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Abstract

In order toreduce thawildfire impacts on the forest ecosystemnescribed fire is considered

as a primary option to remove the fukht can germate a highintensity yre. Despite the
beneficial effects,uncertainties remain about the impacts poéscribed fires orforest
ecology and hydrology. As a matter of fact, the runoff and erosion rates increase and the
recruitment of forest species may perform differently dfter In order to control the post

fire hydrological response of burned saifter prescribed firg mulching is one of the most
common management options, but this technique can also have negative effects on the forest
ecosystem.

In spite of ample liteature, the studies about the chanigesoil properties and hydrological
respase after the prescdoed fire and mulching are contrasting. For some forest species,
such as oak, the research about the effectiveness of prescribed burning on plant regeneration
is not unanimous. Moreover, the effeeness of mulching with fern residues soil
hydrology ancecology has not been previously evaluated asfrestnanagement strategy.
Considering these literature gaps, this PhD thesis evaluates thdeshomfiects of the
prescribed fire and po$ire mulching with fern residues on hydlogy and other propées

of soil as well as on plant regeneration in forests (pine, chestnut and oak) of Southern lItaly.
These evaluations have been carried out adopting b@tb-gear monitoring activity and a
modelling approach regarding the hydrolagicariables.

A first investigation, carried out using a portable rainfall simulator at the point scale in the
three forest sites, has demonstrated that the prescribed firdenesase water infiltration

and incrase soil water repellency, but mulching d@fective in reduang the runoff
generation capacity immediately after fire mainly in broadleaves species and less in
conifers. The hydrological effects of both burning andalnug decrease over time until
beingnegligible some months after fire.

The ealuation of surfacerunoff and erosion in the same forest sites after natural
precipitation at the plot scale has shown that, immediately after the prescribed fire, runoff
and ®il losses significantly increase @il forest stands compared to the unbdrisails.

This windowof disturbance after fire is limited to thré@ur months, and the pifee runoff

and erosion rates of the soils are practically restored after five m&uihsnulching with

fern is effectiveto limit the increase in the hydrologlceesponse observed the burned

soils.



Another study focusing the soil properties and covers has evidenced that prescribed fire,
although being a lovintensity fire, is able tanduce significant changes in sothemistry

and surfaceunoff, and that thenagnitude of theselanges depends on the soil property and
forest species. The effects of the prescribed fire and mulching are often transient. Mulching
with fern has been shawto be unable to limit the changaschemical properties of soils.

It has eenalso pointed outhat lowintensity burning enhances the initial recruitment of
oak plants and that soil mulching may be partly synergistic with the prescribed fire. This
pog-fire technique does not increaseoat emergence and plant survival compaiethe

burned and umeated sites, but enhances plant height and root mass.

A modelling approach has confirmed the applicability of the -80Sand USLEM models

to predict surice runoff and erosion, respectively,forests burned by prescribed fire and
treated with fern umer Mediterranean conditions. In contrast, poor predictions of the
modelled hydrological variables were provided by the models in unburned plots, and by the
Horton and MUSLE models for all theois conditions. Moreover, optimal valuex the

input parametes of the tested models, have been proposed for future model applications.
Overall, this PhD thesis has shown by experimental investigations that, in iveatkin
forests, the use of prescribdire is promising to reduce the wilddirisk, although this
practice is surprisingly of uncommon useltaly. However, we must pay caution to the
worsening of the hydrological response of burned soils immediatedy fafe. A cheap

mulch material, sut as the fern residues, is effective timtc o | t h eporseoto fired s r ¢

and avoid the hydrogeological risks in the delicate forest environments.

Riassunto

Al fine di ridurre gli impatti degli incendi sull'ecostsha forestale, il fuoco prescritto é
considerato un'opzione primar@erchérimuove il materiale ombustibile che pud generare

un incendioad alta intensita. Nonostante gli effetti benefici, permangono incertezze sugli
impatti del fuoco prescritto sull'elbgia e l'idrologia forestale. Infetti, | 6 i nt ensi t
deflusso ed erosienaumentano d 06 eandella tigenerazionéelle specie forestalpuo

essere modificatdopo il fuoco.Percontrollare la risposta idrologica pastendio desuoli
soggettial fuoco prescrittojl mulching € una eélle opzioni di gestione piu comuni, ma
guega tecnica puo ame avere effetti negativi sull'ecosistema forestale.

Nonostante I'ampia letteratura, gli studilsumodifiche elle proprieta del suolo della

risposta idologica avuti d fuoco prescritto @ il mulching riportano risultatcontrasani.
2



Ad esempio, pr alcune specie forestali, come la quercia, la ricerca sull'efficacia del fuoco
prescritto sulla rigenerazione delle piante non &€ unanime. Inoltre, I'edfidatmulching
con residui di felce ul'idrologia e sull'ecologia del suoloon e stata precedemteente
valutata come strategia di gestione gasendio.

In relazione aqueste lacune della letteratura, questa tesi di dottorato valuta gli difetti
breve periodo del fuoco prescritto e deulching postincendio con residui di feéc
sull'idrologia e sille proprieta del suolo, nonché sulla rigenerazione delle piartbe@schi
(pino, castagno e quercia) dalidlItalia. Tali valutazioni sono state effettuaeottando sia
un‘attivita di monitorggio biennale sia un approccio modelligto relativo alle vaiabili
idrologiche.

Una prima indagine, condotgascala puntualetilizzando un simulatore di pioggia portatile
nei tre siti forestali, ha dimostrato chefiloco prescritto pudidurre | 0 itrazionele
aumentare l'idrorepellenza dalolo e che ilmulching e efficace nel ridurre la capacita di
generazione dedeflussosubito dopo il fuocdprincipalmente nelle latifoglie e meno nelle
coniferg. Gli effetti idrologici sia della combustionesia del mulching diminuiscono nel
tempo finoadiveniretrascurabi alcuni mesi dopo il fuoco.

La valutazione del deflusso superficiale e dell'erosiongarcelleforestali a seguito di
precipitazioni naturali hadimostato che, immediatamente dopo il fuopoescritto, il
deflusso e le perdite diudo aumentano sigficativamente in tutti i soprassuoli forestali
rispetto ai suoli non trattati. Questasiddettaifinestra di disturbo postincendio e limitata

a trequattio mesi e i tassi di deflusso ed eoy® dei suolipreincendio vengono
pratiamente ripristinati @po cinque mesi.ll mulching con felce e efficace per limitare
l'aumento della risposta idrologica osservatasneli percorsi dal fuoco

Un altro studio mcentrato sulle proprieta chimichdescoperture del suolo ha evidenziato
cheil fuoco prescrittopur essendo un incendio a bassa intensita, € in grado di indurre
modifiche significative ne parametrichimid del suolo superfigile e che I'entita di qués
modifiche dipende dal proprietadel suolo e dall specie forestal consi@graa. Gli effetti

dd fuoco prescrittoe delmulchingsono spesso transitori. E stato dimostratoilchrilching
con felce non é in grado di limitale modifiche @lle propried chimiche desuoli.

E stato inoltresottolineato che la combustione a baisgansita migliorala rigenerazione
iniziale delle piante di quercia e chemulchingdel suolopud essere in parte sinergica con
il fuoco prescritto. Questa tecnica pastendo non aumenta I'emergenza delle gihie e la
sopravvivenza delle piante rigfeai siti bruciatie non trattati, mancrementd'altezza della

pianta e la massa delle radici.



Un approccio di modeBtica idrologicegha confermato I'applicabilita dei motiebCSCN e
USLE-M perla previsionedd deflusso superficiale della perditadi suolorispettivanente,
nelleareeforestli soggetteal fuoco prescritto e trattate con felci in condizioni mediterranee.
Al contrario, le previsioni delle variabili idrologihe fornite dai modelli Horton e MUE.
nelle parcelle non bruciatgono risulate molto insoddisfaenti per tutte le condizioni del
suolo. Inoltre, sono stati proposti valori ottimali dei parametri di input dei modelli testati per
future applicazioni del wdello.

Nel complesso, questa tesidbttoratoha dimostrdo con i risultatidi indagini sperimeratli

che, nelle foreste mediterranee, l'uso del fuoco prescrittmae tecnica sostenibile e
promettente per ridurre il rischio di incendi boschivi, sebbemesta pratica sia
sorprendentementei duso non comunen Italia. Tuttavia, bisogna tener conto del
peggioramento della risposta idrologica deoli bruciati immediatamente dopo l'incendio.
Un materiale economigeer il mulching come i residui di felce, éfficace per controllare la

rispostadel suolo al fuoco ed evitare i riscdrogeologici nei detiati ambienti forestali.

Keywords: infiltration rate; surface runoff; erosion; soil properties; forest regeneration;

hydrological model.

General introduction

Fire is a natural and anthropogeagent with a long history of influen@m terrestrial and
aquatic ecosystem@rancos and Ubeda, 2021a; Nimr et al., 2020; Zewm, 202). This
ecological factor impacts on many componentfoadst, such asod, air, water, plants and
fauna,e.g.(DeBano et al., 1998; Lucdorja et al., 2019b; Kozlowski, 2012% well as on
ecosystem services, societydeconomy(NadatRomero et al., 2@, Pereira et al., 2018a)
When at hi¢p sewerity, such as wilfires, fire may pose pervasive effects on human goods
and asset@\ittenberg and Pereira, 2021a)
The fire effectson the forest ecosysteaepend on several factors, such as fire history,
intensity and severity, fuel quantity, properties and topograpblspils, vegetation species,
density ad cover, weather patns, etc(Zavalaet al., 2014; Pereira et al., 2018b; Francos
et al., 2018; Zema, 2021The vegetation burning coupled tihangesin the physice
chemicaland biologicalpropertiesof forestsoils determing spoilage of vegetation cover
with loss of biodivesity. Moreover, wildfire modifies soil hydrology with possible increases
in surface runoff as well as soil erosion and degraddqi@ma, 2021 The alteration of
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soil 6s hydr ol odre madases teesnpagnitusiee andafiieicyeof floods,
sedimat transportlandslides and debritow ( Shakesby, 203 Moody et al., 2013Zema,
2021).

The fire impacs on the forest ecosystenan be heavyn the Mediterranean Basin, where
the semiarid climate conditions are favourable for wilegs (Cerda and MatakSolera,
2009; HueseGonzalez et al., 2018; Inbar et al., 2Q14hder theselimatic conditions,the
frequency, extent and intensity of wildfires are associated with an increased climate
warming in the last decadasd in the futurédPausa and Fernandeuioz, 2012) This is

due to the specific weather conditions (e.g., low humidity, high temperature, and strong
winds)( Mor 8n Or d - 1 e and kytrologital regim@&gtrande)and flash storm
events with very high rainfall amounts and erosiv{jodato and Bellocchi, 2010; Giorgi
and Limello, 2008) Soil losses after @reme rainfall events are very high in the
Mediterranean basin, where up to 80% of annual precipitation is recorded after the dry
summers, when wildfires usually occ{Bhakesby, 2011)The increase irrosionratesis
presumably the most evideabiotic indicator of environmental degradation due to wildfire
(Certini, 2005; Shakesby, 2011)

In order to limit the negate impacts of higkseverity fires, preventing strategies have been
adopted since long tim@erreira et al., 2015Among these strategies, prescribed fitbat

is defined adithe planned use of lowmtensity yre to achieve very different goals given
certain weather, fuel and topographic condit(&lcafiz et al., 2018; Fernandes et al.,
2013)- is considered aa primary and integrated option to remove or reduce the fuel that
can generate a hightensityyre (Vega et al., 2005; Alcafiiz et al., 2018) low-intensity

yre, such as the prescribed fivghich has also a low severity and burn patchirf€ssvson

et al., 2012; Pereira et al., 202i5)effective in reducing the wdfire riskin forests(Vega et

al., 2005; Alcafiz et al., 2018Prescribed fireavoids high temperature in soil and tree
crown burning, which are the most adverse effects of wildfire on soil and dlaggsneral,

the changes in soil profass after a prescribed fire are limitédlcafiz et al., 2018; Lucas
Borja et al.,, 2019b) Moreover the literature has shown thahis practice supports
regeneration of some plant specfEsancos and Ubeda, 2021b; Scharenbroch et al., 2012;
Williams et al., 2012|ndis also beneficial for many ecosystem services, such as natural
hazard regulation and pest and disease cofRekira et al., 2021l results thathe use of

the prescribe¢ r e has been increasingly gaiNearyng poc
and Leonard, 2021)beda et al., 2005hainly in USA, Australia and the Iberian Peninsula

(Klimas et al., 2020)Many regions in these countries are prone to wildfire, and authorities

5



have prioritized prescribed fire due to the numerous experiments that have demonstrated its
feasibility to limit the wildfire riskand its environmental sustainabililcaniz et al., 2018;
LucasBorja, 2021) In Italy, although being allowed by the natibaad regional legislation,

the use of prescribed fire is not common, and this increases the vulnerability of the forest
heritage to wildfire.

Despite these beneficial effects of prescribed fire, uncertainties remain about its iampacts
forest ecology ah hydrology(Fuentes et al., 201.8Pn an ecological approach, thestfire
regeneration oforest species may perform differently after prescribed {icesasBorja et

al., 2016) and even the results of redt research on the fire effect on tree regeneration are
often contrasting. About the hydrologidatpactsthei ncr ease of soil 0s
prescribed firess lower compared to wildfires, but the hypttrgical risks are still present

also in thecase ofprescribed fireg(Morris et al., 2013; Shakesby et al., 2Q1&hce low
intensity fires can also exert negative effects on soil propegtgesinfiltration, soil water
repellency, bulk density and soil aggregate stgb{lAlcaiiz et al., 2018; Francos and
Ubeda, 2021)In the Mediterranean forests, timeodifications inhes oi | 6 s hydr ol
responseanay be even more intense compared to ogheironmental contextg-ortugno et

al., 2017) since the soils are generally shalloand showlow aggregate stability, and
organic mattr and nutrient conten{€anton et al., 2011 Due to the combination of these
climate and soil characterissicthe Mediterranean forests may be more exptsexcessive

runoff and soil erosion rates compared to other ecosygtéensa et al., 2020a, 2020@)he
hydrological response of burned soils may become critical and hazardoomkspering
thesocdled Awi ndow of (BErosset and Wiliams, el®98)hat is that period
occurring immediately after fire throughout about one year, when the soil is bare and the
prefire levels of itsproperties have not yet recoverdd.the Mediterranean forests, the
hydrol ogi cal processes generating -sxgessd ace
mechanism(LucasBorja et al., 2018) In this environment, the reduction in water
infiltration rate of soil can enhance flooding and hydrogeological instability after the
frequent and intense rainstaniturthermoreinfiltration can be further decreased by soill
water repellency, which is common in Mediterranean forest od#sda and Doerr, 2007;

PlazaAlvarez et al., 2019rnddetermines soil hydrophobicity

Moreover, the hydrological processes in burned soils are very complex, since several factors
(weather, fire severity, vegetation cover, soil properties, morphology and land management)

influence the hydrological response of soil after fivioody et al., 2013; Nunes et al., 2018;
6



Zema, 2021b)it should bealsokeppin mindthat both wildfires and rainstorms are thought

to become more frequent and intense and-fiostrecruitment of forest plants may be more
difficult and slower according to the forecasted scenavioslimate changgBadia and

Marti, 2008) According to these authors, both wildfires and rainstorms are thought to
become more frequent and intense, especially in the Mediterranean envirofineeaetore,

the effectsof prescribedyreson soil hydrology and the refled variables (infiltration rates,

soil water repellencysurface runoff and soil erosipm delicateenvironmentssuch as the
Mediterranean areaseeds a particular attentigHubbert et al., 2006; Huegsonzalez et

al., 2018)

Geneally, the prediction of the hydrological effects of forest fires is very challenging
(Soulis et al., 2021)Computerbased hydrological models are essential tools to better
understand and predict the pdist hydrological processes in a cadfective and time
efficient way (Filianoti et al., 202Q) Empirical methods,such as the Soil Conservatio
Service (SCSCur ve Number ( CN)YC N( hreondced foo)r,t hHefr § @S
family models, are of easier and quicker applicability compared to the coogplex
physicallybasedmodels but their prediction capacity may be considered as acceptable for
many needs and usga\ksoy and Kavvas, 2005; Luc#orja et al., 2020)Regardingthe

uses of the empirical models to preditinoff and erosion prediction after fir¢he
variability of ther performancefor postfire conditions highlights the difficulies in
applications using observed dafSoulis, 2018) Moreover, the input factors of the
hydrological modelproposed for burned forests by literature are not valid for environments
with contrasting characteristicBrom this, there is the need of more modelling experiences
that should test the accuracy of the empirical modeldedterranean conditions and under
different management scenarios.

Concerning the ecological impacts of prescribed filmssome forest species, studies of fire
effectsshould ensure the feasibility of this practice on plant regeneration, especiaiiy on t
critical stages of early recruiting, such ssedemergence and seedlimgcruitment This

issue is essential iMediterranean mountainous areas, where the fire hazard is high and the
postfire recruitment of vegetation is limited by drought and someeiad soil
characteristicéMoody et al., 2013; Shakesby, 2011)

In orderto reduethes o1 | 6 s suscept i bi aftertoywning @cludiognhef f a
prescribed fire) several treatments have been proposed and their effectiveness has been
verified in many environmental contextsucasBorja, 2021; Zema, Z1a. Among the

ecological engineering techniques, which use vegetative residues for soil conservation,
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mulching is one of the most common pést management optiond.ucasBorja et al.,
2019a; Prosdocimi et al., 2016)he objective of mulching is protecting soil with ground
cover and improving soduality by supplying vegetal matter to sadnd this is achiever

mulch is properly and timely appli€Brosdocimi et al., 2016; Zituni et al., 201Bjpwever,
postfire mulching can also have negative effects. In some cases, mulching reducek the so
hydraulic conductivity under unsaturated conditions compared to untreated soils,
particularly in the drier seasdiucasBorja et al., 2018)Mulching material is selected
based on its availability, resistance to degradation, weed spreading risk and other factors
(Parhizkar et al., 2021; Prats et al., 20EJaw is often used as mulch cover in-aiféected
areagBontrager et al., 2019; Keizer et al., 2018\t its residues can be displaced by wind

in some areas, leaving slopeardy or accumulated in thick layer in other areas, with
possible reductions in pefite vegetation emergend®obichaud et al., 2020Moreover,
agricultural straw may contain seeds, chemicals and parasites, which can be the sources of
nontnaive vegetation and plant diseases. Forest residues (e.g. wood strands, chips or shreds)
or dead plants may replace straw, because these substrates do not caatvecseeds or
chemical residues, and are more resistant to wind displacéRanithaud et al., 2020
Mediterranean forest floor, fern Pteridium aquilinum(L.) Kuhn - is widely available
(which avoids the transport need from other locatidgrg)nmay be directly cut on the floor
(without being transported from distant site§forests, where the #rand erosion risks are
lower, and can be applied as it is (that is, without desiccation, as usually carried out for
straw). This native speciatoes not bring nonative seeds or chemical residues into the
forest ecosysterandfresh fern may be more rajty and easily degraded and incorporated

in soil compared to other dried residues.

Therefore,the vegetal residuesf fern may replace straw as mulching material in -fire
affected aregawhich is essential when the soil is left bare and the soil changeséeluced
infiltration, soil water repellency and ash cover) can be significant compared to the
unburned areagCawson et al., 2012; Francos and Ubeda, 2021b; Klimas et al., 2020;
Wittenberg and Pereira, 2021bjowever,there is the need to evaluakte hydrological and
ecological effectivenessf fernresiduego protectthe burned soil from runoff androsion
restoresoil properties after fire and support plant regenerattoreover, the validation of

soil erosion modelsunder posty r e manage me n suchtas enaldhingeis t s
particularly welcome considering the large variability of climatic cageomorphological
conditions(Fernandez et al., 2010; Robichaud et al., 2087 the applicability of SCEN

method and USLEamily models may questionabivithout targeted modelling experiences.

