 cm-soil depth. Temperatures were recorded by 
three data loggers (4 Channel Thermocouple Data Logger HH-521BT, 
Thermosense) from minutes before the burning until at least one hour 
after the passing of the flames. Soils were between 9 and 10 ◦C at the 
beginning. The burning at site 2 reached higher temperatures and spread 
faster than the burning at site 1 (Table 2). At the two sites the result of 
the burning was a mosaic of burned patches (shrubs) and practically 
unburned grass, but at site 1 the burned patches were bigger due to the 
greater shrub cover than site 2. At the two sites, the soil temperature at 
1 cm and 5 cm-depth did not considerably increase since the maximum 
temperature reached was 19.2 ◦C. 

Fig. 1. Study area location map. B- no burning; B+ burning; G- no grazing; G+ grazing. Site 1: Erdiko bizkar, Site 2: Girizu.  
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2.4. Targeted horse grazing 

We chose mares of the autochthonous breed Burguete for the tar-
geted experimental grazing. Horse grazing has been successfully used as 
a management tool for reducing shrub encroachment in Atlantic regions 
(González-Hernández et al., 2020). In the two sites, the grazing area was 
fenced and mobile drinking troughs were installed. In 2019, the grazing 
period started 65 days after burning and lasted 139 days, from May 31st 
till October 17th. In 2020, the grazing period lasted 121 days, from May 
4th till September 2nd. During the grazing period, five mares rotated 
between the two sites depending on mare nutritional state (evaluated 
through body condition), grass availability and shrub regrowth. Over 
the two years as a whole, site 1 was grazed more days than site 2 
(Table 3). The mares firstly grazed the herbaceous vegetation and then 
shift to consume shrubs when the availability of the grassy component 
decreased. The mares were moved to the other site when the forage offer 
was too low or when the body condition score was below 2.5 (over 5). 
This management was complemented with specific external forage in-
puts (food baits) in the form of lucerne pellets, placed in strategic sites of 
the pasture to promote a more homogeneous use of the area. 

2.5. Establishment of permanent plots and vegetation monitoring 

To evaluate the effect of the targeted grazing on the control of shrub 
regrowth, 32 permanent plots (1 m2) were distributed across each site, 8 
plots in the B-G- treatment in the two sites, 4 plots in the B+G- treatment 
in site 2, 8 plots in the B+G- treatment in site 1, 20 plots in the 
B+G+ treatment in site 2 and 16 plots in B+G+ in site 1. Cover of 
shrubs, grasses and forbs and bare ground was monitored in the 1 m2 

plots at two times 1) in November 2019 after the first period of grazing, 
nine months after burning and 2) in November 2020 after the second 
period of grazing, one year and nine months after burning. The per-
centage cover (vertical projection) for each plant group was visually 
estimated by two experimented observers. Here, we present the results 
of the last monitoring. 

2.6. Soil sampling and analysis 

2.6.1. Soil parameters 
To evaluate the effects of targeted grazing after burning on soil pa-

rameters, 32 soil samples were collected next to the vegetation perma-
nent plots. Samples were taken with an intact soil core sampler and the 
sample was divided in two depths 0–3 and 3–10 cm. Subsamples of ~5 g 
were collected from thoroughly mixed 0–3 cm samples, and immedi-
ately frozen at − 80 ◦C for microbial diversity analysis. Soil samples 
were collected three times, in March 2019 just after burning, in October 
2019 after one period of grazing and 9 months after burning, and in 
November 2020 after the second period of grazing and 21 months after 
burning. Here, we present the results of the first and the last sampling. 
The soil parameters were analysed as described by San Emeterio et al. 
(2021). Briefly, the main chemical parameters were determined in 
air-dried samples by standard methods in a certified laboratory 
(Nasertic, Pamplona, Spain): SOM by oxidation with chromate in the 
presence of sulfuric acid and total N by the Dumas method. In fresh 
samples we measured soil water content by gravimetry, pH in 1:2.5 
water extracts, Olsen available P and ammonium and nitrate contents in 
KCl 2 M extracts with an AA3 segmented flow analyser (Braun+Luebbe, 
Norderstedt, Germany). Microbial biomass C and N (MBC and MBN, 
respectively) contents were determined by chloroform fumigation-direct 
extraction (Davidson et al., 1989), assuming a fumigation efficiency of 
0.54 (KN and KC) (Joergensen et al., 2011). Dissolved organic carbon 
(DOC) and dissolved organic nitrogen (DON) contents were measured 
and calculated as described by San Emeterio et al. (2014). Total amino 
acid contents were determined following the spectrofluorometric 
method presented by Jones et al. (2002) and modified by Darrou-
zet-Nardi et al. (2013). Soil penetration resistance measurements were 

Table 1 
Site characteristics, soils, initial vegetation and previous management. Soil pa-
rameters are represented by the mean ± standard error (n = 3).   