8



State-of-the-art and research needs

Regarding the hydrological effects of prescribed fire and soil mulchingpite of ample
literature, the studies about the changesaih water repellencynd infiltration ratesafter

fires of different severity are not consistent and sometime contrg€tavgson et al., 2012)

For instance, increases svoil water repellencyvere observed byPlazaAlvarez et al.,
2018)in pine forests burned by prescribed fires in SE Spain; thesgseffere found to be
even higher compared to higeverity fires(Huffman et al., 2001)Other authors report
slight or no changes isoil water repellencyn soils burned at low temperatur@3oerr et

al., 2006; Robichaud, 2000T herefore, no direct associations between fire severitysaihd
water repellencycan be found, as resulting from several factors, such as the natural
variability in the study sites (soil water content and texture, and vegretgpe)(Cawson et

al.,, 2012) These inconsistencies also affesoil infiltration rates (Wittenberg and
Malkinson, 2009) with noticeablereductions(Robichaud, 2000pr not signiicant changes
(PlazaAlvarez et al., 2019)n infiltration rates after prescribed fires. Ash released by fire
plays an important role in driving the hydrological properties of burned soils, but also in this
case the effectsan be contrasting e.g., increase in water retention and reduction in sediment
transport(Cerda and Doerr, 2008)r clogging of soil pores and sealing of the soil surface
(Keesstra efl., 2014; Onda et al., 2008Furthermorenfiltration rates and soil water
repellencycan be different in soils having the same properties, but covered by trees of
different species or ag€ema et al., 2021a, 2021b)

Runoff and erosion increases have been observed after prescribed fires ientdiffer
ecosystems, such as heathlands, shrublands and(yege et al., 2005However, despite

an ample literature about tim@pacts of fire on soil hydrology, the studies aboutrtieoff

and erosion rates afterescribedyres are not exhaustive and often contrasti@gwson et

al., 2012; Shakesby et al., 2018xcording toGonzalezPelayo et al.(2010)andVega et

al., (2005) increases in runoff and erosion by one and two orders of magnitude,
respectively, may be observafter a prescribed fireompared to unburned are@awson

et al., 2013) In contrast,(Coelho et al., 2004pnd (de Dios BenavideSolorio and
MacDonald, 2005)eportedminimal erosion after prescribed fifdorris et al., 2013)
(Keesstra et al., 2014kported even lower erosion in areas burned with prescribed fire
compared to unburned forests, despite comparable runoff.

On a modeling approach, severaauthors have evaluated the prediction capacity of

hydrological models in burned forest areas with or without -fiesttreatments(Zema,
9



2021b) About runoff predictionthe SCSCN method is commonly used in fiadfected
forests, buthe dataset of thEN values an essential parameter to achieve accurate runoff
predictions(Shrestha et al., 2006is not completefor burned conditiongSoulis, 2018;
Springer and Hawkins, 20Q5)

The USLEfamily models (USLE, RUSLE, MUSLE, USILM, HUSLE, etc.) were
developed to estimate soil erosion in agricultural lands, and their applicability indburne
forest is not predictable, since the fire impacts on vegetation and soil properties are different,
and complicated by several factors (e.g., soil water repellency, ash effects), especially in the
Mediterranean environmer{topes et al., 2021)Moreover, these equations have been
applied mainly for multiyear predictions, while the mdtiag experiences the window of
disturbane have been carried out using RUSaRd mainlyafter wildfires (e.g.(Fernandez

et al., 2010; Karamesouti et al., 2016; Larsen and MacDonald,)2007) To t he aut h
knowledge, no applications are available in the ditee about the use of MUSLE and
USLE-M models after prescribed fires. From thisg bptimal values of @actors, which are

key factors for accurate estimatioolserosion(Panagos et al., 2015re not yet identified

in burned conditions and pefte management (such pefste management actions).
Moreover, the validatio of soil erosion modelapplied in soils withposty r e t r eat me |
such as mulching is particularly scarce all over the worlgFernandez et al., 2010;
Robichaud et al., 2007)and the applicability of SGEN method and USL#Eamily models

may be questionable without targeted modelling experieriZesna, 2021h)

Moreover, sme studies whiclhave analysed soil changes after prescribed fidetected
increagsin pH, electrical conductivity, total carbon and nitrogen, magnesium, calcium and
potassiumin burned soilge.g., Ubeda et al. 2005; Scharenbroch et al. 2012; Alcafiiz et al.
2020) However, how these compounds or elements vargoils after low-intensity fires

differs. For instance, total carbon content may decrease or its changes may be extremely
small or not significantAlcafiiz et al., 2018; Ubeda et al., 200B)kewise, the changes in
nitrogen may increas@Alcaniz et al., 2016; Kennard and Gholz, 2001; Shakesby et al.,
2015) be stablgLavoie et al., 2010; Moghaddas and Stephens, 2007; Neill et al., @007)
even decreag@\cafiz et al., 2020; Badia et al., 2017; San Emeterio et al., 2016)

The duration of the effects afie prescribed fire on soil properties is also debated in the
literature. Some authors report unaltered pH values and ephemeral variatioastricat|
conductivity (Alcafiiz et al., 2020Badia et al., 2017)while, one year after the prescribed

fire, other research shows marked decreases in nitr(@jankenship and Arthur, 1999;

Mugaddas et al., 2015s well as thaecovery to prdire contents of magnesium and
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calcium(Alcaniz et al., 2020)It has been found th#tte recovery of préire soil properties

may take place over shofZhao et al., 2015pr long (Alcafiiz et al., 2016}ime spans,
depending on fire temperature argsidence time, topography of the burned area, rainfall,

and degree of vegetation regenerati@itonaGarcia et al., 2019; Ubeda et al., 2018)

Concening forest regeneration after prescribed fires,dome forest species, such as oak,
which is predominantiMe di t er rrmmeme mreas andCuttetsl, adap
2009) studies of fire effects on regeneration have been shown varying r@=iktssson et

al., 2020) Oak woodlands rely on the aesprouti tvy
efyciently after yr @rtharetdl., 202fasage P0OGHewever, o m s
failure of oak regeneration from acorns is frequent in Mediterranean coui@tgset al.,

2009; MaltezMouro et al., 2007)O a k i-aslaptgdrand moderately shadwlerant, and
therefore prescribed yre can be used as a
increase light levs, thus promoting oakegeneration in some ecosyste(@sose et al.,

2013; Izbicki et al., 2020)Prescribed fire also eliminates excess-$ieasitive vegetation

and reduces litter, favouring the emergencecofs(Blankenship and Arthur, 2006y1any
studies have shown that yre alone or in ¢
canopy removal, can improve the establishment and groivttegenerating oak trees
(Hutchinson et al., 2005)However, several oak species have exhibited unsuccessful
regeneration in recent years, and it is difficult to identify the reasons, due to a multitude of
biotic and abiotic factors influencing this ecologipabcesse¢Curt et al., 2009; Pausas et

al., 2004; Royse et al., 2010)

Researchquestions

From this short analysis dlfie stateof-the-art, it is evident thatin the literature about the
effects of prescribed fire on forest ecosystéhere is a large gap of knowledge about
several aspectdt results that several research questions remain open after decades of

relevantstudies (Figure 1).
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Figure 1 - Open questions regarding effects of prescribed fire on different ecosystem

components.

First, sincethe literature abouhe changes imfiltration rates andwater repellencyf soils

after the prescribed fire is coasiting and therefore not exhausti@awson et al., 2012it

is not still clear whetheinfiltration rates increase or not and how musabil water repellency

raises upTherefore, v aim to testvhether (i) water infiltrationvariesby fire in the short

term, and mulch cover with fern can limit this decreased (i) soil water repellencgan

affect forest soil immediately after firand ths effect is temporarilythat is, itdisappears

some monthsfter fire)

As mentioned above, alsthe knowledge about surface runoff and erosion rates in

Mediterranearyre-proneforestsis not complete, because the magnitadd duratiorof the

increases in these rates has not sufficiently quantifdmbut this issue the research

guestions are the following: (i) how much does the prescribed fire affects runoff and erosion

rateson the short term after its application? (ii) how long is the window of disturbance of

soil hydrology due to fire? (iii) are the fern residues effective as mulching cover to reduce

runoff and erosion after fire?

Further research is also needed to betedue r st and

t he

effects

changes in environments with characteristics that contrast the previous gtiudibert et

al., 2006; Hues@sonzalez et al., 2018¢specially whre the wildfire and erosion risks are

high, due to climatic and geomorphological characterisfles.better understand these

effects we want to explore whethemd how much (i) prescribed fire modifieshe soil
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propertiesn the short term after burningnd(ii) mulching with fernis able to reduce these
changes

On the modelling approach, moseudies should assess the prediction capadityurface
runoff and soil loss offered B3CSCN, Horton and USLE models in burned forest plafts
Mediterranena areas under commonly adopted-fire and posfire management, such as
prescribed fire and soil mulchin@o this aim, there is the need tteply to the following
research questions: (iyeathe tested models reliable and accurate to predict surfac# run
and soil erosion in Mediterranean burned forests2Miich are the optimal valuesf the

input parameters of the tested modélsls and C factor8)

Finally, following the ecological approachkiery few evaluations about the effect of fern on
early recuitment of oak species in burned soil are available in literature. It results that the
guestion of how prescribed fire and péist mulching affects the early seedling recruitment

of thisimportantplantspecief the Mediterranean forest ecosystaswstill not understood.
Since oak is a forest species that is adapted to fire, we hypothesise that prescribed burning
enhances the initial recruitment of plants, and this effect may be synergistic with mulching

application.

Novel aspects

To t he bastkntwiedge, Ghe present study is the first investigation that has been
carried out on the effects of prescribed fmed posfiire managemenbn the forest
ecosystems of Southern Italy, whehe postfire recruitment of vegetation may be difficult
due to climate and soil characteristics, atiee fire hazards high and the hydrological
response is dangerous for assets and human Tiedatter issues aienportant concersin
ecosystemavhen risk of wildfireand heavy rainstormendanger forests osteep slopes
with highly erodible soils, such as in many environments of Southern Europe.
Moreover, mulchingwith fern residuesas postfire management strategyas not been
previously carries out ancvaluatedin burned forestsvorldwide Therefore,no evidence
existsin the literatureabout the effectiveness of fern mulchiagcontrolling hydrological
response and restore soil properties after fire, and at enhancing plant regemertiteon

shortterm afterthe prescribed fire
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General dbjective and organisation

According to the research needs and to fill the literature gigpdified as abovehis PhD

thesis evaluates theshortterm effects of the prescribed fire and pdéis¢ mulching on
hydrology and other properties of soil as ma on plant regenerationin Mediterranean
forests. A targeted investigation has been properly designed and carried outhafter
prescribed fire and mulching ithree forest stands(pine, chestnut and oak) of Southern
Italy. To this aim, several plots have been iHethinas manyexperimental sites close to

the municipality of Samo (Reggio Calabria) between March and May 2019. A prescribed
fire has been deliberately applied in early June 2019 and the burned soil has been mulched
with fern residuesmmediately afterburning. These evaluations have been carried out
adopting botha twoyear monitoring activity and a modelling approachregarding the
hydrological variables

The PhD thesis is presented as a collection of five articles published or submitted in peer
reviewed SCOPUS and ISI indexed, international journals and consists of the following
chapters.

The first article investigateswater irfiltration, runoff volume ard peak flow (sing a
portable rainfall simulatdr andsoil water repellencfusing Water Drop Pem&tion Tes) at

the point scalén the three forest site3he secondrticle evaluatesurface runoff volumes

and soil lossesn the plots of the same forest sites after natural precipitatibime third

article analyses the shorterm changes in selectedil properties and covers. The fourth
article assesses acorn emergence and seedling survival as well as some important biometric
characteristics (height, diameter, and dry weightyak plants and roota the same plots as

in the secondarticle The fifth article applies a modelling approach ®valuate the
prediction capacity of runoff and soil lossing the SCSCN, Horton and USLEamily
models (MUSLE and USLHM) in the experimentgblots

A final chapterof the Ph.D. thesigeports future perspeetis and identifies further research
needs with the aims to give forest managers insight about the feasibility of the experimented
strategies (prescribed fire and pést soil mulching with fern)to reduce the wildfire

hazard and control the soil hydrologl response dbrests of Southern Italy.
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CHAPTER 1

Water Infiltration after Prescribed Fire and Soil Mulching with

Fern in Mediterranean Forests

Bruno Gianmarco Carrd, Giuseppe Bombind, Pietro Denisi!, Pedro Antonio Plaza
Alvarez?, Manuel Estesin LucasBorja? and Demetrio Antonio Zem'a
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2 Escuela Técnica Superior Ingenieros Agronomos y Montes, Campus Universitario,
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* Correspondence: dzema@unirc.it (XA.

Abstract: Prescribed fire is commonly used to reduce the wildfire risk in Mediterranean
forests, but the soil és hydrological respo
The mulch treatment can limit the increases in runoff and@rasithe short term after a

fire. The use of fern is preferable to straw, due its large availability in forests. However, no
experiences of podire treatment with fern mulch have been found in the literature and
therefore the mulching effectiveness nat been evaluated:his study has measured water
infiltration rate (IR) and water repellency (SWR) using a rainfall simulator in three
Mediterranean forest stands (pine, oak and chestnut) of Calabria (Southern Italy) after a
prescribed fire and mulchingeatment with fern in comparison to unburned soil. Prescribed
fire reduced water infiltration in all forests in the short term compared to the unburned
conditions, and increaseéaWR in pine and oak forestShese reductions in IR in the time
window of distirbance after fire increased the runoff generation capicail soils, but had

a lower effect on peak flows. However, soil mulching with fémted the runoff rates and

peak flows compared to the burned soils, but this treatment was less effegiive farest.

One year after fire, IR increased in burned soils (treated or not) over time, and SWR
disappeared. fie effects of mulching have disappeared after some months from fire. The

study confirms the usefulness of mulching in broadleaves forest ghahieterm, in order to
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control the hydrological effects of prescribed fire in Mediterranean forests. Botfirpost
management techniques should be instead adopted with caution in conifer forests.
Keywords: water infiltration rate; rainfall simulator;rtie to peak; peak discharge; surface

runoff; soil water repellency

1. Introduction

Prescribed fire is the planned use offomt ensi ty yre to achieve
certain weather, fuel and topographic conditigAtcaniz et al., 2018; Fernandes et al.,
2013) This management tool has been adopted since long time in many countries under
different climatic conditions (e.g., Mediterranean ecosystems) to mitigate the impact of
largescde wildfire in forested environment@Neary et al., 1999)The main objective of
prescribed fire is the creation of forest areashwatv fuel, in order to reduce intensity,
severity and da mBlagaAlvardz etlala 2048Howevel, meparited fire
leads to other beneficial effects, since it facilitates the germination and growttieo$tony
vegetation, increases landscape heterogeneity, and improves pastures for lilestask

Borja et al., 2019; Neary et al., 1999; Ubeda et al., 2018)

Prescribed yres are usually of | ow intensi
fuel load and soil moistur¢Alcafiiz et al., 2018; PlazAlvarez et al., 2019)The forest

areas, where fire is applied in each operatame variable in size, and depend on the
topographic and climatic conditionfNeary and Leonard, 2021)The effects of the
prescribed fire are thought to have small impacts on the different components of the forest
ecosystems, due tbelow fire severity and patch natu(€awson et al., 2031 ZFrancos and
Ubeda, 2021)Literature has shown thgtr escr i bed yres do not h a
impacts on soil properties, since the burning temperature and fire duration df@alason

et al., 2016; GonzéaleRelayo et al., 2015; Pereira et al., 20)wever, research is not
unanimous about the effects of prescribed fire on the hydrological response of forest soils.
For instance(GonzalezPelayo et al(GonzalezPelayo et al., 201(nd Vega etla(Vega et

al., 2005)report increases in runoff and erosion by one and two orders of magnitude,
respectively, compared to unburned ar@gawson et al., 2013While, by contrast, Coelho

et al. (Coelho et al., 2004)and de Dios Benavide3olorio and MacDonald(de Dios
BenavidesSolorio and MacDonald, 2005gported minimal erosion &it prescribed fire
(Morris et al., 2013) This d@ends on both the operation parameters of fire application
(intensity, cover, duration, temperature) and the physical properties of the treated soils

(texture, aggregate stability, water contgi#tlcaniz et al., 2018; Cawson et a012) In
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generalfire removes vegetation and modifies the hydrologic properties of{Gawson et

al.,, 2012; Certini, 2005; Shakesby, 2018 soil left bare due to vegetation removal
becomes more susceptible to raindrop impact and particle detacl{desna, 2021)
Moreover, water infiltration rates, which are generally high in undisturbed forest soils
(Robichaud, 2000Q)can decrease. Both these fire effects may increase surface runoff and
erosion rategShakesby et al., 2015)

Particular attention has been paid to Mediterranean ecosystems, where the intrinsic climate
and soil characteristics may emtte the hydrological hazards not only in burned forests, but
also in unaffected valley aregfortugno et al., 2017; Shakesby, 2Q1Ajthough the
prescribed fires have lower impacts on soil hydrology compared to wildfire, changes in the
hydrological response of burned areas may be impo(@ertini, 2005; Shakesby, 2011;
Cawson et al., 2012with noticeable increases in runoff and erosion rates in the time
Awi ndow of di st ur banc dm thei Medteardneam t fadsty, thaf t e
hydrol ogi cal processes generating -®wesd ace
mechanisn{LucasBorja et al., 2018)n this environment, the reduction in water infiltration

rate (IR) of soil can enhance flooding and hydrogeological instability after the frequent and
intense rainstorms that are typical dketMediterranean climat@~ortugno et al., 2017)
Moreover, IR can be further decreased by soil water repellency (SWR), which is common in
Mediterranean foressoils (Cerda and Doerr, 2007; Pladdvarez et al., 2019)which is
primarily determined by the accumulation of leclgain organic compounds in/around soil
particles.

In spite of amplditerature, the studies about the changes in SWR and IR after fires of
different severity are not consistent and sometime contrafflagison et al., 2012)for
instance, increases in SWR were observeqRigzaAlvarez et al., 2018)n pine forests
burned by prescribed fires in SE Spain; these effeets found to be even higher compared

to highseverity fires(Huffman et al., 2001)Other authors report slight or noatiges in

SWR in soils burned at low temperatu(@err et al., 2006; Robichaud, 200Therefore,

no direct associations between fire severity and SWR can be found, as resulting from several
factors, such as the natural variability in the study sites (soil water content &ure,texd
vegetation type)Cawson et al., 2012)These inconsistencies also affesoil infiltration

rates (Wittenberg and Malkinson, 20Q9)with reductions (Robichaud, 2000)or not
significant changegPlazaAlvarezet al., 2019)n IR after prescribed fires. Ash released by

fire plays an important role in driving the hydrological properties of burned soils, but also in

this case the effects can be contrasting (e.g., increase in water retention and reduction in
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sedinment transpor{Cerda and Doerr, 2008)r clogging of soil pores and sealing of the soil
surface(Keesstra et al., 2014; Onda et al., 20B&rthermore, IR and SWR can be different

in soils having the same properties, but coveredd®stof different species or agiema et

al., 2021a, 2021b)

It is evident thatthe characteristics of the soil surface after fire are critical for its
hydrological response at both hillslope and catchment sgéesstra et al., 2014n order

to reduce soil d0s susceptibility to runoff
proposed and their effectiveness has been verified in many environmental cnieats

Borja, 2021; Zema, 2021 Mulching is one of the most common pdse management
techniques, particularly when vegetation residues are (isechsBorja et al., 2019;
Prosdocimi et al., 2016)'he objective of mulching is primarily thgrevention of raindrop
impact and decrease in hydraulic connectivity, but a mulch dogegases the infiltration

rates and soitjuality, and soil protection with ground cover, if used properly and at the
correct time(Prosdocimi et al., 2016However, mulching can also have negative impacts
on burned soilssince infiltration rates can be reduced when soil is in unsaturated and dry
conditions(LucasBorja et al., 2018)

Straw is commonly applied as mulching material on burned soils, and, in this case, the
mulch cover can be removed by wind in some areas and become too thick in others, which
hamper vegetation regeneratig®obichaud et al., 2020In addition, seeds, agahemicals

and parasites may be transported by straw, determining the development-rudtinen
vegetation and diseases to plafBentoGoncalves et al., 2012)orest residues and
herbaceous plants may properly replace straw as mulch cover, since do not contain non
native seeds or chemical residues, and are more resistant to(Xenth, 2021) In
Mediterranean foredtoor, residues of fernRteridium aquilinum(L.) Kuhn) - a vascular

plant that abundantly grows also in semid climates (where the water competition among
plants is high,(Bombino et al., 2019b)- contains low lignin (and thus can be easily
incorporated into the soil ev time) and can be easily transported inside the forestland.
Therefore, its use as mulch material in faffected areas could be preferable to straw.
However, to the best authorsdéd knowl edge,
soil from ruroff and erosion impacts after fire are available in literature. The effectiveness of
soil mulching with forest residues, such as fern, are of utmygstrtance, to control runoff

and erosion generatioiherefore, the beneficial effects of this speciesh@nhydrological

properties of burned soils should be explored.
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This study evaluates surface hydrology of three Mediterranean forest stands (pine, oak and
chestnut) in Calabria (Southern ltaly) after a prescribed fire and mulching treatment with
fern in comparison to unburned soil. More specifically, IR, surface runoff and peak flow
were measured immediately and one year after fire using a portable rainfall simulator, and
SWR was determined using Water Drop Penetration Test. We aimed to test if: (i) water
infiltration is significantly reduced by fire in the short term, but the mulch cover with fern
can limit this decrease, and (ii) SWR can affect forest soil immediately after fire, but its

effect is temporarily, since it disappears after some months.

2. Materials and Methods
2.1. Study area

The experiments were carried out in three forest sites close to the municipality of Samo
(Cal abri a, Southern ITtaly) (Figureb9293 The
E; 4215327 N)was a reforested stamd pine Pinus pinasteAiton, age of 20 years old) at

an elevation between 650 and 700 m above s
E; 4216172 N) consisted of a natural stand of akefcus frainettd'en.) between 900 and

950 m. A third standvasa si te (AOrgar o0, 590389 E; 421
chestnut Castanea sativMill.) at 700-750 m. In all sites, shrub formations mainly consist

of Quercus ilex L., Rubus ulmifolius S., Leucanthemum vulgare (pime forest),
Cyclamen hedéiolium, Leucanthemum vulgare Lanfoak) and Rubus ulmifolius S.,
Pteridium aquilinum L., Leucanthemum vulgare Léchestnut). None of these forest stands

have been managed from their plantation.
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Figure 1. Location of the experimental site (Samo, Cakat8outhern Italy

The climate of the area is typically seenir i d ( i Cs a®u mmrhears s Me diiHtod r r
climate, according to Koppe(Kottek et al., 200§) Winters are mild and rainy, while
summers are warm and dry. The mean precipitation is 1102enyear, while the mean

annual temperature is 17.4 °C with minimum and maximum valuesA& and 43.1 °C,
respectively( we at her station o fUTM eoordindtdsg2d 1548 Nd e | I
595159E, period 200€2020)

2.2. Experimental design

In each gpeaimental site, two areas were delimited in forest hillslopes with the same
gradient (19.8 £ 0.62%) (Figure Al).
A first area (about 200 fhwas burned in early June 2019, simulating a prescribedrfie.
fire operations were carried out withe suppaof t he For est Regi onal
Ver deo) and the surveill ance During fir,eair Nat i
temperature was on the average 26 (Calamacia, pine forest) to 43 (Rungia, oak) °C (Figure
A2) The mean and maximum steémperatires, measured by a thermocouple (at a distance
of 0.50 from fire flame) connected to a datalogger at a soil depth of 2 cm, were 22.0 and
22.7 °C (pine), 21.0 and 26.9 °C (oak), and 24.7 and 28.8 (chestnut) °C. Fire operations
lasted from 15 to @ minutes,and flame had a maximum temperature between 645
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(chestnut) and 720 (oak) °@Vind was practically absent and air humidity was between 50
and 60%.

In this burned area, a small portion (about 3 was covered with small branches of fern,
which was cut fren an adjacent zone and spread on the ground at a dose of 50@fg/m
fresh weight (Figure A2) in the same day after the prescribed fire application. The mulch
dose is equivalent to a dry matter of 200 gth straw, usually applied in burned and
mulched aeas(LucasBorja et al., 2018; Vega et al., 2014)

A second area was not burned and |l eft undi
experimenal site.

The soils of the experimental sites were of loamy sand texture (10.6 + 2.57% of silt, 8.76 +
0.61% of clay, and 80.7 + 2.68% of sand), except for the unburned area of the pine forest in
Calamacia, which was sandy loam (10.1 = 1.01% of silt90001% ofclay, and 81.0 £
0.99% of sand).

Overall, the experimental design consisted of three forest stands (pine, oak and chestnut)

three soil conditions (unburned, burned and not treated, and burned and mulched).

2.3. Hydrological measurementsdaanalysis

For each forest stand and soil conditions, rainfall simulations were carried out in three points
randomly chosen. An Eijelkamp® rain simulator was usddl av| ovsg§ et al .,
al., 2013) accordng  the method setup by Bombino et@ombino et al., 2019g}Figure

A3). This simubtor allows reproducing rainfall with maximum height and intensity of 18
mm and 360 mm h (drop diameter of 5.9 falling 40 cm from the ground) and collecting
runoff and sediments in a small bucket. Previously, the simulator was calibrated by
gererating arainfall of 3.0 mm at an intensity of 37.8 mrt bver a surface area of 0.305 m

x 0.305 m.The water volume in the sprinkler tank (about 0.3 litres) was dosed by varying
the pressure head, as suggested in the operating manual. In more eégpadsturédeal on

the sprinklershas been properly tuned by moving the aeration tube upward or downward.
Throughout the simulated rainfall (300 s), the surface runoff volume was collected in a small
graduated bucket on a time scale of 30 s. The timeab, peak fow and cumulated runoff
volume were measured. More specifically, the time to peak was the time measured from the

rainfall start to peak flow occurrence.

Moreover, the infiltration curves were determined by subtracting the runoff from thdlrainfa

at eacl30-s time interval. The infiltration test stopped when three equal time measurements
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of instantaneous infiltration had been recorded. The final infiltration rate was assumed as the
IR.

Finally, SWR was measured immediately beside (about 0.26 th meaurenent point of

IR, using the Water Drop Penetration Test (WDPT) methetey, 1969; Woudt, 195%)n

a soil with a natural water content. According to this method, 15 drops of distilled water
were released, using a pipette, on the soifase. Thetime necessary for drops to
completely penetrate into the soil was measured. SWR was classified according to the values
of WDPT proposed byBisdom et al., 1993)i) non watefrepellent or wettable soil (class

0, WDPT < 5 s); (ii) slightly waterepellent soil (class 1, 5 < WDPT < 60 s); (iii) strongly
waterrepellent sil (class2, 60 < WDPT < 600 s); (iv) severely watepellent soil (class 3,

600 < WDPT < 3600 s); and (v) extremely watepellent soil (WDPT > 3600 s) (Figure

Ad) .

SWR is strongly influenced by soil humidifAlagna et al., 2017; Dekker and Ritsema,
1994) For this reason, soil water content (SWC) was also measured simultaneously to SWR
by a deice (Vegéronix VG400, accuracy of 2%, measurement rang®®), placed on the

soil surface and connected to a data logger (UX1zbhahnel Analog Logger, Onset
HOBO, Massachusetts, USA).

Although there was no difference between burned and not treatedllaas buned and
mulched soils immediately after fire (because the mulch material was not incorporated into
the soil), the WDPT tests were carried on both soil conditions since fire and mulch

application.

2.4. Statistical treatment

The statistical sigificanceof the differences among soil conditions for each forest stands
was determined applying\2ay ANOVA test to the hydrological variables measured (IR,
SWR, time to peak, cumulated runoff and peak flow). The latter was considered as
dependent varidés, while the simulation date (1 or 365 days from fire) and the soil
condition (unburned, burned, and burned and mulched) were the independent Tdtors.
pairwise comparison by Tukeyod6s test (at p
significance ofthe dfferences in the hydrological variables SWR among factarsrder to
satisfy the assumptions of the statistical tests (equality of variance and normal distribution),
the data were subjected to normality test or were squaretramsforme whenever
necessary and separately for each forest spedibs. statistical analysis was carried out
using the XLSTAT release 2019 software.
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3. Results

Soll infiltration rates started from values around38/mm/h (chestnut and pine) and-2@

mm/h (oakfor unbuned al burned and mulched soils immediately after the prescribed fire)
and decreased over time, when soil progressively was saturating. The time to steady
conditions was short, from 180 (unburned soil in oak forest) to 390 s. This time was
geneally lowerfor measurements made one year after fire for pine and oak forests, without
differences among the soil conditions. IR decreased faster in unburned soils immediately

after fire, and throughout similar times one year after (Figure 2).
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Figure 2. Infiltration aurves measured using a portable rainfall simulator after
prescribed fire and soil mulching with fern in the experimental (S§gemo, Calabria,

Southern ltaly).

The analysis of water infiltration in unburned soils under steady conditiomsssthe
highestIR in pine forest and the lowest in oak soil, while the soil covered by chestnut had
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intermediate values. This IR was on average stable over time, with very slight reductions in
chestnut and pine forests, and a slight increase in oatrsoyfear #er fire (Figure 3).

Although being of low severity, prescribed fire reduced the mean IR in soils of all forest
species compared to the unburned conditions (Figure 3), and these differences were
significant for chestnut and pine soils. The aggtion offern much helped in slightly
increasing the mean IR in chestnut and oak soils, but not in pine (Figure 3). These variations
were significant only for chestnut forest compared to burned soils, while the differences in
IR between unburned as wels burnedand muthed soils were significant only for pine

soil.

One year after fire, the differences between the two survey dates were significant for oak
and chestnut. The mean IR of burned soils increased compared to the measurements made
immediately ater fire. This efect was more noticeable in oak soils compared to chestnut
and pine forests. The soils mulched with fern showed the highest IR among all soil
conditions, except for pine soils. These values were always higher compared to the burned
soils with a notceableincrease detected in oak soils (Figure 3).

E Unburned M@ Burned @ Burned and mulched
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Figure 3. Water infiltration rate measured using a portable rainfall simulator after prescribed
fire and soil mulching with fern in the experimental g&amo, Calabria, Southern lItaly).
Note: different lowercae letters indicate significant differencestire interaction between

soi | conditions and time after fire, respe
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SWC did not show significant variations among all soil conditions in the two measnirem
dates vinen theSWR measurements were carried out. In more detail, mean SWC was always
in the range 1220% for all forests and soil conditions at both measurement dates, except for
oak soils immediately after fire, when SWC was on average between Z2%ndlthaigh

this difference was not significant (Figure 4).

The similarity in SWC among the three soil conditions for each survey makes possible the
comparisons of SWR values in the forest sl Jonge et al., 1999)mmediately after

fire, the unburned soils showed only a slight repellency (chestnut and pine) or no SWR
(oak). Prescribed fire determined a slight repellency in chestnut sdiite a stong
repellency was found in both pine and oak, with or without mulch cover (Figur&Hhs.
difference between the mulched and not treated soils was due to the natural variability of the
soil properties. Onlythe burned soil of oak forest had grsficantly different SWR
compared to unburned forest, while SWR of burned and mulched soils were always
significantly different compared to unburned sites. Fire increased WDPTs of all soils, and
the difference over time was significant for all forestcsg® Thesevariatons did not alter

SWR of chestnut forest (still in class 1), but made the pine and oak soils strongly repellent
(SWR of class 3). For the soils treated with fern mulch, WDPT values increased in chestnut
and pine, respectively, and desed in oakThe SWR class was the same as the burned
soils for all forests.

One year after fire all soils became r@pellent (SWR of class 1), as shown by the WDPT
values that were equal to one (Figure 5).
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and 2, respectively. The green line ideesfithe nomrepelleny condition of sdi. Different
lowercase letters indicate significant differences in the interaction between soil conditions
and time after fire, respectively, after T

The variations of the monitored hydraulioperties deerminedchanges in the hydrological
response of the three forest soils among the different conditions. More specifically, the
runoff generated in the unburned soils by the simulated rainfall did not show significant
variations at the two dated the expement. Rre negatively affected the runoff generation
capacity in chestnut and mainly in oak soils (but only in this case significantly), while this
increase was negligible for pin&oil mulching with fern was effective, although not
significantly, in reducing tre runoff response in chestnut soils, and less in oak forests, while
the runoff measured in pine soils was basically the same as the other soil conditions. One
year after fire, the hydrological response of oak soils was statisticalllasiamongthe

three conditions, while the burned soils of pine and chestnut showed a higher runoff
generation capacity (Table 1).

Small (£11.5%, pine and oak soils) or negligible (+5.2%, chestnut soil) variations in peak
flow were measured in all foresbits immedately afer the prescribed fire. The mulch
application reduced the peak flow in chestnut (by 50%) and oak (by 26.5%) soils down to
values that were even lower (by 18%, oak, and 47.4%, chestnut) than in unburned soils. In
contrast, in the pine fest treatd with mudching, the peak of the hydrograph increased by
13.6% compared to the unburned soil. One year after fire, the increase in peak flow between
burned and unburned soils became high only in the pine soil (+85.8%), while these
variations wee lower inthe otherforest soils (+10.3%, chestnut, and +27.9%, oak). The
mulch application did not noticeably alter the peak flow measured in the unburned soils of
chestnut (+6.9%) and 0ak3(3%) forests, which instead increased very much in pine soils
(+92.9%) (Table 1).

The time to peak (between 90 and 120 s in unburned soils) generally decreased (to 60 s) in
burned soils at both the dates of rainfall simulations, with one exception (150 s, pine forest
immediately after fire). Compared to unburned samulch aplicationincreased (chestnut

and oak soils, 150 s) or did not vary (pine forest) the time to peak immediately after fire.
One year after, this time was the same as in the unburned soils (chestnut and oak forest),

while decreased to 90 s in pigeils (Talke 1).
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Table 1.Runoff volume, peak flow and time to peak measured after prescribed fire and soil
mulching with fern in the experimental site (Samo, Calabria, Southern Italy). Mean + std.
dev. (n = 3).

Soil condition

Species ;‘:Irr:((edzf;z; Unburned Burned Burned and

mulched
Runoff (mm)

Chestnut 1 044 +£0.07a 060+0.11¢ 0.29+0.17 .
365 040+0.24a 056+0.05¢ 0.49+0.12.
Pine 1 0.33+1.00a 0.35+0.03¢ 0.36 £ 0.01 .
365 041+026a 064+057¢ 0.65+0.19.
Oak 1 0.54+0.40ab 1.21+0.00c 1.06 £0.30

365 0.63+0.06 ab 0.65 = 0.02 b 0.61+0.05¢

Peak flow (mm H)

Chestnut 1 1146 +0.85a 12.06+0.01a 6.03+5.12b
365 1166 +5.70a 12.86+2.41a 1246 +3.04 a

Pine 1 9.55+0.28 a 8.44 +1.84 a 10.8% + 10.23a
365 844+165a 1568+19.61b 16.28+1.21b
Oak 1 2452 +557a 27.34%*512a 20.10%x3.48a

365 13.67+4.18b 1749+0.70b 13.22+3.04b
Time to peak (s)

Chestnut 1 120 £ 60 a 60+30a 150+30b
365 90+7.67 a 60 + 30 a 90+0a

Pine 1 120+ 30 a 150+30b 120+ 60 a
365 120+ 30 a 60+60cC 90+0a

Oak 1 90*0a 90+0a 115+ 30 a

365 120+ 15b 60+15¢c 120+ 30c

Note: different lowercase letters indicate significant differences in the interactio

betweensilcondti ons and time after fire, respecti?

4. Discussion

The Mediterranean climate is characterized by flash rainfall event with very low duration

and, therefore, high intensitfFortugno et al., 2017)Moreover, the dominant runoff
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generati on mechaax c aiShakesby, 2014)Wheh & rhighintensity
rainfall exceeds the water infiltration raté soil, unoff canbe generated also in the early
stage of a rainstorm, and this makes significant our experimental rainfall simulation.
Moreover, the measurement of the IR carried out in this study relates to the unsaturated fire
affected soil, and thiparametemay be intially more important than saturated hydraulic
conductivity at the time scale of convective rainfall, which is typically short and only lasts
20-60 min, but common in many pesildfire response domainducasBorja et al., 2018;
Moody et al., 2013)Therefore, the rainfall simulations carried out in the experimental site
helped in identifyingthe changes in IR and SWR after the prescribed fire, whieh ar
somewhartontrastng in literature(Cawson et al., 2012 he IR of burned sal decreased

more rapdly compared to the other soil conditions (mainly one year after fire), and this may
be a detrimental effect for soil. The reduction in IR in the short term may be due to two
synergistic effects. First, the presence of the ash laftebyefire may haveclogged soll

pores and induced sealing of the soil surféiéegsstra et al., 2014; Onda et al., 2008)ile

was not able to increase water adsorption before infiltrggaifour and Woods, 2007;
Cerdaand Doerr2008) due to its small thickness. Other studies about prescribed fire have
shown that sh contributed to reduce infiltration, creating a thin layer (few mm) of low
porosity and permeabilityBalfour and Woods, 2007)Second, fire has induced t®sa
repellency in the soils of all forest species, with particular intensity in pine and oak forests
(where repellency was strong). This result is basically in line with some previous studies,
which showed that increases in SWR are common afteiritemsty fires (PlazaAlvarez et

al., 2018) However, literature results are not consistent about occurrence and extent of SWR
after pr eAlafizietak, @018)smae svaterepellencesnay increas¢Granged et

al., 2011) does not chang@®&obichaud, 20009r decreaséPierson et al., 2008)

Reductions in water infiltration rates have been shown by some authors aftebpcefies
(Robichaud, 2000; Wittenberg and Malkinson, 20@Rit these effects are limited to a few
months after burning and geneyadire not significan(Fernandez et al., 2008; Pla&ivarez

et al., 2019)In contrast, significat decreasesinsteadyt at e i nyl trati on r
other studies in areas burned with prescribed fires, and these reductionstmareedtto

the synergistic effects of increased water repellency and sealing, and reduced vegetation
cover(Cawson et al., 2016)

In the oak wood of our experimental site, the noticeable SWR did not lead to as much
significant decrease in IR, and this may be surprising, since an increase in repellency is

generally associated to lower water infiltratibNittenberg and Malkinson, 20Q9R and
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SWR (measured by WDPT) are physical parameters that quantify two different processes
(infiltration and hydrophobicity). The variability of these processes may be opposite
(increases in hydrophobicity can be assodidte decreases in water infiltration), but, in
some cases, may be the sg@ema et al., 2021aand this depends on a number of physical
and chemical properties of soil (mainly organic matter, texture, plant spésesmatter of

fact, Cawson et aCawson et al., 2013tated that the increase in SWR is not the only
reason of infiltration reduction after leimtensity fire. The low content of clay in the
experimental soils could have been a reason of the limited effect of SWR affecting the
burned soils, since soils with prevailing fine fractions generally exhibit the highest effects of
repellency(De Jonge et al., 1999Yloreover, it can not be excluded that prescribed fire only
had a punctual effect on soil repellency, without affecting the entirswddce exposed to
rainfall. This is in close accordance with Neary and Leoiibiehry and Leonard, 2021)

who stated that water repellency occurs in very localized zones after prescribed fires, and
these spots usually do not play sigrant effects over larger aredsis also possible thahe
initially low infiltration rate of oak soils may have gradually increased as water repellency
was broken down, as reported (Bobichaud, 2000; Cawson et al., 2Q1&s0 when water
repellency is moderately strongollowing some of thes studies these increases are
generally of low extent, and this makes the effects of SWR on soil hydraulic properties
negligible (Doerr et al., 2006; Robichaud, 200@ possible explanation of IR decrease
measured in the pine forest may be the partial seafisgibdue to waxaromatic oiland

resin of trees (released after fire). Instead, water repellency did not affect soils with species
(oak and chestnut) that do not release tlwesepoundgDoerr et al., 2000; Cawson et al.,
2016)

The irregula distribution of litter and herbaceous covers in chestnut forest let the prescribed
fire had a patchy nature, which smoothed its effects on the-temortchanges in soil
hydraulic properties. This is in accordance with Cawson €Calwvson et al., 2012who

state that lowfire severity and burn patchiness are the main reasone sfhll impacts that
follow prescribed burning. The decoupling of SWR and IR in soils covered by different tree
species was noticed also by Zema et(Aéma et al., 2021ah similar forest ecosystems
covered by pines, junipers and oaks. However, all these effects require more atioestig
since it is quite difficult to disentangle the actions of soil coating due to resin release and
water repellency due to the OM conté@awson et al., 2016; Doerr et al., 2003)

The reductions in IR measured immediately after fire in soils of all forest species were of

4550 % compared to the unburned conditions
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response. As a matter fafct, while the runoff generation capacity of the unburned soil was
stable,fire increased the runoff generation capacity up to 120% in oak forest (presumably
due to the complete litter burning in this broadleaves species, which retain rainfall and
shadowssoil from erosion)At plot scale, also Vega et éV/ega et al., 2005)iorales et al.
(Morales et al., 2000and Vieira et al(Vieira et al., 2015)measured significantly higher
runoff volumes compared to unburned soils throughout one year after a prescribed fire.
Conversely, the application of the prescribed fire had a lower effect on peak flows
(maximum increas of 11%). In other wordgshe prescribed fire did not affect the peak
values of the runoff hydrograph measured throughout the rainfall simulations, and this
means that fire is not able to enhance the flood risk due to increased peak flows. This
complies vith the statements by Robichaud et (&obichaud, 200Q)who report constant
runoff hydrographs in rainfall simulations after low intensity burns. In contrast, Keesstra et
al. (Keesstra et al., 2014pticed in runoff hydrographs after rainfall simulations a sudden
increase in the runoff rate and then a quick decrease until a constant value of runoff.
However, sce in our study the time to peak of burned soils sometime decreased compared
to unburned soils, an increase of the time of concentration in flood events may be possible,
and this requires attention.