Site 1 Site 2 

Name place Erdiko Bizkar Girizu 
Area (ha) 2.55 3.86 
Altitude (m asl) 1100 1070 
Aspect S E 
Slope (%) 43–50 34 
Soils (0–10 cm)   

Texture (%)   
Coarse sand 

(2–0.2 mm) 
15.15 ± 1.47 15.62 ± 1.91 

Medium sand 
(0.2–0.1 mm) 

3.96 ± 0.21 4.32 ± 0.48 

Fine sand 
(0.1–0.05 mm) 

8.17 ± 0.32 7.44 ± 0.43 

Coarse silt 
(0.05–0.02 mm) 

15.23 ± 1.91 10.17 ± 1.17 

Fine silt 
(0.02–0.002 mm) 

32.12 ± 1.61 38.50 ± 2.14 

Clay (<
0.002 mm) 

25.37 ± 0.40 27.92 ± 1.25 

pH 4.16 ± 0.12 4.11 ± 0.09 
CEC (mmol(+) kg-1) 23 ± 2 23 ± 2 
SOM (%) 18 ± 2 23 ± 1 
C/N 15 ± 1 14 ± 0.3 
Total N (%) 0.72 ± 0.07 0.94 ± 0.04 
Available P (P2O5) 
(mg⋅kg-1) 

14 ± 3 18 ± 1 

Available K (K2O) 
(mg⋅kg-1) 

181 ± 30 192 ± 28 

USDA classification Humic dystrudept Typic humudept 
Vegetation   

Initial cover (%)   
Shrubs 43 27 
Grasses 39 47 
Forbs 18 25 

Species richness 25 32 
Previous 

management   
Shrub clearing Prescribed burning in 

2014 (Múgica et al., 
2018) 

Prescribed burning in 1998 
Mechanical clearing 2006 

Grazing   
Previous year 

(2018)          

Grazer Mares Mares and sheep 
Grazing period 3 months (starting late 

August) 
7.5 months (starting April) 

Peak stocking 
rate 

16.8 livestock units 64.3 livestock units 

2000–2017 Small herd of horses, 
sporadically 

Summer grazing by a sheep 
herd and, since 2014, a small 
herd of horses 

CEC, cation exchange capacity; SOM, soil organic matter. 

Table 2 
Burning characteristics at the two sites.   

Site 1 Site 2 

Burning   
*Temperatures (◦C)   

Flame 709–200 784–393 
Soil surface 246–65 693–124 
1 cm depth 19.2–10.9 5.6–6.2 

**Residence time (min) 2–9 1 
Area (Ha) 1.95 2.5 
Duration (h) 1.5 1 

*Range of maximum reached temperatures at three points, * *Total time above 
50 ◦C on soil surface. 
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conducted in the field to characterize soil compaction in each site. 
Measurements were carried out with a RIMIK CP401 digital cone 
penetrometer (Rimik Pty., Ltd., Toowoomba, Australia) along a sam-
pling grid defined for this purpose of 13 × 13 m for site 1 and 10 × 10 m 
for site 2. The maximum depth studied was 60 cm and the penetrometer 
was set to register the resistance to penetration (MPa) at 1.5 cm 
intervals. 

2.6.2. Soil mesofauna 
To study the soil mesofauna diversity, we followed the method 

proposed by the LIFE-SOIL MONTANA project (Martín et al., 2013). For 
each site, and in November 2020 coinciding with the soil sampling, we 
took 6 soil samples in the no burning no grazing plot (B-G-), 6 samples in 
the burning no grazing plot (B+G-) and 18 samples in the burning and 
grazing plot (B+G+). At each sampling point, we collected a cylindrical 
soil sample of 10 cm diameter and 5 cm deep and split it into two depths 
0–2 and 2–4 cm. We extracted the animals using a Berlese-Tullgreen 
method consisting of a 2 mm metal mesh on a funnel to support the 
soil cylinder, a 50 W incandescent lamp at 20 cm to emit light and heat 
and drive out the organisms, and a small container containing ethyl 
alcohol (70 %) under the funnel to collect them. We observed the or-
ganisms under a stereomicroscope and classified them into mesofauna 
groups (Protura, Diplura, Collembola, Microcoryphia, Zygentoma, Der-
maptera, Orthoptera, Embioptera, Blattaria, Psocoptera, Hemiptera, 
Thysanoptera, Coleoptera, Hymenoptera, Diptera, Holometabolous, 
Acari, Araneae, Opiliones, Palpigradi, Pseudoscorpiones, Isopoda, Chi-
lopoda, Diplopoda, Pauropoda, Symphyla). We counted the individuals 
of each group. This extraction method may have a bias since some 
mesofauna groups are less efficiently extracted. For this reason, we 
focused on the most abundant groups and better indicators such as 
Collembola and Acari. 

2.6.3. Microbial diversity (fungi and bacteria) 
To evaluate the immediate effects of burning on microbial diversity 

(fungi and bacteria) we used soil subsamples (0–3 cm) from the first soil 
monitoring (immediately after burning), five from the burned area of 
each site and another five from the unburned area (n = 20). To evaluate 
the effects of targeted horse grazing after burning we used soil sub-
samples from the last soil monitoring (after two period of grazing, 21 
months after burning), four from each treatment of each site (n = 24). 
Soil samples were kept at − 80 ◦C until further analyses. 

Soil DNA was isolated using the DNeasy PowerSoil Pro DNA isolation 
kit (QIAGEN) from 280 mg of soil eluted in 50 μL. qPCR analyses and 
DNA metabarcoding were carried out by AllGenetics & Biology SL 
(www.allgenetics.eu). Fungal and bacterial DNA detection and quanti-
fication were performed using a quantitative PCR (qPCR) assay. For 
fungi, we targeted an ITS genomic region of around 300 bp using 
primers ITS86F (5’ GTG AAT CAT CGA ATC TTT GAA 3’) and ITS4 (5’ 
TCC TCC GCT TAT TGA TAT GC 3’), described by Turenne et al. (1999) 
and White et al. (1990), respectively. For bacteria, we targeted a 16 S 
genomic region with a size of 290 pb using primers 515 F (5’ GTG YCA 
GCM GCC GCG GTA A 3’) (Parada et al., 2016) and 806 R (5’ GGA CTA 
CNV GGG TWT CTA AT 3’) (Apprill et al., 2015). Details on the qPCR 
protocol can be found in Box1, Supplementary material. 