Soil treatment with fern mulch, whose immediate effeah soil were only mechanical,
limited the reduction in water infiltration due to fire in oak and chestnut forests (IR lower by
46% and 35% compared to unburned soils). Consequently, the runoff measured in these
soils decreased compared to fakected aeas (by 10 to 50%), and was higher by 96%
(oak) or even lower by 35% (chestnut) compared to the unburned areas. Also peak flows
were noticeably lower than in both unburned and burned conditigtts to -50%,
respectively). The lower hydrological respomse¢he mulched areas may be also due to the
soil roughness, which was increased by the vegetal residues distributed over §alnd.
mulching also reduced the time to peak in the short terwontrast, no effects of mulching

on IR, runoff, peak flow antime to peak were detected in pine soils. This may be due to the
ineffectiveness of mulching treatment in reducing SWR, which is the main reason of IR
decrease in pine soils. ConversdBgntoGoncalves et al(BentoGongalves et al., 2012)
think that pine needles fell after prescri
cover, thusreducingver | and pow.

The increase in IR of burned soils (@ or not) over time is expecté¢dicafiz et al.,

2018; Cawson et al., 2012)his increase may be primarily due to the disappearance of ash,

sealing and repellencywith a vanished effect on water infiltrabilityand secondarilyo the
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incorporation of litter residues into soils in burned areas, which sums up to the vegetal
residues of fern in mulched soils. SWR after prescribed fires is usually of short duration,
since the hydrophobic compounds are slightly water soluble asdhBsgenerally one or

two years after firgdRobichaud, 2000)In some Mediterranean pine forests, the effects of
SWR even disappeared just after one month from (flazaAlvarez et al., 2018)Soil
enrichment in orgnic matter is beneficial for the hydraulic properties of soils. Although no
measurements in OM were made in this study (that focuses the hydraulic response of soils
rather than the physical and chemical properties), the high amounts of litter mateskl in
forest visually noticed on the survey area compared to the other species may support this
explanation. As a matter of fact, the IR increase was more noticeable in oak soils compared
to chestnut and pine forests, and the same effect was observed hednstals, which
showed the highest IR. It is worth to highlight that oak soils treated with fern mulch not only
showed the highest IR among all the investigated soil conditions, but their infiltrability was
even higher by 110% compared to the unburneld.doi any case, IR of mulched soils was

by 15% (for pine soils) to 60% (oak forest) higher than in burned areas, and this proves the
effectiveness of mulching in improving the hydrological properties of soils after burning.
Despite the increases measuiedR in mulched areas, one year after the prescribed fire the
runoff generation capacity of the treated soils was not significantly different compared to the
other soil conditions in chestnut or oak forests. As a matter of fact, variations in runoff
betwesn -3 and +20%, and in peak flow betweéhand-7% were detected, and the same
was noticed for the times to peak, whi ch
not influenced by mulching. In pine forest, mulching determined increases in rumbff an
peak flow by 2 and 4%, respectively, which means that the hydrological response of burned
and treated soils (runoff generation, peak of hydrograph and time to concentration) even
worsened compared to burned but not treated forests. Although fern hated leaf cover

(at least in comparison to broadleaf species), the residues can retain water, which afterwards
can evaporate, thus limiting surface runoff. However, water drops may flow over the stems
and leaves of the residues, with quicker path comparéte overland flow, and therefore a
runoff velocity that is higher. To avoid this undesired process, a patchy distribution of fern
residues over ground can be suggested, which creates a hydraulic disconnectivity in these
quick water flow paths. Unfortately, the small size of the simulator area does not allow
evaluating the impacts of mulching in decreasing hydraulic connectivity, which is a
beneficial effects in reducing the travel times of water and sediment flows at the catchment

scale(Hooke, 2003) An inaeased hydraulic connectivity after wildfire may have serious
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off-site effects, such as increased risk of flooding and pollution of water bodies. The vegetal
residues of the mulch cover over ground increases soil roughness and represent obstacles
against he water and sediment flows, disrupting the continuity of runoff and sediment

pathways.

5. Conclusions

This study has evaluated the changes in soil infiltration of pine, chestnut and oak forests due
to prescribed fire and pofite treatment with fern moh in field experiments using a
rainfall simulator. The fire application reduced water infiltration immediately after fire
compared to the unburned conditions, and this reduction has been ascribed to the released
ash andSWR. This latter effect was moretre@able in pine forest and less intense in oak
soil. These reductions in IR in the window of disturbance after fire increased the runoff
generation capacity (conversely stable in unburned soilsl) soils, but had a lower effect

on peak flows. Due tche lower reduction in infiltration in oak and chestnut forests due to
fern application after fire,al mulching limited runoff rates and peak flows compared to the
burned soils. In contrast, the treatment was less effective in pine forest.

One year aftefire, IR increased in burned soils (treated or not) over time, since ash cover,
sealing and SWR disappeared and the residues of litter and mulch were incorporated in the
soil. Mulched soils in oak forest showed the higlierincrease compared to chestrantl

pine forests. However, this increase was not able to determine significant reductions in
runoff and peak flow in treated soils compared to burned and unburned conditions.
Therefore, the effects of mulching have disappeared after some months from fire.

Overall, this investigation has confirmed both twerking hypothesis that prescribed fire
may worsen the soil 6s h 'y d r mdicbing iisc matticularlye s p o r
effective in reducing runoff volumes and peak flow immediately after fire iadeaves
species (but not in conifers). Its hydrological effects decrease over time until being not
significant or even negligible some months after fire, and, in conifers, even detrimental. This
study has been carried out at local scale and under sichuatéall, and has not evaluated

the erosion response of burned soils (treated or not). Further research is needed with field
scale extension to plots or hillslopes (perhaps incorporating the time variability of natural
rainfall and comparing soil loss the different conditions). This extension is welcome in
order to consider the patchy nature of prescribed fire and the effects of mulching on
hydraulic connectivity, and to give indications about the most suitable distribution of mulch

material over soi(e.g., homogenous cover or patchy distribution).
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Appendix A

Figure Al. Prescribed fire operains (a) and mulching application (b) in the

experimental sit§Samo, Calabria, Southern Italy).
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Figure A2. Experimental areasnburned or subjected to prescribed fire and mulching
with fern (Samo, Calabria, Southdtaly). (a) oak; (b)chestnut; (c) pine.

Figure A3. Measurements of soil hydraulic conductivity (using a portable rainfall

simulator) and fern mulch application into the rainfall simulator at the experimental site
(Samo, Calabria, Southern il
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Figure A4. Measurements of soil water repellency (by the WDPT method) in the
experimental site (Samo, Calabria, Southern lItaly).

44



CHAPTER 2

Prescribed fire and soil mulching with fern in Mediterranean

forests: Effects on surface runoff and erosion

Bruno Gianmarco Caa, Giuseppe Bombirfp Manuel Esteban LucdBorje?, Pedro
Antonio PlazaAlvareZ, Dani e | al, DRrdefig Ansonid Zenda

liMedi terraneao University of Reggio Cal abr
Vito, 1-89122 Regg Calabria (Italy)

2 Castilla La Mancha University, School of Advanced Agricultural and Forestry
Engineering. Department of Agroforestry Technology and Science and Genetics, Campus
Universitario s/n, E02071, Albacete (Spain)

Corresponding author: dzemai@rc.it

Abstract

Prescribed burning is increasingly used to reduce the wildfire risk, and the need to limit
runoff and erosion suggest treating burned soils with mulching. To this aim, fern residues
may be more advisable compared to the commonly usad, since this matial is directly
available in forests and has lower drawbacks. However, thdipostydrological effects of

both prescribed fire and soil mulching are contrasting in literature, and fern has not
previously experimented as mulchingtevéal in Mediterrapan forests. To fill these gaps,

this studyhas evaluated the soil hydrological response in small plots installed in three
Mediterranean forests (pine, chestnut and oak) after a prescribed fire and mulching
treatment with fernComparedto the unburned sks, runoff and erosion significantly
increased immediately after fire (0% to 375% for the runoff coefficients, and by 100%

to 800% for the soil lossesHowever, these increasase much lower compared to the
highest values repodeby some studies.hE negative impacts on the hydrological response

in burned soils werdimited to threefour months. Subsequently, the e runoff and
erosion rates of the burned soils were practically restored, and the hydrological changes
were notsignificant compar@to the unburned soils. In the short term after prescribed fire

application, soil mulching with fern residues was effective to limit the increase in the
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hydrological response of the burned and not treated soils, simodéf coefficieris and
erosion wereeduced by 280% in oak soils and 780% in chestnut and pine forests. The
changes surveyed in soil hydrology were associated with variations in the infiltration rates
and water repellency immediately after fire, previously detectebdersame experimeaht

site. The restoration of water infiltration rates and disappearance of soil repellency gained
importance over time, and the incorporation of mulch residues become beneficial in driving

the shortterm runoff and erosion response d thurned soils.

Keywords: ecological engineering techniques; pfig management; hydrological

response; pine; chestnut; oak.

1. Introduction

Fire, a key ecological factor in the earth syst@francos and Ubeda, 2021jnpacts o
many componentsfcecosystems (soil, air, water, plants and fauna, (BgBano et al.,
1998; LucasBorja et al., 2019b; Kozlowski, 2013 well as on ecosystem services, society
and economyNadalRomero et al., 2018; Pereira et al., 2018&ese effects depend on
several factors, such dse history, intensity and severity, fuel quantity, properties and
topography of soils, vegetation species, density and cover, weather patterfXg\etia et

al., 2014, Pereira et al., 2018b; Francos et al., 2018; Zema, 2021)

With specific regard to thenvironmental impacts, wildfire removes vegetation and reduces
its capacity to recover, and determines Kamjing changes in soil properti@deary et al.,
1999; Certini, 2005; Shakeshy, 201Vegetation removal (which leaves soil bare) and soil
changes (with increase in water repellency, destruction of aggregates and neiductber
infiltration) due to wildfire increase the surface runoff and erosion rates. Moreover,
transport of nutrients and contaminants downstream of burned forests is enfiNaagdet

al., 1999; Certini, 2005; Shakesby and Doerr, 2006; Cawson et al., 2012; Vieira et al., 2015;
Zema, 2021)Moreover, the runoff and erosion rates come back to thérprealues after

five to ten yearglnbar et al., 1998)The increase ipooding and erosion risks after fire is
an essential problem for land owners and catchment mar(&yats et al., 2015)

In order to limit the negative impacts of highverity fires, preventing strategies have been
adopted since long tim@erreira et al., @.5) Among these strategies, prescribed fitbe
planned use of lovintensityyre to achieve very different goals given certain weather, fuel
and topographic conditionf~ernandes et al., 2013)is considered as a primary and

integrated option to remove or reduce the fuel that can generate-mteig$ityyre (Vega
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et al., 2005; Alcafiz et al., 2018pPrescibed fire, which has lovgeverity and burn
patchinesgfCawson et al., 2012; Pereira et al., 202oids high temperature in soil and

tree crown burning, whichra the most adverse effects of wildfire on soil and plants. In
addition, prescribed fire supports regeneration of some plant sgecexs and Ubeda,

2021; Scharenbroch et al., 2012; Williams et al., 202yeases in runoff and erosion after
prescribed fires are lower compared to wildfires, but these risks are still p(iekens et

al., 2013; Shakesby et aR015) Runoff and erosion increases have been observed after
prescribed fires in different ecosystems, such as heathlands, shrublands arfulegaset

al., 2005) In the Mediterranean forests, these increases may be even more intense compared
to otherrainstorms(Fortugno et al., 2017and tre soils are generally shallow with low
aggregate stability, and organic matter and nutrient conf€atston etal., 2011) Dueto

the combination of these climate and soil characteristics, the Mediterranean forests may be
more exposes to excessive runoff and soil erosion rates compared to other ecosystems
(Zema et al., 2020a, 2020b)herefore, there is a neéar an improved knowledge about

soil hydrology in Mediterraneajre-prone forests, also considering that both wildfires and
rainstorms are thought to become more frequent and intense according to the forecasted
climate scenariofBadia and Marti, 2008)However, despite an ample literature about the
impacts of fire on soil hydrology, the studies about the hydrological effects of prescribed
yre are not exhaustive and often contrasfi@gwson et al., 2012; Shakesby et al., 2015)
According to(GonzélezPelayo et al., 201@nd(Vega et al., 2005)ncreases in runoff and
erosion by one and two orders of magnitude, respectively, may be observed compared to
unburned areagCawson et al., 2013)in contrast,(Coelho et al., 2004and (de Dios
BenavidesSolorio and MacDonald, 2005gported minimal erosion after prescribed fire
(Morris et al., 2013)(Keesstra et al., 2014gported even lower erosion in areas burned
with prescribed fire compared to unburned forests, despite comparable runoff.

I n order to reduce s oi bsiorstofseyseweralpgréaimentsihave y t
been proposed and their effectiveness has been verified in many environmental contexts
(LucasBorja, 2021; Zema, 2021Among the ecological engineering techniques, which use
vegetative residues faoil conservation, mulching is one of the most common-fr@st
management optionducasBorja et al., 2019a; Prosdocimi et al., 201B)e objective of
mulching is protecting soil with ground cover and improving soil quality, if used properly
and at the correct tim@Prosdocimi et al., 2016; Ziturat al., 2019) However, posfire
mulching can also have negative effects. In some cases, mulching reduces the soil hydraulic

conductivity under unsaturated conditions compared to untreated soils, particularly in the
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drier season(LucasBorja et al., 2018) Mulching material is selected based on its
availability, resistace to degradation, weed spreading risk and other fa@arfizkar et

al., 2021; Prats et al., 2B)L Straw is often used as mulch cover in -ffeected areas
(Bontrager et al., 2019; Keizer et al., 20,1B)t its residues can be displaced by wind in
some areas, leaving slopes bare, or accumulated in thick layer in other areas, with possible
reductions in posftire vegetation emergencéRobichaud et al.,2020) Moreover,
agricultural straw may contain seeds, chemicals and parasites, which can be the sources of
nortnative vegetation and plant diseases. Forest residues (e.g. wood strands, chips or
shreds) or dead plants may replace straw, because thetatssbdo not carry nemative

seeds or chemical residues, and are more resistant to wind displa¢Rot@nhaud et al.,

2020) In Mediterranean forest floor, fernPteridium aquilinum(L.) Kuhn - is widely
available (which avoids the trarmp need from other locations) and its lignin content is
lower compared other agforest residues (which allows a fast degradation into soil).
Therefore, its use as mulching material in -Bifeected areas is preferable to straw.
However, at the best asthr s 6 knowl edge, no evaluations
burned soil from runoff and erosion impacts are available in literature. Therefore, the
effectiveness of fern mulching to restore the hydrological properties of soils should be
assessed, anagicularly in the shofterm after fire, when the soil is left bare and the soll
changes (e.g., reduced infiltration, soil water repellency and ash cover) can be significant
compared to the unaffected ar¢@swson et al., 2012; Francos and Ubeda, 2021; Klimas et
al., 2020; Wittenberg and Pereira, 2028 previous study, carried out in the same
environment ging a rainfall simulator, showed that soil mulching with fern did not increase
water infiltration and did not alter soil water repellency of burned soils in the measurement
point immediately after a prescribed fire. One year after the soil treatmensothe
hydraulic conductivity noticeably increased and repellency completely disapg€aned

et al., 2021)

To fill the research gaps and extend the previous investigation to the plot scale, this study
has evaluated the hydrologigasponse of soils in three forest stands of Calabria (Southern
Italy) after a prescribed fire and mulching treatment with fern in comparison to undisturbed
soils. More specifically, surface runoff volumes and soil losses were measured after natural
precpitation throughout one year after fire together with soil covers in pine, oak and
chestnut forests. The specific research questions are the following: (i) how much does the
prescribed fire affects runoff and erosion rates on the short term after itsatippl? (ii)

how | ong i s the i@rrossdr avd Wadliams,dlDo®)t sailrhydeology e 0
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due to fire? (iii) are the fern residues effective as mulching cover to eedumoff and
erosion after fire?

The experimental replies to these questions study may be of help to promote the use of both
prescribed fire against the wildfire risks and soil mulching with fern as ecological

engineering technique for forest soil conseion.

2. Material and methods

2.1. Study area

The study was carried out in three forest sites (municipality of Samo, Calabria, Southern
Italy) between 600 and 900 m above sea level (Figure 1 and Table 1), of which: (i) the first
ar ea ( ACa lsa mpiaecPinasop)nasteraiton) stand reforested in 1984; (ii) the
second site (ARunNgi &oeycusifrainet@dlenn;aahdu(iii) ahe thima k s
zone (AOrgaro0o0) was a chestnut-yewmtold)nMo ( Ca:
management dons were carried out in the three forest stands. Table 1 reportsathe m
characteristics (coordinates, altitude and soil slope) of the experimental site, while the main

characteristics of tree and shrub species are depicted in Table 2.
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Figure 1- Location of the experimental site (Samo, Calabria, Southern Italy).
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Table 1- Main characteristics of the experimental site (Samo, Calabria, Southern Italy).

Site Main fqrest U.T.M. Aspect Altitude Slope
species coordinates (ma.s.l.) (%)
Calamacia Pine 45291%2392372 SouthWest | 650700 | 20.0 +0.82
Rungia Oak 4528186613752i| North-East | 900950 | 19.1 +1.65
Orgaro Chestnut 55105358 3? OEN West 700750 | 20.3+£0.96

Table 2- Main characteristics of the three foresnsisin the experimental site (Samo, Calabria, Southern Italy).

Tree
. . . _ Litterfall layer .
Site . density |diameter at breast | height basal area Shrub species
species . depth (cm)
(n/ha) height (cm) (m) (m?/ha)
ine Quercus ilexL., Rubus
Calamacia . b , 950 + 86.4 28.3+94 205+1.4 | 67.9+6.5 11.7+4.6 ulmifolius  S., Bellis
(Pinus pinasteAiton) .
perennisL.

. oak Cyclamen hederifoliun

Rungia (Quercus frainettden.) 225 +44.7 40.7 £ 8.9 182+19| 31.1+3.6 12.2+3.9 Bellis perenni..
chestnut Rubus ulmifolius S.,
Orgaro 725+ 89.1 20.2+5.6 96+12 | 243+44 6.1+4 Pteridium aquilinum L.

(Castanea sativaMiill.)

Bellis perennid..
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The climate of the area is typical ofthesemi i d envi r on me n-sumei Cs a 0
Medi t err ane andbg tec Kopperékotek et a.,c2006)Winters are mild and

rainy, while summers are warm and dry. The mean annual precipitation and temperature are
1102.3 mm and 17.4 °C, respectively. The minimum temperatwetid °C, while the

43.1 AC (weather st atWUTdrcoomifatesSant 6
4217548 N, 595159 E, period 262020).

Table 3 shows the main characteristics of these soils for each experimental condition

maximum i S

(unburned, burned and not treated, and edirand muihed soils).To summarize, all soils

were loamy, except the unburned area of the pine forest, which was sandy loam.

Table 3- Main characteristics of the soils in the experimental site measured immediately

after the prescribed fire and befohe tmulchimg treatment (Samo, Calabria, Southern Italy).

. Main forest| Soil Texture
Site : i Type
species |condition silt (%) clay (%) | sand (%)
Calamacia pine unburned 10.0 + 1.01] 9.0 £ 0.00| 81.0 + 0.99 sandy loam

burned | 6.3 +3.06| 8.7 +0.58|85.0 + 3.61

Rungia oak unburned 12.7 + 1.53| 9.7 £ 0.58| 77.7 + 1.15
burned [10.3 £ 2.25| 8.7 £ 0.58| 81.0 £ 2.02 loamy sad

Orgaro chestnut unburned 12.3 £ 2.31] 8.0 £ 1.73| 79.7 £ 0.58
burned [11.3 £ 1.53| 8.7 £ 0.58|80.2 £ 1.04

2.2. Prescribed fire operatienand mulbing application

The prescribed fire was carried out in early June 2019 with the support of the Environmental
Regional Agency (Calabria Verde) and the surveillance of the National Corp of Firefighters
(Figure 2a).

The main conditions during firapplicaton to the experimental site (temperatures of fire
flame, air and soil) are reported in Table 4. These variables were measured by a
thermocouple connected to a datalogger at a soil depth of 2 cm. Wind was practically absent
and air humidity betwee50 and 6%.
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Table 47 Main conditions during prescribed fire application to the experimentalSst® 0,

Calabria, Southern lItaly).

. Main forest Temperature
Site . . . -
species fire flame air soll
mean max mean max mean max
Calamacia pine 88.3 712 25.7 102 219 22.7
Rungia oak 98 720 43.0 180 21.0 26.9
Orgaro chestnut 75 645 29.1 139 24.7 28.8

In the burned area, one day after fire, some plots (see section 2.3) were covered with small
pieces (maximum length of 5 cm) of fern. The plants werdroat an adacent zone in the

same forest and the fresh residues were spread on the ground. The applied dose was 500
g/n? of fresh weight, which is equivalent to 200 g/of dry matter (commonly used as

straw mulching after fir¢LucasBorja et al., 2018; Vega et al., 20X#&)gure 2b).
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(b)

Figure 27 Prescribed fire operations (a) and fern mulch applied to three plotkdb) in

the experimental sit€Samo, Calabria, Southern Italy).

2.3. Experimental design

One of the most useful tools to study the effects is applying experimentates and
measuring their effects on soil hydrology in plots; this allows the doati evaluabn of

the fire and soil conditions before, during and after the experifGnizalezPelayo et al.,

2010) The current study has adopted the suggested approach and, in each experimental site,
nine small plots (three series, each one with thrpkceged plos) were delimited on forest
hillslopes with the same gradient (Table 1). The plots were at a reciprocal distance between
1.5 and 20 m. Three plots were setup in th
six plots were in the burnedea. In thedtter soils, three plots were subjected to mulching

with fern. Overall, the experimental design consisted of three forest stands (pine, oak and

chestnut)?® three soil conditions (unburned, burned and not treated, and burned and

mulched)® three replicateglots, for a total of 27 plots (Figure 3).

2.4. Plot construction

Immediately after fire, the plots (each one beirg 3ong and im wide and covering an
area of 3 M) were hydraulically isolated in each forest area (unburned, burned and no
treated, ad burned and mulched soil), using @r8high metallic sheets inserted up to 0.2 m
below the ground surface, in order to prevent the flow of surface water (Figure 2b).
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Downstream of each plot, a transverse channel was installed, to inteecettén anddid

material flows. These flows were collected through a pipe into ditt&@ank.

Unburned Burned Burned and muifched

Figure 37 Scheme and plot layout of the experimental design used for the hydrological

monitoring after prescribed fire and soil mulching using féaniq Calabria, Suthern

Italy)
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2.5. Monitoring of the hydrological variables

Hydrological measures started immediately after site installationJund 2019) and were
carried out throughout 15 months (until rgéptember 2020).

A weather station with aipgping bucketrain gauge (measuring shiourly data) was
installed at a maximum distance of 1 km from the experimental sites, to measure
precipitation height, storm duration, and rainfall intensity. Mean rainfall intensity was the
total rainfall divided bythe storm dtation. Moreover, an additional rain gauge (measuring
only the rainfall height) was installed in each forest site, in order to estimate the rainfall
intercepted by the tree canopy and check the spatial variability of the rainfall measured by
the main weatdr station.

The surface runoff and sediment concentration produced by the monitored rainfalls were
measured following the procedures suggestetiunasBorja et al. (2019bandBombino

et al. (2021) To summarize, runoff samples were collected by mixing the water in the tank
and collecting three separate samples, totalling about 0.5 litres. The samples were brought
to the laboratory, where thevere overdried at 105 °C for 24 hours. After drying, the
sediments were weighted and referred to the sample volume, in order to calculate the
sediment concentration. The soil loss produced by the ramfadiff event was estimated

by the product of theunoff volune by the sediment concentration. The runoff coefficients

were also calculated as the ratio of runoff to rainfall.

2.6. Statistical analyses

Oneway ANOVA with repeated measures (at each raintaloff event) was applied to

the runoff volume and soildss (response variables) separately for the three forest species,
assuming as factor the soil condition (unburned, burned and not treated, and burned and
mul ched) . The pairwise comparison by Tukey
the statistid significance of the differences in the response variables. In order to satisfy

the assumptions of the statistical tests (equality of variance and normal distribution), the
data were subjected to normality test or were squaretnargforned whenever ecessary.

All the statistical tests were carried out with the XLSTAT software.
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3. Results
3.1. Rainfall characterization

Throughout the monitoring period 516 rainfall events with a total depth of mh2@ere
recorded at the rain gaugirstation. Of heg events, only seven wettassified as erosive
events (that is, with depth over 13 mm), according to Wischmeier and Smith (T8&3).
height of these events was in the range 22.4 (14 July 20289 (11 March 2020) mm,

while their durabn varied betwen7 (14 July 2020) and 41 (11 November 2019) hours.
The latter was the most intense event (mean intensity of 26.2 mm/h), while the maximum
intensity was recorded for the event of 23 November 2019 (Table 5). One event (dated 24
July 2020) poduced runofanderosion only in the chestnut plots. The spatial variability of

the precipitation among the three forest sites was very low (< 5%) for all the monitored
events. The net rainfall (due to the interception) was betweki?s! (pine and chestih

forests) and-12% (oak site) of the total precipitation (Table 5).

Table 5- Main hydrological varialds of rainfall events monitored in the experimental site

(Samo, Calabria, Southern lItaly).

Date Height . Net height (mm)* Duration (h) Intensity (mm/h)

(mm) | pine | oak | chestnut max mean

15 Jul 2019 65 61.8 59.8 60.5 36 22.2 1.99
9 Oct 2019| 49.9 45.4 43.9 44.9 26 14.6 1.85
11 Nov 2019 142.8 | 135.7| 132.8 132.8 41 26.2 3.49
23 Nov 2019 87.1 82.7 81.0 81.9 19 24.7 4.58
5Dec 2019| 147.2| 141.3| 1384 1398 30 19 4.90
24 Mar 2020 155.9 | 149.7 | 146.5 149.7 32 13.8 2.86
14 Jul 2020| 22.4 20.6 19.7 20.4 7 12.8 2.58

Note:recorded at the rain gauge station under tree canopy in each forest.

3.2. Runoff

In the unburned plots, the maximum runoff (from 13.11#2Imm in thepine forest to 18.1
+ 12.9 mm in chestnut forest) was measured always after the rainfall with the highest
height (156 mm, 24 March 2020). In oak forest, a high runoff (16.4 + 3.11 mm) was also
collected after the event with the highest meatensity (26.2mm/h on 11 November
2019, 143 mm in 41 hours). In one event (9 October 2019, 50 mm), having the lowest
height among the erosive rainfalls, no runoff was collected in the unburned chestnut and

oak forests (Table 6).
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Conversely, the highestumoff volume n the burned plots was always collected after the
first of the monitored events. More specifically, on 15 July 2019 (one month after the
prescribed fire), the runoff was 22.3 + 1.35 mm in the chestnut forest, 22.3 = 4.21 mm in
the pine standand 31.3 = 29 in oak plots. The first rainfall event produced the highest
runoff also in the burned and mulched plots of chestnut and oak forests (6.61 + 1.16 mm
and 23 = 3.69 mm, respectively), while in the pine plots the maximum runoff (10.4 + 0.80
mm) was measuredfterthe second event (11 November 2019, 143 mm of rainfall) (Table
6).

As mentioned above, the hydrological response of the three soil conditions was interpreted
in terms of runoff coefficient, which standardizes runoff to the unit rdirfalunburned

plots, this coefficient showed a low variability-@08, pine, 0.0:0.17, chestnut, and 0.00

0.19, oak forest) (Figure 4).

In contrast, immediately after the prescribed fire, the runoff coefficient suddenly increased
in all forest plots (p to 0.34 + M2, pine, 0.34 £ 0.06, chestnut, and even 0.48 + 0.04, oak
forest). In pine and chestnut plots, a high runoff coefficient was also noticed also after the
second storm (0.22 + 0.08 and 0.34 = 0.11, respectively), while, in the oak forest, this
coefficient decreagd to values (0.20 = 0.06) that were very similar to the unburned soil
and remained in the range 0.14 + 0.02 to 0.18 £ 0.08. In the pine and chestnut plots, the
runoff coefficients decreased over time, and, after the third precipiexemnt, returad to

very low values (between 0.06 = 0.01 and 0.13 + 0.04 for pine, as well as 0.09 + 0.08 and
0.17 = 0.08 for chestnut), close to the undisturbed soils (Figure 4).

Mulching with fern was effective in decreasing the runoff generation cgpacinediately

after the prescribed fire particularly in pine and chestnut plots. In these forests, the runoff
coefficients after the first rainfall event were 0.10 £ 0.02 and 0.10 + 0.03, respectively,
which means that the runoff volume collected in thet phnks wasess tlan one third
compared to the burned soils. In contrast, in oak plots, the runoff coefficient was 0.35 +
0.06, about 27% less than in the burned plots. Over time, in burned and mulched plots of
pine and oak forests the runoff coefficieastored toltte valies of the unburned soils (0.06

+ 0.01 to 0.09 £ 0.01, and 0.07 + 0.06 to 0.12 + 0.01, respectively, while, in the chestnut
plots, these coefficients decreased to values significantly lower (0.02 £ 0.01 to 0.06 = 0.02)
compared to theamtrol soils Figure4).
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Table 6- Runoff volume and its sediment concentration measured in plots after prescribed fire and soil mulching using fern (Samp, Cala

Southern Italy).

Runoff volume (mm) Sediment concentration (g/l)
Event date Unburnedsoil Burned sd Bumed 223 mulche Unburned soil Burned soill Burned ggi? mulche
Mean | Std. De Mean | Std. Dey] Mean | Std. Dey Mean | Std. Dey Mean | Std. Dey Mean | Std. Dev
Pine
15 Jul 2019, 4.69 1.74 22.31 1.35 6.63 1.16 1.20 0.34 2.35 0.36 1.64 0.37
9 Oct2019 0.00 0.00 11.03 3.74 4.37 0.33 0.00 0.00 1.47 0.14 0.26 0.02
11 Nov 2019 10.22 4.80 11.12 0.53 10.35 0.80 0.47 0.45 0.21 0.13 0.18 0.02
23 Nov 201§ 6.18 4.78 7.01 1.02 5.41 1.73 0.11 0.12 0.19 0.10 0.03 0.02
5Dec 2019, 7.85 6.59 8.44 1.02 8.91 2.40 0.00 0.00 0.07 0.05 0.00 0.00
24 Mar 2020 13.06 11.16 19.77 5.98 8.81 0.60 0.02 0.02 0.03 0.02 0.03 0.01
Chestnut
15 Jul 2019, 4.69 0.68 22.30 4.21 6.61 1.69 1.65 0.54 2.32 0.18 2.17 0.24
9 Oct 2019 8.44 1.16 16.98 5.44 3.00 1.23 1.86 0.59 2.08 1.14 0.58 0.26
11 Nov 2019 13.45 8.25 16.93 9.04 4.64 1.93 0.27 0.05 0.43 0.13 0.19 0.04
23 Nov 201§  8.39 4.32 12.49 8.29 2.51 0.41 0.30 0.03 0.55 0.11 0.10 0.02
5Dec 2019, 11.10 6.60 13.03 11.86 3.24 0.71 0.10 0.00 0.07 0.06 0.00 0.00
24 Mar 2@0| 18.13 12.92 22.11 12.07 2.98 0.29 0.16 0.11 0.25 0.12 0.13 0.05
14 Jul 2020, 3.37 1.28 3.85 1.72 1.25 0.37 0.00 0.00 0.00 0.00 0.00 0.00
Oak
15 Jul 2019, 12.55 2.90 31.34 2.29 22.98 3.69 1.58 0.15 1.48 0.37 1.51 0.09
9 Oct 2019 0.00 0.00 10.00 3.13 3.27 2.83 0.00 0.00 0.90 0.26 0.51 0.89
11 Nov 2019 16.35 3.11 20.64 3.05 17.81 1.68 0.31 0.06 0.34 0.13 0.32 0.06
23 Nov 201§  7.70 2.80 15.86 6.84 9.66 0.17 0.59 0.22 1.12 0.96 0.89 0.29
5 Dec 2019 11.01 1.30 21.11 10.64 16.52 0.86 0.40 0.17 0.48 0.20 040 0.09
24 Ma 2020, 16.36 6.01 22.11 5.32 18.78 1.20 0.32 0.06 0.37 0.05 0.29 0.03
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Figure 4 - Precipitation and runoff coefficients measured in plots after prescribed fire and
soil mulching using fern (Samo, Calabria, Southern jtaly

Notes: U = wunburned soils;B = burned and not treated soils; B + M = burned and

mul ched soil s. Different |l etters indicate
test (p < 0.05).

3.3. Erosion

Sediment concentration in the collected runoff was alwaysitpeest for thefirst event

after the prescribed fire (15 Jul 2019) with one exception. More specifically, for this event,
the burned and not treated soils showed the maximum sediment concentration (from 1.48 +
0.37 g/L., oak, to 2.35 + 0.36 g/L, pinel. pine and chestt pbts,- the latter giving 2.32 +

0.18 g/L of sediment concentration, this variable was about-f2ld the sediment
concentration measured in the unburned soils (1.20 + 0.34 g/L and 1.65 + 0.54 g/L,
respectively). However, in the chestnforest, thisevent did not give the maximum
sediment concentration, which was instead measured after the second event after the fire
(1.86 + 0.59 g/L, 9 Oct 2019) (Table 6).

Compared to the burned soils, mulch application allowed a noticeable ddorsaskiment
conentraton for this first event only in pine forest (1.64 + 0.37 g/L), while this variable was
only slightly lower in chestnut (2.17 £ 0.24 g/L) and even higher in oak (1.51 £ 0.09 g/L)

plots. In general, the relatively high erosion surveyethe unburnedoil was due to the

61



lack of precipitation in the -3 months before and immediately after fire, which made the
soil drying and therefore exposed to higher rainfall erosivity (Table 6).

Throughout the monitoring period after the first evéimé, sediment aaentation was still
noticeable for the second event in burned plots (treated or not) of all forest species and also
in unburned plots of chestnut, with values over 0.90 + 0.26 g/L (the latter measured in
burned plots of oak without treaémt). After 45 months this concentration decreased to
very low values in all soil conditions. Mulch cover was able to decrease the sediment
concentration to values that were noticeably lower compared to the burned soils and in many
cases also to unburnedils (Table 6)

While no temporal trend in this decrease was noticed in unburned soils, a monotonic
lowering was detected in burned plots of pine (with or without mulching). Moreover, for
some events with relatively low precipitation sediment was celieict burned st (eg., 9

Oct 2019, 50 mm and 14.6 mm/h, for pine and oak forests), but not in the paired unburned
plots. Another event with high precipitation height (5 Dec 2019, 147 mm and 19.0 mm/h)
gave runoff, but no erosion, due to the fact th& precipitationwas siow (which smelt
immediately producing surface water), which has a negligible detachment capacity (Table
6).

As expected, the solil loss, estimated as the product of the runoff volume collected in the
tanks by the corresponding sedirh@oncentrationwas d low amount in the unburned

plots (up to 5.31 + 1.40 g/in pine forest, and 7.37 + 2.72 dfin oak, both estimated in

the first event of 15 Jul 2019, 65 mm and 22.2 mm/h, and 15.34 + 3.3 Ing¢hestnut, the

latter after the semd event of 9 €& 2019, 50 mm and 14.6 mm/h) (Figure 5). For these two
events, erosion increased very much in burned soils of all forests, and mainly in pine and
chestnut soils. In these plots, maximum values of soil loss equal to 51.61 + 632261l
13.67g/n? (first evet of 15 Jul 2019, 65 mm and 22.2 mm/h) were detected, while in oak
soils erosion was noticeably lowek5.12+ 2.87 g/n? (although higher compared to the
unburned plots). However, mulching was effective to reduce these soil lodsese w
maximum valiles wee equal to 10.62 0.99 g/m (pine forest), 14.58 + 4.80 gfm
(chestnut), and 11.53 + 2.23 d/ifvak), always after the first events (15 Jul 2019) (Figure

5).

After the first two events, soil loss showed a low variability in unbusodd (in the ange 0

to 4.63 + 3.57g/n? for pine, 3.55 + 2.18/n? for chestnut, both on 11 Nov 2019, 143 mm
and 26.2 mm/h, an8l.44+ 2.79g/n?, for oak, estimated after the last event of 14 Jul 2020,

22.4 mm and 12.8 mm/h). In burned and not treatéld srosion demasedover time, but
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this decrease let soil loss be similar as the values estimated in the unburned plots only in the
pine forests (fron.59 + 0.47g/m? to 2.35 + 1.43y/mP). In contrast, in the plots of the other
forest species, the sddsses were hlger conpared to the unburned soils (up to 7£78.01

g/n? in chestnut, and to 14.16 6.13 g/n? in oak, both occurring in the third and fourth
event, respectively) (Figure 5).

Covering soil with fern mulch was able to reduce erosion mamlpine and ch&tnut
forests, and less in the oak soils compared tedfifected plots. In more detail, maximum

soil losses were equal 1087 + 0.33and0.81 + 0.16g/m? (both surveyed in the third event

of 11 Nov 2019, 143 mm and 26.2 mm/h), respebtjwghile erosim wasalways over 5.40

+ 0.81g/n? in oak plots (event of 24 Mar 2020, 156 mm and 13.8 mm/h). In pine and
mainly chestnut plots, the estimated soil losses for all monitored events were even lower in
comparison to unburned soils, while the-fire erosionrateswere restored in oak forests

only for two eventsi1 Nov 2019and24 Mar 2020) FFigure 5).
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4. Discussion
4.1. Effects of prescribed fire on runaffd erosion

Soil hydrology is altered by after fire (also in the case of low intensity, as the prescribed fire)
(Cawson et al., 2012; Pereira et al., 2018b; Zema, 2G21) he fire-induced chmnges
influence the hydrological response, which in this study has been quantified by the runoff
coefficient and soil loss. It is important to limit as much as possible the increases in runoff
and erosion rates adopting suitable gost management techegues impemented at the
hillslope scale(LucasBorja, 2021) and this study has evaluated the effectiveness of soil
mulching using fern.