For fungi and bacteria library preparation we amplified the same 
genomic regions using the same primers as describe for qPCR. These 
primers included the Illumina sequencing primer sequences attached to 
their 5’ ends. The taxonomy was assigned using a pre-trained classifier 
of the UNITE reference database for fungi (Abarenkov et al., 2020) 
(updated on May 2021) and a pre-trained classifier of the SILVA refer-
ence database for bacteria (Quast et al., 2013) release 138.1 August 
2020). Details on the full metabarcoding pipeline (DNA extraction, 
amplification, sequencing and bioinformatic processing) are described 
in Box2, Supplementary material. 

2.6.4. Statistical analyses 
All statistical analyses and data visualizations were performed using 

R (R Core Team, 2022). 
Effects on soil properties were analysed using Canonical Corre-

spondence analysis (CCA). We used soil properties as the response var-
iables and site, sampling depth and burning as the explanatory variables 
for evaluating the immediate effects of burning (B-, B+) and using 
management (B-G-, B+G-, B+G+) instead of burning for evaluating the 
effects of grazing after burning. The significance of each explanatory 
variable was evaluated using Monte Carlo permutation tests with the 
permutations restricted within sites (n = 999). We used bootstrapping 
to estimate confidence intervals (at 97.5 %) of the variance of each soil 
parameter. 

Grazing effects after burning on soil compaction were evaluated 
using general least square models (GLS) with resistance to penetration as 
the response variable and site, depth, management and their in-
teractions as factors. A spatial correlation term was included when the 
model with a spatial correlation term was more parsimonious (smaller 
AIC). Semi-variograms were adjusted to the most used models (nugget, 
spherical and exponential). We estimated values of the variables at non- 
sampled points by ‘ordinary kriging’ interpolation using the semi- 
variograms (Cressie, 1993). We subjected the models to leave-one-out 
cross-validation and used the root mean square error (RMSE) as a 
measure of precision. We selected the models with the lowest RMSE and 
we generated map contours with them. We used the nlme package 
(Pinheiro et al., 2022) for adjusting the GLS models and the gstat R 
package (Gräler et al., 2016) for calculating and adjusting the 
semi-variograms, the kriging, and contour maps. 

Grazing effects after burning on vegetation structure were evaluated 
using GLS models with shrubs, herbaceous (grasses, graminoids and 
forbs) and bare ground cover (in percentage), as response variables and 
site, management (B-G-, B+G-, B+G+) and their interaction as factors. A 
spatial correlation term was included when needed. We used boot-
strapping to estimate confidence intervals (95 %) of the variance. 

Effects on OTUs richness of soil fungi and bacteria, diversity (Shan-
non and Simpson indexes) and number of ITS and 16 S copies (fungi and 
bacteria qPCR), were analysed using two-way ANOVA with site, burning 
and their interaction as factors for the immediate effects of burning, and 
using management instead of burning for the effects of grazing after 
burning. For evaluating the effects of grazing we used the difference 
between the second sampling (after grazing) and the first sampling 
(before grazing). For burned soils, we subtracted the mean value of 
burned soils in the first sampling to the values of the second sampling 

Table 3 
Grazing rotation between sites and days of grazing.   

First rotation Second rotation Third rotation Total grazing days  

Starting date Final date Days Starting date Final date Days Starting date Final date Days 

Site 1        
2019 June 16th July 18th 32 August 17th September 10th 24 October 7th October 31st 24 80 
2020 May 4th May 21st 17 June 9th July 4th 25 July 21st August 11th 21 63 
Site 2           
2019 May 31st June 16th 16 July 18th August 17th 30 September 10th October 7th 27 73 
2020 May 21st June 9th 19 July 4th July 22nd 18 August 11th August 27th 16 53  
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and for unburned soils we subtracted the mean value of unburned soils 
in the first sampling to the values in the second sampling. 

Effects on soil fungi and bacteria composition were evaluated using 
distance based (Bray Curtis) Redundancy Analysis (db-RDA). We used 
OTUs reads as the response variables and site, burning and soil prop-
erties (pH, SWC, total C, total N, DOC, DON, DTN, nitrate, ammonium, 
available P and total amino acids) as the explanatory variables for 
analysing immediate burning effects and site, management, soil prop-
erties and vegetation structure (shrubs, herbaceous and bare soil cover) 
as explanatory variables for analysing grazing effects after burning. We 
used the ordiR2step function of the vegan package (Oksanen et al., 
2022) to select the explanatory variables to be included the final model. 
Variables were included if the new variable was significant and the 
adjusted R2 of the model with the new variable did not exceed the 
adjusted R2 of the global model. We evaluated the significance of each 
explanatory variable included in the final model using Monte Carlo 
permutation tests with the permutations restricted within sites 
(n = 999). We evaluated the importance of the drivers of fungi and 
bacteria composition (site, management, soil and vegetation) using 
variation partitioning analysis (varpart function of the vegan package). 

Effects on soil mesofauna diversity (Shannon and Simpson indexes) 
were evaluated using three-way ANOVA with site, sampling depth, 
management and their interactions as factors, and type III sum of 
squares for unbalanced designs. Effects on soil mesofauna composition 
were analysed using transformed based Redundancy Analysis (tb-RDA). 
We used Hellinger-transformed data of the composition of soil meso-
fauna as the response variables and site, sampling depth and manage-
ment as the explanatory variables. We selected the explanatory variables 
and tested their significance following the procedure previously 
described. 

3. Results 

3.1. Immediate response of soil properties to prescribed burnings 

The first axis of the CCA explained ~14 % of the variance and 
separated deep soils on the left from topsoils on the right (Fig. 2). The 
second axis explained ~7 % of the variance and separated soils from site 
1 on top and site 2 at the bottom. Neither first CCA axis nor second CCA 
axis separated burned from unburned soils. 

The variance of mineral N, DON and DOC was greater in burned than 
unburned soils, whereas the variance of SWC, pH, P, total amino acids, 
and MBN was greater in unburned than burned soils (Fig. S1, 

Supplementary material). 

3.2. Immediate response of abundance, diversity and composition of soil 
microbial populations (fungi and bacteria) to prescribed burnings 

Soil fungal richness was similar in burned and unburned plots in both 
sites (F = 2.0, p = 0.180) but fungal diversity showed different re-
sponses to prescribed burns among sites (Fig. 3). In site 1 the burned plot 
presented less Shannon (− 18 %) and Simpson (− 7 %) diversity indexes 
that the unburned control (Site x Burning F = 8.5, p = 0.010 and F = 8.9, 
p = 0.009, respectively) but in site 2 Shannon and Simpson diversity 
indexes were similar between treatments. More fungal abundance 
(number of ITS copies) was detected in site 2 compared to site 1 (F = 5.9, 
p = 0.027). Fungi richness was similar in burned and unburned plots in 
both sites (F = 2.0, p = 0.180). On the contrary, soil bacteria diversity 
showed similar responses to prescribed burns at the two sites (Fig. 3). 
Burned plots showed less abundance (− 1 %, F = 3.1, p = 0.071), less 
richness (− 6 %, F = 4.3, p = 0.030) and lower Shannon diversity in-
dexes (− 2 %, (F = 3.5, p = 0.053) than their respective unburned 
controls. 

The final db-RDA model for soil fungi and bacteria composition after 
burning included site (F = 2.2, p < 0.004, F = 2.6, p = 0.002, respec-
tively) and MBN (F = 1.3, p = 0.134, F = 0.9, p = 0.479, respectively) as 
constrained variables (Fig. 4). For both, fungi and bacteria, the first db- 
RDA axis explained ~12 % of the variance and separated soil microbial 
composition by sites with site 1 on the left side (more abundance of 
Archaeorhizomycetes) and site 2 on the right (more abundance of 
Claviceptaceae and more MBN) (Fig. 4). 

3.3. Response of soil properties and vegetation structure to the pyric 
herbivory 

The first axis of the CCA explained ~28 % of the variance and 
separated grazed soils with higher cover of bare ground and nitrate 
content, on the right, from ungrazed soils with higher cover of shrubs, on 
the left (Fig. 5). The second axis explained ~8 % of the variance and 
separated deep soil samples (3–10 cm) from topsoil samples (0–3 cm) at 
the bottom. 

Soil compaction was similar between grazed and ungrazed plots (F =
0.12, p = 0.884), but it was different between sites (F = 94.24, 
p < 0.001) and depths (F = 79.94, p < 0.001) (Fig. 6). Soils from site 2 
were more compacted (at 6 cm depth, 1338 ± 37 kPa cm-1; at 30 cm 
depth, 1600 ± 28) than soils from site 1 (at 6 cm depth, 1074 ± 25 
(mean ± SEM); at 30 cm depth, 1317 ± 23). At the scale of the study, 
semi-variograms showed a moderate spatial structure in site 1 and no 
spatial structure in site 2 (Fig. S2, Supplementary material) and contour 
maps reflected the differences in spatial heterogeneity of soil compac-
tion between sites (Fig. S2, Supplementary material). 

Cover of shrubs was higher in ungrazed than grazed plots at both 
sites (F = 19.9, p < 0.001) and did not differ between sites (F = 1.8, 
p = 0.183, Fig. 6). Cover of grasses and forbs did not differ between 
management treatments (F = 0.8, p = 0.432) and was higher at site 2 
than at site 1 (F = 5.8, p = 0.019, Fig. 6). The differences between 
management treatments on cover of bare ground was site dependent 
(Ftreatmentxsite = 5.6, p = 0.006). At both sites, cover of bare ground was 
higher at grazed than ungrazed plots but on site 1 increased from ~5 % 
to ~35 % and at site 2 increased from ~0 % to ~13 %. 

Regarding the effect of pyric herbivory on the variance of soil 
properties and vegetation structure, grazed plots presented high vari-
ance in pH, soil mineral N content, and bare ground cover whereas 
unmanaged plots presented high variance in soil microbial abundance 
(Fig. S3, Supplementary material). 

Fig. 2. Canonical correspondence analysis (CCA) of soil properties of burned 
and unburned soils. Symbols represent mean ± SEM of ‘sites’ loadings (soil 
samples) grouped by site and sampling depth. 
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3.4. Response of abundance, diversity and composition of soil mesofauna 
and soil microbial populations (fungi and bacteria) to the pyric herbivory 

In Fig. 7, we disentangle potential differences on richness, diversity 
and abundance of soil fungi and bacteria due to different sampling 
seasons from differences due to management. Seasonal differences 
–difference between the two sample dates in control soils (no burned 
and no grazed) – depended on site and type of microorganism. At site 1, 
richness and diversity of fungi in control soils was similar at both dates 
but richness and diversity of bacteria was lower in fall than in the pre-
vious early spring. Fungi abundance in control soils was greater in fall 
than in the previous early spring and bacteria abundance was similar at 

both dates (Fig. 7). At site 2, fungi richness, diversity and abundance in 
control soils were lower in fall than in the previous early spring whereas 
bacteria richness and diversity remained similar, and abundance was 
lower in fall than in the previous early spring (Fig. 7). 