All forest soils showed low runoff coefficients (not higher than 0.2@)clwmeans that|so

after very intense storms (12060 mm, having return interval estimated # $ears in this

area), the runoff generation capacity of these soils is basically limited. This is mainly due to
the high water losses occurring in foreswvieonments, on wigh high soil infiltration

(mainly due to the noticeable organic matter content), tree canopy interception (especially in
the broadleaf tree species), water retention by litter and understory, andtregpiration

rates are beneficiakg.,( | meson et al ., 1992,; LIl orens e
2016) The low runoff generation measured in the undisturbed soils also limited the erosion
rates, whose maximum value was 0.15 tons per hectare (chestnut forts)rhost interss
rainsbrm. Cumulating all the monitored erosive events, erosion never exceeded 0.33 tons/ha
throughout the monitored year, and this value is well belowtdlegance limit between 3

and 11.2 tons/ha per ye@azzoffi, 2009; Wischmeier and Smith, 1978)

Immediately after the prescribed fire application, the runoff generation capacity of the soil
significantly increased in all forest plotgor the first rainfall event, thisncrease was
quartified between 150% (for oak) and 375% (for pine and chestnut forests) compared to the
prefire values (represented by the unburned solleg higher overlanghow immediately

after burning was presumably due to the decrease in roughness of surf§Seosbil2011)

and reduction in soilb6s water s(Goversaeega., due
2000; Shakesby et al., 2015)

The surveyed increase in runoff is in accordance (Atidreu et al., 2001)who reported

that the maximum runoff is reached during the early storms after the prescribed fire, the first
months being the most critical period for runoff productiGonzalezPelayo et al., 2010;

Rubio et al., 2003)The significant runoff generation observed in this period in this study

(about 2 to 4old the values measured in the unburned platsypties with the results of
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(Vega et al., 2005who found increases in runoff between 2 and 5 times the control values
in gorse shrublandsf Galicia (NW Spain), although having a wetter climate compared to
Southern Italy. In disagreement with the latter stud{@jynzalezPelayo et al., 2010)
reported 1€fold runoff after prescribed burning in a Mediterranean shrub ecosystentalose
Valencia (Spain).

In our study, immediately after the fire erosion was in the range 0.09 (oak) to 0.59 (chestnut)
tons/ha. Throughout one to five years after prescribed burning, other authors reported
erosion in the rang8.2-4.1 tons/ha under natureinfall in Mediterranean shrubland and
grasslandVega et al., 2005)n contrast, according {&hakesby et al., 201,5o0il losses at
hillslope scale were never higher than 2.41 tons/ha in the first year after the prescribed fire.
A large range of soil loss is shown fdyeary and Leonard, 202Xjom 0.1 to 15 tons/ha per

year after lowintensity fires.

The soil loss in our burned plots was much higher compared to the unburned soils
throughout four to five months after burning. Immediately after application, fire made the
soil exposed to erosiomagicularly in pine and chestnut forests, and less in oak plots. The
increase in the erosion rates due to fire is variable from 500% in chestnut to 800% in pine
for the first event, while increase was only 100% in oak forest. The erosion rates surveyed in
pine and chestnut forests are higher than the values repor{S&atoyet al., 1994and close

to those of(Soler et al., 1994)The 2fold soil loss surveyed in oak forest compared to the
unburned soils is similar to the increases in burned areas repor{&kedey et al., 2005)
Therefore, erosion is not minimal following prescribed, in contrast @Wthrris et al.,

2013) (Coelho et al., 2004)and (de Dios BenavideSolorio and MacDonald, 2005put

never remarkable, as found by other research. For instance, accor@@gnizalezPelayo

et al.,2010) Inbar et al., (1998)Campo et al., (2006 andCawson et al., (2013krosion

can increase even by 100 times the unburned soils after prescribed fire.

The worsened hydrological response of burned soils in the experimental plots was mainly
ascribed to two effects: (i) the reductions in the water infiltration rates (in soils of all forest
species); and (ii) the occurrence of soil water repellency (particularly in pine and oak soils).
These statements are supported by the results of the mestialy carried out bfCarra et

al., 2021) who have evaluated the water infiltration rate (IR) and soil water repellency
(SWR) in the same forest stands, using a portable rainfall simulator to measure IR, and the
Water Drop Penettimn Test(Bisdom et al., 1993; Letey, 1969; Woudt, 1959) estimate

SWR.
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In more detail, regarding the water infiltration measurements, the prescribed fire reduced the
mean IR in the soils of all forest species comgdecethe unburned conditions. The increase

in SWR may also have played an important role in increasing runoff and erosion
immediately after fire in pine and oak soils. While in chestnut soils the prescribed fire did
not alter the slight repellency found wnburned plots, burning determined a strong
repellency in both pine and oak soils, with or without mulch c(@arra et al., 2021)

Presumably, also the litter and vegetation removal by fire may have played an influence.
Since liter and shrub covers were almost completely removed by fire in pine and oak
forests, the soil was left bare and thus exposed to the effects of overland flow in runoff and
soil detachment as well as to rainsplash erosion. This fire effect was lower mutHiesstst,

where the litter amount over ground was much lower compared to the other solls.

The changes in the hydrological response of the burned soils were not permanent, but
noticeable throughout-8 months. Five months after burning, the low-fare runoff
generation capacity of the unburned soils was practically restored, and the same decreasing
trend was noticed for erosion in pine soils (where, one year after fire, the soil loss became
very similar as the control plots). Although declined over timeall forest plots, the
increased erosion rates, noticed in the chestnut and oak forests, are still evident after more
than one year elapsed from fire application, but, in any case, these changes in soil hydrology
were not significant. This means thag trecovery of the prére hydrological conditions in
burned soils is not complete, although this does not play significant effects on runoff and
erosion rates. According to the previous study®arra et al., 2021Yhis recovery ray be
ascribed to the increase in the mean IR SWR disappearance, both detected one year after
fire. SWR disappeared in few months, losing importance on hydrology of burned soils,
which became noerepellent. Moreover, in our experimental plots, we visuadificed that,
progressively over time, the littand shrub covers were recovering in oak and pine stands,
thanks to the vegetation regeneration over the burned soils. In contrast, in chestnut soils,
litter cover was still limited after one year, as in #udl condition immediately before and

after the prescribed burningyegetation recovery and litter accumulation during the growing
season reduced the impacts of heavy storms during the wet season in forests, preventing
high soil loss(Klimas et al., 2020)Herbaceous and shrub vegetation, and leaf litter covers
reduce runoff and erosion rates thsuri rainfall interception, soil surface protection, and
evapotranspiration(DeBano et al., 1998; Sayer, 2Q@oof et al., 2011; Vega et al., 2005;
Walsh and Voigt, 1977)increases in surface roughness due to vegetation and litter on soil

determine longer time for overland flow takes to begin during a iGawson et al., 2012;
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Johansen atl., 2001; LeightorBoyce et al., 2007; Pierson et al., 2009; Stoof et al., 2011;
Vega et al., 2005)

Overall, regarding the effects of prescribed fire on soil hydrology, our study confirms the
icl as s-yre erosipnocarte characterised by an early single peak immediately after
burning, theoretically reported bgShakesby et al., 2015; Shakesby and Doerr, 2006;
Swanson, 1981)with erosion strongly declining irhé subsequent perigglimas et al.,
2020) According to the literaturehe effects of an inglidual prescribed burn lasts for a
short period, from three montl{Stephens et al., 2004p one yearnBéche et al., 2005;
Cawson et al., 20125o0il loss then decline in subsequent months after §Nieary et al.,
2005; Neary and Leonard, 202and is extensive in area but small in magnit(Merris et

al., 2014)

4.2. Effects of mulching on runoff and erosion

Soil reatment with fern mulch provided an effective soil protection, which was able to
improve the hydrological response of burned sdilslching is effective in reducing runoff

and erosion rates, since the mulch layer provides a cover that reduces rairirctpaina
prevents soil sealindLucasBorja, 2021) promotes infiltration(Bombino et al., 2021,
2019) and decrease rufforelocity (Lal, 1976) (Prats et al., 2016). Moreover, mulch cover
synergistically acts with the remaining litter after burn{dMgga et al., 2005)owards a
reduction in the hydrological response of the burned soils to heavy seasonal storms.
However, it should be noticed that the response ofettperimental soils was different
among the studied forest species in the short term, but very similar between the two
monitored hydrological variables. More specifically, fern mulching was particularly
effective in reducing the runoff generation capaaitynediately after the prescribed fire in
both pine and chestnut plots. Here, reductions in runoff coefficients and erosior8b¥670
were achieved compared to burned soils. Conversely, this reduction was much lower (25
30%) in oak plots. The effectivenest fern mulching in our study is higher compared
results withPrats et al., (2015, 2012013, 2012)who reported runoff reductions between

40 and 60% produced by mulching with forest residues or hyaiohing during thdirst

year, andGroen and Woods, 2008nhd(Robichaud et al., 2013\vho achieved decreases in
runoff between 30 and 60% using straw mulch under rainfall simulations and small paired
catchments, respectively.

In our study, the beneficial effects of mulching treatment in the short term were not

generally due to changes irethydraulic properties of the soils (namely IR and SWR), and
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this contrasts the statement {al, 1976) who reports that a mulch layer increases water
inyltration and surfagstorage, and improves soil structure and pord$itats et al., 2015)

This is confirmedby (Carra et al., 2021Wwho reported that in the same forest stands the
mean IR slighy increased in chestnut and oak soils, but did not vary in pine fostR.

was not affected by mulching, in accordance \{Rtats et al., 2015 his result is expected,

since the vegetal residussjuire time to be incorporated into the soil and to play effects on
soil hydrology (Bombino et al., 2021, 2019)nstead, ralching played its déctiveness
providing soil with a cover of vegetal residues, as shown by the decreases in bare soil
percentage and progressive establishment of litter (except in chestnut) and shrubs compared
to burned soils.

The improvement of hydrological response ofriad forests due to mulching was losing
importance over time, since pfiee soil hydrology (runoff coefficients and erosion rates)

was restored just some months after burning. However, in pine and chestnut soils, the runoff
generation capacity was evenvier compared to unburned plots, and the same was observed
for erosion in chestnut forest. This means that soil treatment with mulching may be effective
also several months after fire, since the vegetal residues have been incorporated into the soll,
where @ganic matter increases and play beneficial effects on soil macroporosity and
infiltration capacity(Bombino et al., 2021, 2019; Luc8®rja et al., 2019b; Shabanpour et

al., 2020) As a matter of factpne year after firethe study by(Carra et al., 2021)
demonstrated thahe infiltration capacity of soilsnulched with fern noticeably increased

over time, particularly in chestnut and oak, and less in pine soils among all soil conditions.
However, the incomplete recovery of the-fire values of IR did not significantly tar the

runoff and erosion rates compared to the unburned soils, and it may be presumably that this
recovery will complete in the short tel@arra et al., 2021)

One year after fire, the litter cover was restored in the oak aedgoasts, but the area with

bare soil was higher compared to the soil condition immediately after the prescribed
burning, since the mulch cover has progressively disappeared due to wind and degradation
of the vegetal material. A comparative analysis @& dlhganic matter content among the
different soil conditions not carried out in this study, since it was beyond its hydrological
focus- could have quantified the amount of degraded mulch residues incorporated into the

soil over time.
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5. Conclusions

This study hagvaluated runoff and erosion in soils of thte®e species d¥lediterranean

forest after a prescribed fire and mulching treatment, and the results help in repltheg to
threeresearch questions supporting the investigation.

First, immedidely after the prescribed fire, runoff and erosion significantly increase in all
forest plots compared to the unburned soils, but these increEs@% (o 375% for the
runoff coefficients, and 100% to 800% for the soil losses) are much lower compared to th
highest values reported by some studies.

Secondly, thevindow of disturbance after fire is limited to thrieir months after fire, and

after five months the prre runoff generation and erosion rates of the soils are practically
restored, and, if theunoff and erosion are still increased compared to the unburned soils,
these changes are not significant.

Thirdly, the mulch application using fern residues, which is widely available in
Mediterranean forest and is more advisable compared to the mostooons® of straw, is
effective to limit the increase in the hydrological response observed in the burned soils. This
has been demonstrated fductions in runoff coefficients and erosion by8% (except

for oak soils-25-30% for both runoff and erosioi) the experimental sites.

The changes in soil hydrology due to the prescribed fire are dthe teeductions in IR,
occurrence of SWR (particularly in pine and oak soils), and litter and vegetation removal.
The soil cover due to mulching is effective aitsl influence on water infiltration and
repellency is very limited on the hydrological response of the burned soils, while the
increases in these hydraulic properties gain importance over time and become beneficial one
year after fire, even determining some cases higher infiltration and lower runoff and
erosion compared to the unburned soils.

Further research is needed (i) to validate the results of this study achieved at the plot scale
through upscaling at the hillslope or better catchments scaleiatmdgxplore the influence

of the physicechemical properties (particularly for organic matter content) on soil
hydrology under burned (with and without treatments) conditions.

Overall, the results of this investigation can support the tasks of landseapgyers to
identify proper fuel management practices for wildfire risk reduction (such as the prescribed
fire), and of hydrologists to identify cheap and effective techniques of ecological

engineering (such as the mulching with fern) in forests.

70



Acknowledgements

Bruno Gianmarco Carr’” was supported by th
Nazionale Ricerca e Innovazione 2eA40 2 O , Fondo Sociale Europe
l nnovativi con Caratteri zzazi onyofHducdtanst r i a
University and Research (MIUR) 202821.

We <cordially thank the management and st
Regginodo and ACal abria Verdeod (Reggio Ca
Firefighters ( iitWairgaludble support in graswiled fire) appfication and

monitoring of the forest sites.

References

Alcafiiz, M., Outeiro, L., Francos, M., Ubeda, X., 20E8fects of precribed fires on soil
properties: A review. Sci. Total Environ. 613, 9987.

Andreu, V., Imeson, A.C., Rubio, J.L., 2001. Temporal changes in soil aggregates and water
erosion after a wildfire in a Mediterranean pine forest. Catena #8469

Badia, D., Marti, C., 2008. Fire and rainfall energy effects on soil erosion and runoff
generation in serrarid forested lands. Arid Land Res. Manag. 22,198.

Bazzoffi, P., 2009. Solil erosion tolerance and water runoff control: minimum environmental
standards. Redenviron. Change 9, 16979.

Béche, L.A., Stephens, S.L., Resh, V.H., 2005. Effects of prescribed fire on a Sierra Nevada
(California, USA) stream and its riparian zone. For. Ecol. Manag. 218,937
https://doi.org/10.1016/j.foreco.2005.06.010

Bisdom, E.BA., Dekker, L.W., Schoute, J.T., 1993. Water repellency of sieve fractions
from sandy soils and relationships with organic material and soil structure, in: Saoll
Structure/Soil Biota Interrelationships. Elsevier, pp.ila3.

Bombino, G., Denisi, P., Gomed.A., Zema, D.A., 2021. Mulching as best management
practice to reduce surface runoff and erosion in steep clayey olive groves. Int. Soll
Water Conserv. Res. 9, IZ86.

Bombino, G., Denisi, P., Gémez, J.A., Zema, D.A., 2019. Water infiltration and surface
runoff in steep clayey soils of olive groves under different management practices.
Water 11, 240.

Bontrager, J.D., Morgan, P., Hudak, A.T., Robichaud, P.R., 2019.-lesny vegetation
response following podtre straw mulching. Fire Ecol. 15§ 12.

71



Campgq J., Andreu, V., Gimen&arcia, E., Gonzéalez, O., Rubio, J.L., 2008currence of
soil erosion after repeated experimental fires in a Mediterranean environment.
Geomorphology 82, 37@87.

Canton, Y., SoldBenet, A., De Vente, J., Boixayos, C., CalwLases, A., Asensio, C.,
Puigdefabregas, J., 2011. A review of runoff generation and soil erosion across scales
in semiarid soutfeastern Spain. J. Arid Environ. 75, 1P5261.

Carra, B.G., Bombino, G., Denisi, P., Plaaarez, P.A., LucaBorja, M.E., ZemaD.A.,

2021. Water Infiltration after Prescribed Fire and Soil Mulching with Fern in
Mediterranean Forests. Hydrology 8, 95.

Cawson, J.G., Sheridan, G.J., Smith, H.G., Lane, P.N.J., 2013. Effects of fire severity and
burn patchiness on hillslogeale suiace runoff, erosion and hydrologic connectivity
in a prescribed burn. For. Ecol. Manag. 310,i2B3.

Cawson, J.G., Sheridan, G.J., Smith, H.G., Lane, P.N.J., 2012. Surface runoff and erosion
after prescribed burning and the effect of different fire reginm forests and
shrublands: a review. Int. J. Wildland Fire 21, 8572.

Certini, G., 2005. Effects of fire on properties of forest soils: a review. Oecologiail4B, 1

Coelho, C. de O.A., Ferreira, A.J.D., Boulet-H, Keizer, J.J., 2004. Overlandof
generation processes, erosion yields and solute loss following different intensity fires.
Q. J. Eng. Geol. Hydrogeol. 37, 22310.

de Dios BenavideSolorio, J., MacDonald, L.H., 2005. Measurement and prediction of
postfire erosion at the hillslope dea Colorado Front Range. Int. J. Wildland Fire 14,
457 474.

DeBano, L.F., Neary, D.G., Ffolliott, P.F., 1998. Fire effects on ecosystems. John Wiley &
Sons.

Fernandes, P.M., Davies, G.M., Ascoli, D., Fernandez, C., Moreira, F., Rigolot, E., Stoof,
C.R., Vega, J.A., Molina, D., 2013. Prescribed burning in southern Europe: developing
fire management in a dynamic landscape. Front. Ecol. Environ. 14144

Ferreira, A.J.D., Alegre, S.P., Coelho, C.O.A., Shakesby, R.A., Pascoa, F.M., Ferreira,
C.S.S., Keizer].J., Ritsema, C., 2015. Strategies to prevent forest fires and techniques
to reverse degradation processes in burned afadsna 128, 22237.

Fortugno, D., Boix Fay o s , c. , Bombi no, G. , Deni si , P
V., Zema, D.A., 2017Adjustments in channel morphology due to larsg¢ changes
and check dam installation in mountain torrents of Calabria (southern Italy). Earth
Surf. Process. Landd2, 2469 2483.

12



Francos, M., Pereira, P., Alcafiz, M., Ubeda, X., 2018.-Ridfire management effects on
shortterm evolution of soil properties (Catalonia, Spain, -EWope). Sci. Total
Environ. 633, 286292.

Francos, M., Ubeda, X., 2021. Prescribed fnanagement. Curr. Opin. Environ. Sci. Health
100250.

GonzalezPelayo, O., Andreu, V., Gimer®arcia, E., Campo, J., Rubio, J.L., 20Rainfall
influence on plosscale runoff and soil loss from repeated burning in a Mediterranean
shrub ecosystem, Valeia¢ Spain. Geomorphology 118, 44¥52.

Govers, G., Takken, I., Helming, K., 2000. Soil roughness and overland flow. Agronomie
20, 131 146.

Groen, A.H., Woods, S.W., 2008. Effectiveness of aerial seeding and straw mulch for
reducing postvildfire erosion, mrth-western Montana, USA. Int. J. Wildland Fire 17,
559 571.

Imeson, A.C., Verstraten, J.M., Van Mulligen, E.J., Sevink, J., 1992. The effects of fire and
water repellency on infiltration and runoff under Mediterranean type forest. Catena 19,
345 361.