Pyric herbivory showed significant effects on the richness and di-
versity of fungi and bacteria (for fungi, F = 22.3, p < 0.001, F = 14.3, 
p < 0.001; F = 4.7, p = 0.023; for bacteria, F = 6.6, p = 0.007; F = 6.5, 
p = 0.007, F = 5.1, p = 0.017, for richness, and Shannon and Simpson 
diversity, respectively) but no effects on fungi and bacteria abundance 
(for fungi F = 0.1, p = 0.892; for bacteria F = 1.2, p = 0.335; Table S1, 
Supplementary material). At both sites the differences in richness and 
diversity of fungi and bacteria were always bigger in grazed than 

Fig. 3. Responses of richness, diversity and abundance of soil microbial populations (fungi and bacteria) to prescribed burnings. N copy (ITS for fungi, 16 S for 
bacteria), B- no burning, B+ burning. 

Fig. 4. Distance based (Bray-Curtis) Redun-
dancy Analysis (db-RDA) of soil fungi (left) and 
bacteria (right) composition immediately after 
burning constrained by site and soil variables 
(MBN, Microbial biomass nitrogen). Small 
symbols represent soil samples and big symbols 
represent mean ± SEM of soil samples grouped 
by sites. Red arrows represent vectors of soil 
constraining variables. Gray crosses represent 
OTUs scores. (For interpretation of the refer-
ences to color in this figure legend, the reader is 
referred to the web version of this article.)   
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ungrazed soils. Therefore, grazing clearly increased richness and di-
versity of bacteria and fungi (Fig. 7). When there were no differences 
between sampling dates in control soils, the differences after grazing 
were positive, and when the difference between sampling dates in 
control soils were negative, there were no differences after grazing or 
the differences were positive. For example, at site 1 fungi richness 
remained similar in control soils but increased in ~80 OTUs after 
grazing whereas bacteria richness decreased in ~100 OTUs in control 
soils but increased in ~20 OTUs after grazing (Fig. 7). All this implied 
that grazed soils showed greater richness and diversity indexes of bac-
teria and fungi than ungrazed soils (Fig. S4, Supplementary material). 

The final db-RDA model for soil fungi composition after targeted 
horse grazing included site (F = 2.8, p = 0.005), management (F = 2.4, 
p = 0.003), vegetation (bare soil F = 1.1, p = 0.272) and soil (pH F =
1.2, p = 0.206)) as constrained variables (Fig. 8, left). The first db-RDA 
axis explained ~17 % of the variance and separated soil fungi compo-
sition by management. On the left, burned and grazed soils were char-
acterized by less acidic pH, more bare soil cover and more abundance of 
Auriculariales. On the right, burned and ungrazed soils were charac-
terized by more acidic pH, less bare soil cover and more abundance of 
Archaeorhizomycetes. The second axis explained around 8 % of varia-
tion and separated soil fungi composition by site, with site 2 on top and 
site 1 at bottom. 

The final db-RDA model for soil bacteria composition after targeted 
horse grazing included site (F = 3.6, p = 0.001), management (F = 1.6, 
p = 0.018), vegetation (bare ground F = 0.9, p = 0.544) and soil (DOC: 
F = 1.7, p = 0.054; C: F = 1.7, p = 0.046 and P: F = 1.1, p = 0.340) as 
constrained variables (Fig. 8, right). The first db-RDA axis explained 
~15 % of the variance and separated soil fungi composition by site, with 

Fig. 5. Canonical correspondence analysis of soil properties constrained by 
site, sampling depth, management, and shrubs and bare ground cover. Symbols 
represent mean ± SEM of soil sample loadings grouped by site, sampling depth 
and management. Purple arrows represent vectors of vegetation constraining 
variables. Gray crosses represent ‘species’ scores (soil properties). (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 6. Responses of soil compaction (kpa cm-1) at two depths (6 and 30 cm) –top panel– and of vegetation structure –bottom panel– to management. B-G-, no 
burning and no grazing; B+G-, burning and no grazing; B+G+ , burning and grazing. 
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the site 2 on the left with more soil DOC and site 1 on the right with more 
C content. The second axis explained around 10 % of variation and 
separated soil bacteria composition by management, at the bottom 
burned and grazed soils were characterized for having high P and bare 
ground cover. 

Vegetation explained the largest percentage of variation in fungi 
composition (13 %). However, most of the variation was shared with 
management alone (6 %) or with management plus soil (3.4 %) (Fig. 9, 
left). Soil explained the largest percentage of variation in bacteria 
composition (18.8 %) but most of the variation was shared with site 
alone (5.9 %), with site plus vegetation (3.3 %) and with vegetation plus 

management (3.4 %) (Fig. 9, right). 
Abundances of mesofauna for the two sites can be found in Table S2. 

The response of Shannon diversity of soil mesofauna to management 
depended on soil depth (FManagement:Depth = 4.3, p = 0.019, Table S3). 
Topsoils with different managements had similar Shannon diversity 
indexes whereas, in deeper soils (2–4 cm), mesofauna from burned but 
not grazed plots (B+G-) showed a greater Shannon diversity index than 
no managed (B-G-) and burned and grazed (B+G+) soils. (Fig. 10). The 
response of Simpson diversity of soil mesofauna to management 
depended on site (FManagement:Site = 2.7, p = 0.077). Burned and grazed 
soils showed lower Simpson diversity than ungrazed soils (burned and 

Fig. 7. Differences (November 2020-March 2019) in richness, diversity and abundance of soil microbial populations (Fungi, left; Bacteria, right) in soils with 
different management. Differences > 0 mean greater values in fall after applying the grazing treatment than in the previous early spring. B-G- no burning and no 
grazing; B+G- burning and no grazing, B+G+ burning and grazing. 

Fig. 8. Distance based (Bray-Curtis) Redun-
dancy Analysis (db-RDA) of fungi (left) and 
bacteria (right) composition from soils after two 
periods targeted grazing constrained by site, 
management, soil (DOC, dissolved organic car-
bon) and vegetation structure variables. Small 
symbols represent soil sample loadings and big 
symbols represent mean ± SEM of soil sample 
loadings grouped by site and management. 
Purple arrows represent vectors of soil and 
vegetation constraining variables. Gray crosses 
represent species scores.   
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unburned) in site 2 (Fig. 10). 
The final tb-RDA model for soil mesofauna composition included 

management (F = 6.1, p < 0.001) and depth (F = 2.8, p = 0.030). The 
first tb-RDA axis explained 15.35 % of the variance and separated soil 
mesofauna composition by management. Mesofauna from burned and 
grazed soils (on the left) seemed to have different composition (more 
relative abundance of Acari) than ungrazed soils (on the right) charac-
terized by more relative abundance of Collembola (Fig. 10). The second 
tb-RDA axis explained 5.3 % of the variance and separated mesofauna by 
depth with topsoils (0–2 cm) bellow deeper soils (2–4 cm) (Fig. 10). 

The abundance of different soil mesofauna groups responded 
differently to management (Fig. 11). The abundance of Collembola (F =
15.8, p < 0.001), Diplura (F = 3.4, p = 0.041) and Acari (only on 
topsoil, FManagementxDepth = 4.9, p = 0.011) was higher in ungrazed 
(burned or unburned) soils than in grazed soils. The abundance of 
Protura (F = 1.7, p = 0.198), Thysanoptera (F = 0.8, p = 0.470) and 
Hemiptera (F = 0.1, p = 0.869) was similar across soils with different 
managements. 

Soil mesofauna abundance along the soil depth profile also depended 
on the mesofauna group (Fig. 11). Collembola (F = 20.7, p < 0.001), 
Acari (F = 11.3, p < 0.001) and Thysanoptera (F = 12.8, p < 0.001) 
were more abundant on the topsoil whereas Protura tended to be more 
abundant on the deep soil (F = 3.3, p = 0.076). Diplura (F = 2.7, 
p = 0.110) and Hemiptera (F = 2.6, p = 0.110) were similarly abundant 
along the soil profile. 

Some mesofauna groups were more abundant on site 2 than on site 1 
(Acari F = 14.2, p < 0.001; Collembola F = 15.9, p < 0.001; Diplura F =
3.8, p = 0.058) whereas some of them showed similar abundances in 
both sites (Protura F = 1.4, p = 0.246; Thysanoptera F = 0.2, p = 0.626; 
Hemiptera F = 0.2, p = 0.665). 

4. Discussion 

Andriuzzi and Wall (2017) proposed a conceptual framework for 
predicting soil biological responses to grazing based on the balance 
between grazing disturbance (trampling, soil compaction, plant 
removal) and resource inputs (excreta, compensatory plant growth and 
increase of root exudation). In our case, two factors complicate this 
conceptual framework: 1) the existence of a previous burning with its 
potential negative (immediate thermal shock) and positive effects (in-
crease in heterogeneity and resource inputs once the thermal shock is 
overcome), and 2) the ecological restoration goal of this pyric herbivory 
practice. We, indeed, look for a change in the vegetation structure 
reducing the shrub cover and increasing the grassy component to restore 
an open habitat. We followed the approach in Fig. 12 to discuss the final 
effect of the pyric herbivory on the diversity of soil fungi, bacteria and 
mesofauna linking it to changes in soil chemistry and vegetation 
structure. 

Fig. 9. Venn diagram of variation partitioning of fungi and bacteria composition. Each area represents the proportion of variation in fungi or bacteria composition by 
Site, Management, Vegetation and Soil. Vegetation: Bare ground; Soil: pH for fungi and DOC, C and P for bacteria. 

Fig. 10. Response of soil mesofauna diversity (Shannon and Simpson indexes) 
to management (top panels). Transformed based Redundancy Analysis (tb- 
RDA) of mesofauna composition from soils after two periods of targeted horse 
grazing constrained by management and depth (bottom panel). Small symbols 
represent soil sample loadings and big symbols represent mean ± SEM of soil 
sample loadings grouped by depth and management. Gray crosses represent 
species scores. B-G- no burning and no grazing; B+G- burning and no grazing, 
B+G+ burning and grazing. 
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Fig. 11. Response of absolute abundances (logarithmic scale of counts) of soil mesofauna groups to management at two soil depths and two sites. B-G- no burning 
and no grazing; B+G- burning and no grazing, B+G+ burning and grazing. M, management; D, depth, S, Site. * ** p < 0.001, * * p < 0.01, * p < 0.05, + p < 0.010, 
ns no significant p ≥ 0.010. 
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Pyric herbivory with targeted horse grazing changed the chemistry 
of the soil and the structure of the vegetation. Prescribed burnings did 
not immediately change the availability of soil nutrients but increased 
the variance of mineral N, DON and DOC in burned soils (Fig. S1, Sup-
plementary material). 18 months after burning and in the absence of 
grazing, the shrub cover was recovered (Fig. 6). After two periods of 
targeted horse grazing, grazed plots had more nitrate in soil, less shrub 
cover and more bare ground cover than ungrazed plots (Fig. 5). Grazing 
also increased the variance of soil pH and mineral N content and bare 
ground cover (Fig. S3, Supplementary material). 