Inbar, M., Tamir, M. i, Wittenberg, L., 1998. Runoff and erosion processes after a forest fire
in Mount Carmel, a Mediterranean area. Geomorphology 28317

Johansen, M. P. , Hakonson, firf€ ruboff and &osiersflora ar s ,
rainfall simulation: contrasting forests with shrublands and grasslands. Hydrol.
Process. 15, 2952965.

Keesstra, S.D., Maroulis, J., Argaman, E., Voogt, A., Wittenberg, L., 2014. Effects of
controlled fire on hydrology and erosion under simulated rainfall. Cuaestigy.
Geografica 40, 26294.

Keizer, J.J., Silva, F.C., Vieira, D.C., Gonzakelayo, O., Campos, I., Vieira, A.M.D.,
Valente, S., Prats, S.A., 2018. The effectiveness of two contrasting mulch application
rates to reduce pofite erosion in a Portugse eucalypt plantation. Catena 169; 21
30.

Klimas, K., Hiesl, P., Hagan, D., Park, D., 2020. Prescribed fire effects on sediment and
nutrient exports in forested environments: A review. J. Environ. Qual. 498793

Kottek, M., Grieser, J., Beck, C., RUfjdB., Rubel, F., 2006. World map of the Képpen
Geiger climate classification updated.

Kozlowski, T.T., 2012. Fire and ecosystems. Elseuvier.

73



Lal, R., 1976. Soil erosion problems on an alfisol in western Nigeria, and their control. Int.
Inst. Trop. Agric Monogr.

L ei g Bayoe,nG., Doerr, S.H., Shakesby, R.A., Walsh, R.P.D., 2007. Quantifying the
impact of soil water repellency on overland flow generation and erosion: a new
approach using rainfall simulation and wetting agent on in situ soil. Hydrol. $3roce
Int. J. 21, 23372345.

Letey, J., 1969. Measurement of contact angle, water drop penetration time, and critical
surface tension.

Llorens, P., Latron, J., Alvare2obelas, M., Martine¥ilalta, J., Moreno, G., 2011.
Hydrology and biogeochemistry of meslranean forests, in: Forest Hydrology and
Biogeochemistry. Springer, pp. 3(GIL9.

LucasBorja, M.E., 2021. Efficiency of podire hillslope management strategies: gaps of
knowledge. Curr. Opin. Environ. Sci. Health 100247 .

LucasBorja, M.E., GonzaleRomero, J., Plazdlvarez, P.A., Sagra, J., Gomez, M.E.,
Moya, D., Cerda, A., de Las Heras, J., 2019a. The impact of straw mulching and
salvage logging on pos$ite runoff and soil erosion generation under Mediterranean
climate conditions. Sci. Total Enviro54, 441451.

LucasBorja, M.E., Plazéilvarez, P.A., GonzaleRomero, J., Sagra, J., AlfaBanchez, R.,
Zema, D.A., Moya, D., de Las Heras, J., 2019b. Steonh effects of prescribed
burning in Mediterranean pine plantations on surface runoff, sodiar and water
quality of runoff. Sci. Total Environ. 674, 60622.

LucasBorja, M.E., Zema, D.A., Carra, B.G., Cerda, A., Plahaarez, P.A., Cézar, J.S.,
GonzalezRomero, J., Moya, D., de las Heras, J., 2018. Skam changes in
infiltration between straw mulched and nemulched soils after wildfire in
Mediterranean forest ecosystems. Ecol. Eng. 122327

Morris, R.H., Bradstock, R.A., Dragovich, D., Henderson, M.K., Penman, T.D., Ostendorf,
B., 2014. Environmental assessment of erosion followirgggribed burning in the
Mount Lofty Ranges, Australia. Int. J. Wildland Fire 23, i1D¥6.

Morris, R.H., Bradstock, R.A., Dragovich, D., Henderson, M.K., Penman, T.D., Ostendorf,
B., Morris, R.H., Bradstock, R.A., Dragovich, D., Henderson, M.K., Penman, T.D
Ostendorf, B., 2013. Environmental assessment of erosion following prescribed
burning in the Mount Lofty Ranges, Australia. Int. J. Wildland Fire 23, 108.
https://doi.org/10.1071/WF13011

74



NadalRomero, E., Cammeraat, E., Serraoela, M.P., Land&enault, N., Regués, D.,
2016. Hydrological response of an afforested catchment in a Mediterranean humid
mountain area: a comparative study with a natural forest. Hydrol. Process. 30, 2717
2733.

NadalRomero, E., Lasanta, T., Cerda, A., 2018. Integrating Extensive Livestock and Soill
Conservation Policies in Mediterranean Mountain Areas for Recovery of Abandoned
Lands in the Central Spanish Pyrenees. A Loagn Research Assessment. Land
Degrad. Dev. 2962 273.

Neary, D.G., Klopatek, C.C., DeBano, L.F., Ffolliott, P.F., 1999. Fire effects on
belowground sustainability: a review and synthesis. For. Ecol. Manag. 122,.51

Neary, D.G., Leonard, J.M., 2021. Restoring fire to forests: Contrasting theseajfesbils
of prescribed fire and wildfire, in: Soils and Landscape Restoration. Elsevier, fip. 333
355.

Neary, D.G., Ryan, K.C., DeBano, L.F., 2005. Wildland fire in ecosystems: effects of fire on
soils and water. Gen Tech Rep RMBIR-42-Vol 4 Ogden UT U®ep. Agric. For.

Serv. Rocky Mt. Res. Stn. 250 P 42.

Parhizkar, M., Shabanpour, M., LueBerja, M.E., Zema, D.A., Li, S., Tanaka, N., Cerda,
A., 2021. Effects of length and application rate of rice straw mulch on surface runoff
and soil loss under labdoay simulated rainfall. Int. J. Sediment Res. 36,146@.

Pereira, P., Bogunovic, I., Mufidojas, M., Brevik, E.C., 2018a. Soil ecosystem services,
sustainability, valuation and management. Curr. Opin. Environ. Sci. Healti %, 7

Pereira, P., Bogunowj |., Zhao, W., Barcelo, D., 2021. Short term effect of wildfires and
prescribed fires on ecosystem services. Curr. Opin. Environ. Sci. Health 100266.

Pereira, P., Francos, M., Brevik, E.C., Ubeda, X., Bogunovic, I., 2018b-fiRosoil
management. CurOpin. Environ. Sci. Health 5, 82.

Pierson, F.B., Moffet, C.A., Williams, C.J., Hardegree, S.P., Clark, P.E., 2009.
Prescribedire effects on rill and interrill runoff and erosion in a mountainous
sagebrush landscape. Earth Surf. Process. Landf. 342033

Prats, S., Abrantes, J., Crema, |.P., Keizer, J.J., Pedroso de Lima, J., 2015. Testing the
effectiveness of three forestsidue mulch application schemes for reducing-figest
runoff and soil erosion using indoor simulated rain. Flamma 6,163

Prats, S.A., dos Santos Martins, M.A., Malvar, M.C., B&m, M., Keizer, J.J., 2014.
Polyacrylamide application versus forestsidue mulching for reducing pefate

runoff and soil erosion. Sci. Total Environ. 468, #644.

75



Prats, S.A., MacDonald, L.H., Monteiro, M., Ferreira, A.J., Coelho, C.O., Keizer, J.J., 2012.
Effectiveness of forest residue mulching in reducing -ficstrunoff and erosion in a
pine and a eucalypt plantation in nedéntral Portugal. Geoderma 191, 1184.

Prats, S.A., Malvar, M.C., Vieira, D.C.S., Keizer, J.J., 2013. Effectiveness of hydromulching
to reduce runoff and erosion in a recently burnt and ldddaritime Pine stand in
north-central Portugal. Land Degrad. Dev. DOI 10.

Prosdocimi, M., Tarolli, P., Cerda, A., 2016. Mulching practices for reducing soil water
erosion: A review. Eartisci. Rev. 161, 191203.

Prosser, I.P., Williams, L., 1998. The affeof wildfire on runoff and erosion in native
Eucalyptus forest. Hydrol. Process. 12, 2245.

Robichaud, P.R., Lewis, S.A., Brown, R.E., Bone, E.D., Brooks, E.S., 2020. Evaluating
p o wildfire logging slash cover treatment to reduce hillslope erosider aalvage
logging using ground measurements and remote sensing. Hydrol. Process. 84, 4431
4445,

Robichaud, P.R., Lewis, S.A., Wagenbrenner, J.W., Ashmun, L.E., Brown, R.E., 2013. Post
fire mulching for runoff and erosion mitigation: Part |: Effectivenassreducing
hillslope erosion rate€atena 105, 192.

Rubio, J.L., Andreu, V., GimerBarcia, E., 2003. Disefio y funcionamiento de una estacion
experimental para el estudio del efecto de los incendios forestales sobre el suelo, los
procesos erosivos \alvegetacionlng. En Los Procesos Desertificacion Ediciones
Mundi-Prensa Madr. 25@74.

Sayer, E.J., 2006. Using experimental manipulation to assess the roles of leaf litter in the
functioning of forest ecosystems. Biol. Rev. 831

Scharenbroch, B.CNix, B., Jacobs, K.A., Bowles, M.L., 2012. Two decades of-low
severity prescribed fire increases soil nutrient availability in a Midwestern, USA oak
(Quercus) forest. Geoderma 183j 80.

Shabanpour, M., Daneshyar, M., Parhizkar, M., LtBaga, M.E., Zena, D.A., 2020.
Influence of crops on soil properties in agricultural lands of northern Iran. Sci. Total
Environ. 711, 134694.

Shakesby, R.A., 2011. Pesildfire soil erosion in the Mediterranean: review and future
research directions. EarBri. Rev. 10571 100.

Shakesby, R.A., Bento, C.P., Ferreira, C.S., Ferreira, A.J., Stoof, C.R., Urbanek, E., Walsh,

R.P., 2015. Impacts of prescribed fire on soil loss and soil quality: an assessment

76



based on an experimentaliyirned catchment in central Portugal. €bet 128, 2718
293.

Shakesby, R.A., Doerr, S.H., 2006. Wildfire as a hydrological and geomorphological agent.
Earth Sci. Rev. 74, 26%07.

Soler, M., Sala, M., Gallart, F., 199Rost fire evolution of runoff and erosion during an
eighteen month period. Sadr o s . Degr ad. Consequence F
Rubio Pp 14B161.

Soto, B., Basanta, R., Benito, E., Perez, R., Bi@zros, F., 1994Runoff and erosion from
burnt soils in northwest Spain. Soil Eros. Consequence For. Fires Sala M Rubio JL
Eds Geofama Ediciones Logrofio 998.

Stephens, S.L., Meixner, T., Poth, M., McGurk, B., Payne, D., 2004. Prescribed fire, sails,
and stream water chemistry in a watershed in the Lake Tahoe Basin, California. Int. J.
Wildland Fire 13, 2735.

Stoof, C.R., 2011. Fireffects on soil and hydrology (phd). S.1.

Stoof, C.R., Moore, D., Ritsema, C.J., Dekker, L.W., 2011. Natural anthéiceed soil
water repellency in a Portuguese shrubland. Soil Sci. Soc. Am. J. 7522233

Swanson, F.J., 1981. Fire and geomorphic processes. Mooney HA Bonnicksen TM Christ.
NL Lotan JE 401444.

Vega, J.A., Fernandez, C., Fonturbel, T., 20DBroughfll, runoff and soil erosion after
prescribed burning in gorse shrubland in Galicia (NW Spain). Land Degrad. Dev. 16,
37 51.

Vega, J.A., Fernandez, C., Fonturbel, T., GonzRleeto, S., Jiménez, E., 2014. Testing the
effects of straw mulching and herbeséng on soil erosion after fire in a gorse
shrubland. Geoderma 223,i57.

Vieira, D.C.S., Fernandez, C., Vega, J.A., Keizer, J.J., 2015. Does soil burn severity affect
the postfire runoff and interrill erosion response? A review based on-aredysis 6
field rainfall simulation data. J. Hydrol. 523, 4%54.

Walsh, R.P.D., Voigt, P.J., 1977. Vegetation litter: an underestimated variable in hydrology
and geomorphology. J. Biogeogr. 2234.

Williams, R.J., Hallgren, S.W., Wilson, G.W., 2012. Frequericgrescribed burning in an
upland oak forest determines soil and litter properties and alters the soil microbial

community. For. Ecol. Manag. 265, 2247.

1



Wischmeier, W.H., Smith, D.D., 1978. Predicting rainfall erosion losses: a guide to
conservation planing. Department of Agriculture, Science and Education
Administration.

Wittenberg, L., Pereira, P., 2021. Fire and soils: Measurements, modelling, management and
challenges. Elsevier.

Woudt , B. D. vanot , 1959. Par t isald. & Gepphgst i n g
Res. 64, 26267.

Zavala, L.M.M., de Celis Silvia, R., Lépez, A.J., 2014. How wildfires affect soil properties.
A brief review. Cuad. Investig. GeograficaGeographical Res. Letf.3R11

Zema, D.A., 2021. Podire management impacts @oil hydrology. Curr. Opin. Environ.

Sci. Health 100252.

Zema, D.A., LucaBorja, M.E., Fotia, L., Rosaci, D., Sarne, G.M.L., Zimbone, S.M.,
2020a. Predicting the hydrological response of a forest after wildfire and soil
treatments using an Artificial Neal Network. Comput. Electron. Agric. 170, 105280.

Zema, D.A., Nunes, J.P., LueB®rja, M.E., 2020b. Improvement of seasonal runoff and
soil loss predictions by the MMF (MorgaviorganFinney) model after wildfire and
soil treatment in Mediterranean forestosystems. CATENA 188, 104415.

Zituni, R., Wittenberg, L., Malkinson, D., 2019. The effects of fimstforest management
on soil erosion rates 3 and 4 years after a wildfire, demonstrated on the 2010 Mount
Carmel fire. Int. J. Wildland Fire 28, 3i7385.

78



CHAPTER 3

Short-term changes in soil properties after prescribed fire and

mulching with fern in Mediterranean forests

Bruno Gianmarco Carta Giuseppe Bombirlp Manuel Esteban Luc#®orja?, Adele
Muscold, Federico Romég Demetrio Antonio Zema

'iMedi terranead University of Reggio Cal ab
Vito, 1-89122 Reggio Calabria (Italy)

2 Castilla La Mancha University, School of Advanced Agricultural and Forestry
Engineering. Department of Agroforestry Technolagpd Science and Genetics, Campus
Universitario s/n, ED2071, Albacete (Spain)

Corresponding author: dzema@unirc.it, A Me
Depart ment AAGRARI A0 ;89122Reggib Calabria (Radyp phdnie +39i t o
0965 594295

Abstract

Prescribed fire, although having low intensity and being able to reduce the risk of wildfire
may modify soil properties in the short term, with possible increases in runoff and erosion
risk. Soil mulching with vegetation residues is ookt the most common poéite
management strategies. Residues of fern, wticabundant on the Mediterranean forest
floor, may be used to replace straw for mulching-&fiected areas. Howevehe effects of
prescribed yres ar e, amthere imoodaipregardirglthg use of kra r s t
to protect soil after fire in the literature. To fill this gap, selected soil chemical parameters
were analysed, on a comparative basis, in threditbteanean forests (pine, oak and
chestnut) in Calabria (Southern Italy). These parameters were measured immediately and
one year after fire in unburned, burned and not treated, and burned and mulched soils.
Changes in soil chemical properties among ifferént treatments were significant, and the
effects of the prescribed fire and mulching were dependent on the time elapsed from their
application and forest species. In general, mulching was not effective in limiting the changes
in the monitored soil pperties compared to the piiee values. Each forest species showed

different temporal trends in changes of soil properties.
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management.

1. Introduction

Fire is a naturabhenomenon with positive and negative impacts on forest ecosystems
(Pereira et al., 2021)High-severity fires heavily impact the forest areas tbke
Mediterranean Basin, where the samd climate conditions are favourable for witds
(Cerda and MataiSolera, 2009; HuesGonzalez et al., 2018; Inbar et al., 2014)

Fire induces important changes in almost all soil propeiiedia et al., 2017; Zavala et al.,
2014) such as organic matter, nutrient contents, changes in hydraulic conductivity, and
microbial communigs(Certini, 2005; Inbar et al., 2014; Shakesby, 20These changen

soil properties alter many processes in forest ecosystems, such as hydrology, plant
regeneration, carbon and nutrient cyc{€ertini, 2005; Neary, 2009)Every year local
administrations make great efforts to limit the risk of wildfire, adopting diverse prevention
strategies with varying effectiveness. The use of the presgrigedhe planned use of low
intensityyre to eliminate the fuel that can generate higbnsityyres(Alcafiz et al., 2018;
Fernandes et al., 2013)has been increasingly gaining popularitpang forest managers
(Neary and Leonard, 2021; Ubeda et al., 200&inly in USA, Australia and the Iberian
PeninsulaKlimas et al., 2020)Many regions in these countries are prone to wildfire, and
authorities have prioritized presceih fire due to the numerous experiments that have
demonstrated its feasibility to limit the wildfire rigidlcafiz et al., 2018; LucaBorja,

2021). In general, the changes in soil properties after a prescribed fire are (e

Borja et al. 2019)Moreover, prescribed fire is thought to be beneficial for many ecosystem
services, such as natural hazard regulation and pest and disease(Bengicd et al., 2021)
However, although being of low intensity with lower impacts compared toyei
prescribed fire can also exert negative effects on soil propdhaiesaniz et al., 2018;
Francos and Ubeda, 2028Home studies which analyzed soil changes after prescribed fires
detected increases in pH, elecali conductivity, total carbon and nitrogen, magnesium,
calcium and potassiuim burned soile.g., Ubeda et al. 2005; Scharenbroch et al. 2012;
Alcaiiz et al. 202Q)However, how these compounds or elements vary aftein@nsity

fires differs. For instance, total carbon content may decrease or its changes may be
extramely small or not significanfAlcafiz et al., 2018; Ubedet al., 2005)Likewise, the
changes in nitrogen may increggdcaiz et al., 2016; Kennard and Gholz, 2001; Shakesby
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et al., 2015) be stablgLavoie et al.,, 2010; Moghaddas and Stephens, 2007; Neill et al.,
2007)or even decreaq@lcafiiz et al.2020; Badia et al., 2017; San Emeterio et al., 2016)

The duration of the effects of prescribed fire on soil properties is also debated in the
literature. Some authors report unaltered pH values and ephemeral variations in electrical
conductivity (Alcafiiz et al., 2020; Badia et al., 201While, one year after the prescribed

fire, other resarch shows marked decreases in nitrog@ankenship and Arthur, 1999;
Mugaddas et al.2015) as well as theecovery to prdire contents of magnesium and
calcium(Alcaniz et al, 2020) It has been found th#tte recovery of prdire soil properties

may take place over shofZhao et al., 2015pr long (Alcafiiz et al., 2016}ime spans,
depending on fire temperature and residence time, topography ofittedbarea, rainfall,

and degree of vegetation regenerat{@ironaGarcia et al., 2019; Ubeda et al., 2018)
Therefore, further research is needed toebbathderstand the effects of prescrilygds in
environments with contrasting characterisijesibbert et al., 2006; Huegbonzalez et al.,

2018)

One of the most detrimental effects of prescribed fire is the possible increase in runoff and
erosion in the short terfL,ucasBorja et al., 2019)due to vegetation removal and sudden
changes in the properties of soflsicafiz et al., 2018; Cawson et al., 201Zhis is an
important concen when risk of wildfire endangers forests on steep slopes with highly
erodible soils, such as in many environments of Southern Europe (Bogipino et al.,
2021b; Fortugno et al., 201¥Y)n Sout her n 1 tal y). To the aut
studies have evaluated the soil changes after prescribed fire in these environments, where the
wildfire anderosion risks are high, due to climatic and geomorphological characteristics.