4.1. Immediate response of biodiversity of soil fungi and bacteria to the 
prescribed burning 

We observed strong differences in fungi diversity (~20 % less 
Shannon diversity index in burned than in unburned soils) but only 
slightly differences in bacteria diversity (~2 % less Shannon diversity 
index in burned than in unburned soils). The most plausible explanation 
for the differences observed is the thermal shock of burning. Fungi have 
been reported to be more sensitive than bacteria to the thermal shock 
(Ammitzboll et al., 2022; Pressler et al., 2019), and the highest differ-
ence was observed at site 1 which endured the greatest flame residence 
time (9 min vs 1 min), indicating that the topsoil experienced temper-
atures above 50 ◦C during more time. Eventually, we did not find dif-
ferences in fungi or bacterial community composition between burned 
and unburned soils (Fig. 5), which suggested that differences in fungi 
and bacteria diversity were more likely explained by the effect of pre-
scribed burnings than by potential pre-existent spatial differences. 

4.2. Two-year effect of pyric herbivory on soil compaction 

After two periods of horse targeted grazing, shrub encroachment is 
reduced without significantly affecting soil compaction (Fig. 6). Horses 
rotate between sites, therefore the grazing pressure in the same area is 
not constant permitting resting periods in which herbaceous vegetation 
can recover. However, site 2 has more compacted soils than site 1 
(Fig. 6) probably due to legacy effects of a more intensive grazing by 
sheep and cattle in the last two decades (Drewry, 2006). 

4.3. Two-year effect of pyric herbivory on biodiversity and composition of 
soil fungi and bacteria 

A year and a half after the burnings, bacteria richness and diversity 
was similar in ungrazed burned and unburned soils and fungi richness 

and diversity remained lower in ungrazed burned soils at the site with 
the most intense burning compared to unburned soils (Fig. S2, Supple-
mentary material). However, after two years of grazing, richness and 
diversity of fungi and bacteria increased (Fig. 7), equalling or exceeding 
the diversity and richness of ungrazed soils (Fig. S2, Supplementary 
material). After the thermal shock, several factors can favor a fast re-
covery of microbial diversity. Fire-resistant microbial populations may 
enhance their activity thanks to new available resources released from 
dead fire-sensitive soil microbes and mineralization of burned and 
partially-burned plant material (Barreiro and Díaz-Raviña, 2021), and a 
greater heterogeneity in the availability of resources may promote di-
versity of microhabitats and thus, microbial diversity (Ettema and 
Wardle, 2002). Burning increased the variance of resources for fungi and 
bacteria such as mineral N, DON and DOC (Fig. S1, Supplementary 
material) and grazing increased the variance of resources (mineral N) 
and drivers such as pH and the percentage of bare ground cover (Fig. S3, 
Supplementary material). As we hypothesized, pyric herbivory 
increased fungi and bacteria diversity coinciding with the enhanced 
heterogeneity of resources and niches. 

Bacterial and fungal composition were different in grazed and 
ungrazed soils (Fig. 10) and the factors that explained most of the 
variation in OTUs composition varied in each case. Changes in vegeta-
tion structure due to the management explained most of the variation in 
fungal composition (6 %, Fig. 9) whereas soil properties in the different 
sites explained most of the variation in bacterial composition (5.9 %, 
Fig. 9). Seaton et al. (2022) in a study of 57 temperate pastures, Nielsen 
et al. (2010) in moorlands and birch-forests, and Vermeire et al. (2021) 
in African savannas also found that bacteria composition is better 
explained by soil chemistry whereas fungal composition is better 
explained by management and vegetation structure and composition. 
Urbanová et al. (2015) found similar results in forests. Tree identity 
explained most of the variation in soil fungal composition whereas the 
tree effect on bacterial composition was partially mediated by pH. 
Furthermore, fungal taxa (~35 %) were more tree-specific than bacte-
rial taxa (~3 %). Proteins and polisaccharides exudated by roots and 
fungi bond mineral particles together, can limit microbe dispersion and 
can create specifical chemical niches explaining the presence or absence 
of determined microbial taxa (Lladó et al., 2018). The proportion of 
explained variation in our study was low compared with other studies. 
Huhe et al. (2017) studied the effect of a strong gradient of grazing in-
tensities (from 0 to 8.67 sheep ha -1) on fungi and bacteria composition 
and founded an unexplained variance of ~50 % for fungi and bacteria. 
Yu et al. (2021) studied a gradient of degradation in temperate grass-
lands (from ~90–30 % of plant cover) and founded an unexplained 

Fig. 12. Conceptual framework of pyric herbivory effects on soil diversity.  
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variance of 30 % for fungi and 15 % for bacteria. Firstly, other unac-
counted factors in our study, such as microclimatic or microtopographic 
conditions, can influence soil diversity. And secondly, the previously 
cited studies with higher proportion of explained variance evaluated 
gradients with stronger contrasts than our study. 

4.4. Two-year effect of pyric herbivory on biodiversity and composition of 
soil mesofauna 

Differences on soil mesofauna diversity among management treat-
ments were site and depth dependent. In ungrazed soils at 2–4 cm depth, 
soil mesofauna diversity was consistently greater in burned soils, 
compared to unburned (Fig. 10). This increase of diversity at 2–4 cm can 
be explained by indirect effects of burning. The burning produces 
distinct patches of diverse pyrogenic organic matter (Zhang et al., 2021) 
which release nutrients that percolate deeper into the soil. Sulkava and 
Huhta (1998) showed that increasing the spatial heterogeneity of 
different resources increased soil microarthropod diversity. Regarding 
grazing, the effect on the diversity of soil mesofauna was inconsistent 
among sites and burned and grazed areas displayed a similar (site 1) or a 
lower diversity than ungrazed and unburned soils (site 2). 

Grazing may negatively affect soil mesofauna through trampling, soil 
compaction and plant removal (Andriuzzi and Wall, 2017). In our case, 
soil compaction did not seem to play a determinant role in the decrease 
of soil mesofauna diversity. We did not find differences in soil 
compaction among grazed and ungrazed areas (Fig. 6) and although site 
2 showed more compacted soils than site 1, both sites had similar soil 
mesofauna diversity indexes (Fig. 10). The soil compaction values that 
we observed were relatively low compared to values from other studies 
in Atlantic mountain grasslands (Aldezabal et al., 2015). At 10 cm 
depth, we found soil compaction mean values of 1.1 ± 0.3 Mpa in site 1 
and 1.4 ± 0.3 Mpa in site 2 whereas Aldezabal et al. (2015) in grazed 
plots found values 3 times greater than our values (3.31 ± 0.86 Mpa) 
and in plots with 5 years of grazing exclusion found similar values (1.28 
± 0.21 Mpa). 

Besides potential effects on soil compaction, trampling of grazers 
may increase the bare ground cover, and this effect has been observed in 
the grazed plots (Fig. 6). Disappearance of the vegetation cover, even in 
very small areas, may cause the loss of the topsoil organic horizon and 
the destruction of the microhabitat for soil mesofauna. At the topsoil of 
site 2, the grazed plot had 23 % less Shannon and 38 % less Simpson 
mesofauna diversity than the ungrazed plot and differences decreased in 
depth (grazed plot 18 % less Shannon and 30 % less Simpson mesofauna 
diversity; Fig. 10). At site 1 we did not find differences in soil mesofauna 
diversity between grazed and control plots (Fig. 10). The different 
response between sites may be explained by legacy effects and the 
different structure of the vegetation at the beginning of the experiment. 
Despite its current misuse, site 2 had a longer history of optimal grazing 
than site 1 (Table 1) and it had developed a more continuous grassy 
cover than site 1, without bare ground spots. Therefore, soil mesofauna 
community from site 2 could not have responded as well as mesofauna 
from site 1 to a new mosaic of shrubs, grasses and bare ground patches 
characterizing site 2. 

Two years of pyric herbivory changed the composition of soil mes-
ofauna and affected differently to different soil mesofauna groups. 
Grazed plots had greater relative abundance of Acari and less relative 
abundance of Collembola than ungrazed plots (Fig. 10), although both 
groups had less absolute abundance in grazed than ungrazed soils, 
particularly on the topsoil (Fig. 11). Acari and Collembola are the most 
abundant groups of mesofauna (George et al., 2017). Acari have a wide 
range of diet preferences (Oribatids are consumers of organic matter and 
fungi and Mesotigmatids are mobile predators of other mesofauna) 
(Gulvik, 2007) and prefer moorlands and heathlands with highly 
organic and moist soils (Black et al., 2003) whereas Collembola consume 
fungi, bacteria, actinomycetes, algae or plant detritus (Rusek, 1998) and 
prefer grasslands and deciduous woodlands (Black et al., 2003). Again, 

the differences in Acari and Collembola abundance seems to be more 
linked to changes in microhabitat –increase in bare ground cover after 
grazing– than to changes in food resources since grazing did not affect 
the fungi abundance (Fig. 7) or the soil organic matter on the topsoil (F 
= 1.6, p = 0.201, data not shown). Nielsen et al. (2010) also found that 
Oribatids respond more to changes in vegetation than to soil properties. 
Despite the results, the differences in Collembola and Acari abundances 
between grazed and ungrazed plots are likely to be transient since site 2 
with a longer legacy history of grazing had more abundance of Col-
lembola and Acari than site 1. Furthermore, targeted horse grazing is 
usually planned for the first 2–3 years after burning to decrease the 
shrub cover and then, a mixed grazing with sheep, cattle and horses is 
advised to consolidate the open grassland. 

4.5. Final remarks and management recommendations for maximizing 
soil biodiversity 

Different soil organisms responded differently to burning and graz-
ing. Fungi were more sensitive to burning than bacteria, but both 
recovered a year and a half after it –fungi enhanced by the presence of 
grazers–. Grazing had a positive effect on soil fungi and bacteria di-
versity. Burning was positive to mesofauna diversity in the midterm and 
grazing displayed effects that were site dependent, negative or null, 
which we related to the occurrence of bare soil and the legacy history of 
the site. 

According to these results, we propose some management recom-
mendations for maximizing soil biodiversity in the restoration of 
temperate mountain grasslands by means of pyric herbivory practices. It 
is convenient to plan a gradient across space and time of different 
management intensities to ensure the existence of a wide range of soil 
organisms that according to their ecology respond differently to the 
different intensities of burning and grazing. For planning the manage-
ment gradient consider 1) that mesofauna and fungi diversity are more 
sensitive to changes in vegetation and microhabitat and bacteria di-
versity is more sensitive to changes in soil chemistry, 2) that potential 
legacy effects from previous management can lead to site dependent 
responses, and 3) that fire and grazing provide heterogeneity of resource 
availability on space and time. Finally, our results indicate the impor-
tance of monitoring key variables to avoid irrecoverable disturbance 
effects, such as soil compaction and bare ground cover for grazing and 
flame residence time and soil temperature profile for burning. 
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