Soil mulching with vegetation residues is one of the most commorfiposhanagement
strategies to limit runoff and erosion in the short t€bmcasBorja et al., 2019; Zema,
2021) Mulching protects soils with covdZituni et al., 2019) and can increase water
infiltration and soil quality over time, thanks to the supplied organic matter and nutrients
(Prosdocimi et al., 2016 However, posfire mulching is not always beneficial for soil
properties. For instance, in pine forests of Central Eastern §paggsBorja et al., 2018)
measured lower infiltration rates when soil is not saturated compared to unburned and
untreated forest areas, especially in the dry seagbesnande#ernandez et al., 2016)
stated that mulching is not effective in reducing soil erosion suttkequent lossf
nutrients; in an experiment carried out in Newkestern Spain, these authors showed that
the reduction in soil erosion was due to moderate precipitation rather than mulching, and the

concentration of some elements in sediments led to problems foatregejrowth and soil
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health. Moreover, the use of straw, which is commonly used as mulch material, is not
always suitable in forest areas, since biomass transport from agricultural sites may be
expensive; moreover, these vegetal residues often contahtlagmicals and parasites, and

thus development of nemative vegetation and diseases to forest plants are pod3érit
Goncalves et al., 2012Fern Pteridium aquilinum(L.) Kuhn) is a vascular plant that can

grow in semyarid climates, where the water competition among plants is(Bigimbino et

al., 2019) Since fern is abundant on the Mediterranean forest floor, its residues may replace
straw for mulching fireaffected areas. Fern can be directly cut on the forest floor (without
being transpded from distant sites) and does not bring -native seeds or chemical
residues into the forest ecosystem. Fern can be cut in adjacent forests, where the fire and
erosion risks are lower, and applied as it is (that is, without desiccation, as usuay car

out for straw) on soil. Moreover, fresh fern may be more rapidly and easily degraded and
incorporated in soil compared to other dried residues.

However, the changes in the properties of soils mulched with fern residues should be
properly evaluated adt the prescribed fire, particularly in the short term, when the impact of
the fire is highe LucasBorja, 2021; Zema, 2021Ynfortunately, no data on using fern to
protect soil after fire is present in literature. Due to this gap in research, little is known about
the effective of fern mulching in limiting soil changes after fire. To fill this gap, the present
study evaluates shei@rm changes in soil properties and covers after a prescribed fire and
mulching treatment with fern in three Mediterranean forests (piake,amd chestnut) in
Calabria (Southern Italy). The selected properties have been analysed on a comparative basis
in unburned, burned and not treated, and burned and mulched soils immediately and one
year after fire. More specifically, the research questiohthis study are the following: (i)

does prescribed fire modify the soil properties in the short term after burning? (ii) is
mulching with fern able to reduce these changes? The answers to these questions aim to give
more insight to land managers abdhé possible changes in burned soils due to- low
intensity fire and posfire management.

2. Material and methods
2.1. Study area

Three forest sites in an areatlme municipality of Samo (Calabria, Southern Italy) were
selected for this investigamm (Figure 1). This areaexhibits the typical climatic

characteristics of sepai r i d zones ( ACsmmerc | Mesdi, t eff Hoatn e «
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according to KoppenKpttek et al., 2005 with mild and rainy winters, and warm and dry
summers. The mean annualegpitation and temperature are 1102 mm and 17.4 °C,
respectively. The minimum and maximusmperatureare- 4.3 and 43.1 °C, respectively
(weat her stati on oUTM Soardirates#d 7548 &N, 565439 E,Beriadn ¢ o ,
200062020).

The soilsof the experimental sites- Haplic Cambisols, according to tWgorld Reference

Base for Soil Resourcetassificationdated 2014 were homogenous, with a loamy sand
texture (10.6 £ 2.57% of silt, 8.76 = 0.61% of clay, and 80.7 + 2.68% of sand), excapt for
unburmned area of the pine forest, which was sandy loam (10.1 + 1.01% of silt, 9.0 + 0.01%
of clay, and 81.0 = 0.99% of sand).
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Figure 11 Geographical location (Southern Calabria, Italy) and aerial view of study area

with the experimental forest sg (Sam).

Of the threeforest sitesone was gine Pinus pinaste/Aiton) in the locality of Calamacia,
and onea chestnut standQastanea sativill.) in the locality of Orgarpboth reforested
between 20 and 30 years ago, respectively. The thiedveits a atural stand of oak
(Quercus frainettden.)in the locality of RungiaSite elevation was in the range 650 to 950

m a.s.l., while their mean slope was about 20% for all stands (Table 1).
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Table 1- Main characteristics of the experimental forgtts (amo, Calabria, Southern Italy).

Characteristics Site
Rungia Calamacia Orgaro
UTM coordinates 588635 E 4216172 N 590293 E 4215327 N 590389 E 4215530 N
Aspect North-East SouthWest West
Altitude (m a.s.l.) 900950 650-700 700-750
Slope (%) 19.1 £ 165 20.0 £0.82 20.3 £ 0.96
species Oak Pine Chestnut
b (Quercus frainettden.) (Pinus pinasteAiton) (Castanea sativlill.)
density (n/ha) 225 +44.7 950 + 86.4 725+ 89.1
Tree layer diameter at brea
. 1 40.7 £ 8.9 28.3+9.4 20.2+5.6
height (cm)
height (m) 18.2+1.9 205+14 96+1.2
. Cyclamen hederifolium, Quercus ilex.., Rubus ulmifolius Rubus ulmifoliuss., Pteridium
Shrub layer species : : . : - : )
Bellis perennis L. S.,Bellis perennis L. aquilinum L.,Bellis perennis L.
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Tree density \&as higherin the pine (about 950 trees/ha) and chestnut (725 trees/ha) stands
compared to the oak forest (225 trees/Hd)e tdestnut forest showed the lowest mean
values of tree height (10 m) and diameter (20 cm), while the pine and oak trees were taller
(18- 20 m) and had a larger mean diameter (28 and 40 cm, respectively). Shrub formations
mainly consisted ofQuercus ilex L., Rubus ulmifolius Bellis perennis L(pine forest),
Cyclamen hederifoliumpBellis perennis L.(oak) and Rubus ulmifolius S., tBridium
aquilinum L.,Bellis perennis L(chestnut) (Tabld).

2.2. Prescribed fire operations and mulching application

The prescribed fire was carried out in three areas (each of about?p50 time three forest
stands on 10 June 2019 with the suppdrthe Forest Regional Agency (Calabria Verde)

and the surveillance of the National Corp of Firefighters (Figure 2a). Wind was practically
absent and air humidity was between 50 and 60%. The same ignition technique was used for
all forest sites, which fiinermorehad the same fuel characteristics. The main conditions
during the fire (temperatures of flame, air and soil) were measured at a soil depth of2.5 cm
the midpoint of the surface layer {® cm), where the main effects of the prescribed fire
occur(consideing that soil is a poor heat conduct@Certini, 2005; Pereira et al., 2018)

by a thermocouple connected to a datalogger (Table 2).

The burn severity of soilsafter the prescribed fire was evaluated according to the
classification by(Parson tal., 2A0). Accordingly, one day after the prescribed fire, the
ground surface of all sites was visually checked, observing ash colour and fine roots.
Following (Parson et al., 2010jhe burn severity of all sites were low, that is, with small
change from prdire status, black ground surface with recognizable fine fuels remaining on

surfaceard fine roots unchanged
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Table 2i Main conditions during prescribed fire operations in the experimental forest sites

(Samo, Calabria, Southern lItaly).

Characteristics Site
Rungia Calamacia | Orgaro
Main forest species Oak Pine Chestnut
fire | mean 98 88.3 75
flame | max 720 712 645
. . mean 43 25.7 29.1
Temperature (°C) air p— 180 102 139
Soil mean 21 21.9 24.7
max 26.9 22.7 28.8
mean
Residence time temperature 444 18.0 69.7
0 . .
(% on total fire duration) max 172 16 93
temperature

In theseburned ares threesmall portiors (about 9 M) in each sitevere mulched with a
cover (more or less 3 to 5 cm of thickness) of fern residug$iom an adjacent zonand
distributed over the grourat a dose of 500 gfof fresh weigh (equivdert to 200 g/n? of

strawdry matter usually applied in burned and mulched areas &ftefLucasBorja et al.,
2018; Vega et al., 2014¥igure 2b).

A third area unburnedand at a distance of less than 10 m from the burned arese;hrsite

was selectedasicontr ol 0.
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Figure 2 - Prescribed fire operations (a) and fern mulch application to burned soll

immediaely after fire (b) in he expernental forest siteSamo, Calabria, Southern Italy).
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2.3. Experimental design

The experimental design consisted of three forest stands (pine, oak and chesiraa)soll
conditions (unburned, burned and not treated| lmrned and mulchedhe latte two
hereafter simply indicated a3stwofslrueydatesqome a n d
day and one year after fireéd three sampling points (Figure 3). In these forests,
measurements of soil properties and coveegevearried out accontg this experimental

design on both survey dates. The collection of samples withrery short reciprocal
distance (lower than 2B5 metres) should have minimized the effect of spatial heterogeneity

of soil, and allowed the attridon of the measured ahges dudo the treatments applied

(prescribed burning and mulching).

Forest sites

Oak Pine Chestnut

(x 2 survey dates: June 2019 and June 2020)

Unburned

Soil conditions ] . Burned and not treated

Burned and mulched

L] Sampling point

Figure 37 Scheme of the experimental desi@ao, Calabria, Southern Italy).

2.4. Monitoring of the soil parameters

From each forest site and soil conditipasd immediately affr the pescribed fire (one

day), samples of soil were collected from between 0 and 5 cm below the soil surface (since
the prescribed fire only affects the surface layer of (¥ddaniz et al., 2018; Pereira et al.,

2018) The sampling points were randomly chosen in thredl plots (each of 3m?),
surrounding the point in which the temperature was measured (max distance of 50 cm).

One year later (June 2020), the soil was sampled in the same points as in the surveys carried

out immediately after fire After collection, thesoil samples weretransportedto the
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laboratory, where the main chemical propertipbl,(electrical conductivity, contents of
organiccarbon, nitrogenammonium potassium, magnesium, calcium, fluorides, chlorides,
nitrates, phosphates, and sulphateskewetermined These popertieswereidentified from
therelevant literature (Certini, 2005; Cawson et al., 2011; Alcaniz et al., 2318 main

soil properties that prescribed fire usually modifidereover, we measured in field a set of
soil covers (Brub, litter, ash antare sdj. All sampling operations were carried out in three
replications.

2.4.1. Measurement of soil properties

Samples of soils were analysed to determine the size distribution of the mineral particles
(texture). Soil texture wagletected by using he hydroneter method with sodium
hexametaphosphate as a dispergBouyoucos, 1962)The final classification was done
using the USDA triangle method. The values of pH were measured using a soil:water
suspension ratio of 1:2.5 (W/with a glass eleobde Electrical conductivity (EC) was
determined in distilled water by using a 1:5 residue/water suspension, mechanically shaken
at 15 rpm for 1 h to dissolve soluble salts and then detected by Hanna instrument
conductivity meter. Orgac carbon (OC) wadetermind by dichromate oxidation method,
according to(Walkley and Black, 1934)and titration with irorsulphate (FeS§ 0.2 N).

Total nitrogen (N) was measured using the metho@lpidahl, 1883) The concentration

of waterextractable ions, ammonium (NH, potassium (K), magnesium (M), calcium

(C&"), fluorides (P), chlorides (CI) nitrates (NQ@), phosphates (PO), and sulphates (SO

) was determined by ionichromatography afteextracion of the samples with bidistilled
water (soil: water 1:10) for 24 h at 25 °C (Wang et al., 2013) to detect ion concentration

(mg/g dry soil) by using a chromatography system (Dionex10®).

2.4.2. Measurement of soil cage

To evaluate whéerthebanges i n soil surface propertie
on the changes of subsurface soil layer, the shrub and litter cover, and the bare soill,
stoniness in percent over the total surveyed area were also meadhecgasbe dates dset

chemia@l properties. Moreover, we also measured the area (as a percentage) covered by ash,
which was not removed, to consider its effect on soil changes. The measurements were
carried out in nine adjacent areas (each 5 m long x 5dg @i a maximum ditance o3 m

from the areas where soil properties were measured). The grid n{gibgel and Masters,

2001)for shrub cover, and the photographic method for theirentpvariables (liter cove,
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bare soil, stoniness, and ash) were used. The grid method was applied, using a 050 x 0.50

grid square on the sampling areas (upstream, in the middle, and downstream of each plot).

2.5. Statistical analyses

MANOVA (Multi variate ANalysis @ VAriance) was applied to all soil parameters
(response variables) separately for the three forest species, assuming as factors the soil
condition (unburned, burned, and mulched) and measurement date (one day and one year
after fire). The pairwise compasonby Tk ey 6 s test (at p < 0.05)
the statistical significance of the differences in the response variables. In order to satisfy the
assumptions of the statisticsts (equality of variance and normal distribo}, the data

were subjeced to normality AndersorD a r | itestgod svere squareoot-transformed
whenever necessary.

Following this, a Principal Component Analysis (PCA) was applied, in order to identify the
existence of meaningful derivative variabl@incipal Componets, PCs)(Rodgers &
Nicewander, 1988) andmsplify the analysis of the large number of soil properties and
conditions, losing as little information as possible. In this study, PCA was carried out by
standardizing the original variablesxpressed by diffent meagring units) and using
Pearsonds met hod t o c oThip mdtriz allowedethe cdentificatidna t i o
of relationships among the soil properties analy$ed.first three PCs, explaining at least

least a percentagd# 70% of the owginal varance, have been retained.

Finally, the soil samples were grouped in clusters using Agglomerative Hierarchical Cluster
Analysis (AHCA), a distributioffree ordination technique to group samples with similar
characteristics by ecmdering an orighal groupof variables. As similariydissimilarity
measure the Euclidean distance was ([Zetha et al., 2015)

The statistical analysis was carried out using the XLSTAT release 2019 software.

3. Results
3.1. Chenual properties ofsoils

Burning and mulching noticeably altered soil pH and EC in the pine stand one year after the
prescribed fire with an increase of one pH unit. Conversely, compared to the unburned solls,
significant increases (by 11.6% in mulched amad 14.8% in brned siés) were measured
in the chestnut forest immediately after the fire, while a noticeable decréase24 and
7.39%, respectively) was observed in burned and mulched sites one year after the fire
(Figure 4). No significant pH vati@ns (less tha2%) wereobserved in soils in the oak
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forest. One year after the fire, EC generally increased in all forest soils, and particularly in
pine (+30.9%, burned soils, and +21.4%, mulched sites) (Figure 4).

The OC content of soils, which shodve limited varability in the unburned sites,
significantly increased immediately after the fire (Figure 4). The greatest increase was
observed inchestnut forest (+40.2% for both burned and mulched soil conditions). In the
oak forest, OC decreased oneawafter the fre (-18.2% burned soils;35.9%, mulched

sites), and a very high decreas&3(o0) was observed in mulched chestnut site (Figure 4).
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Figure 41 Soil physicachemical properties (meanstandard deviatiomneasured aftehe
prescribedfire and il mulching with fernat two survey dates (one day and one year after
the fire)in the experimentdbrestsites (Samo, Calabria, Southern Italy).

Notes: EC = electrical conductivity; OC = organic carbon; N = nitrogenz" NH
ammonium; K* = potassium; Mg* = magnesium; G& = calcium; NQ" = nitrates; PG =
phosphates; S@® = sulphates; F= fluorides; Cl = chlorides. Different letters indicate
significant differences among soil conditions of each forest site at p < 0.05

The differences inN contentof soils due to prescribed fire and mulching were not
significant in the oak forest-€.8%, burned sites, and7.4%, mulched soils), while it

significantly increased in pine (+30.3%, burned, and +29.8%, mulched sites) and chestnut
94



(+14.4% and 5.6%, respetively) soils (Figure 4). Also, for this parameter, the variability

was significant over time, except for pine forest. One year after the fire, the N content of

burned soils significantly decreased compared to the unburned sitiesulpdy when the

soils were mulched, with a maximum variation-68.3% in chestnut forest. Only for pine

forest, the interaction of soil conditi@nsurvey date was not significant (Figure 4).

Soil ions (NH4*, Mg.", Ca", F and Cl) significantly chaged among onditions ad survey

date. The interactions between these factors were signifiCampared to the unburned

sites,significant increases iNlg?* and C&" were observed in burned (up to 176% for¥g

and 131% for CH, in pine forest) and muleld (up to 8% for Mg?* , and 164% for C4,

in pine forest) soils for all species immediately after the fire, while, one year after, a general

decrease in these ion concentrations were noticed (on avéragéo for Mg*, andi 20.3%

for C&*) (Figure 4).The NH:* concentrationwas practically the same immediately after the

fire (except in the mulched soils of chestnut forest, +93.8%), and was subject to noticeable

increases (up to 172% in mulched soils of pine) over time (Figure 4).

The contents oK*, NOs and PQ¥in soils were significantly different among the soil

conditions in all forest sites, but for all these properties the time was not significant in pine

forests. The same was found for the interaction of soil conditimurvey date forK™

(Figure 4). The &tter elemat, as also found favig?* and C&", increased immediately after

the fire (on average by about 75%), and particularly in chestnut forest, +206% in burned

soils). In the chestnut forest, a marked decrease (on average by 73%) wakaonigear

after the fre. A similar trend was detected fNIOs” andPQ:> (an increase immediately after

the fire, on average + 78.1% fbiOs” and +20.6% foPQ:*, and a decrease one year after

the fire, by 27% foNOz and 10.6% foPQ:>) compared tohe unburnedsites), wih some

exceptionsOs™ in pine forests, anBQ* in oak soils) (Figure 4).

The analysis of Pearsonds matrix reveals i

(Table 3). It is worth highlighting that the most significantretation ¢ over 0.90 was

detected between S®and Ci on both the survey dates, and the correlations between EC

and ion concentrations are not significant immediately after the fire (Table 3).

PCA separately applied on the two survey dates provided fnincigl componets, which

together explain 80.2% (one day after the fire) and 76.2% (one year after the fire) of the

original variance; the first two components explain 68.42% and 59.6% of this variance.

In more detail, according to the PCA relatedhe sureys carriedout immediately after the

fire, K*, Mg?*, Ca&*, NOs, PQ* SQ:?, CI and had high loadings (> 0.5) on PC1, while EC,

C, N, and NH" were effective on the PC2, and pH on the third PC (Figure 5a and Table 4).
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For the surveys carideout one ar after he fire, PC1 was associated with high EC,sNH

K*, Mg?*, C&* and F, while C, N and their ratio weighed on PC2 (loadings over 0.5), and
NOsz, SQ%, CI and on PC3 (Figure 5b and Table 4).

AHCA allowed the soil samples to be clusteexcordingto the sdiconditions and forest
species. More specifically, immediately after the fire, three similar clusters of soil samples
were evident: (i) unburned soils of all forest species; (ii) burned and mulched soils of oak
and chestnut; (iii) buned and mlched soilsof pine (Figures 5¢ ad 6a). One year after the
fire, the clusters of soil were characterized by a higher level of similarity, 0.30, compared to
the survey one day after the fire, 0.21; the following three clusters were depicteddsy. AH

(i) oaksoils (unlurned and mulched) and burned soils of chestnut; (ii) unburned soils of pine
and chestnut; (iii) burned soils of oak and pine, and mulched soils of chestnut and pine
(Figures 5d and 6b).
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Table 3- Correlation matrix of the soil para®rsmeasued afterthe prescribed fire and mulching with feat two survey dates (one day and one

year after the firgin the experimentdbrestsites (Samo, Calabria, Southern Italy).

Soll pH EC OoC N NH4* K* Mg?* Ca?* NOs PO SO F Cl-
parameter One dayafter the fire
pH 1 0.245 0.306 0.366 0.056 0.723 0.506 0.018 0.471 | -0.064 | 0.279 0.292 0.350
EC 1 -0.550 | -0.512 | 0.448 0.162 | -0.115 | -0.025 | -0.014 | -0.357 | 0.572 0.171 0.473
OoC 1 0.671 | -0.128 | 0.346 | 0.416 | 0.287 | 0.276 | 0.440 | -0.088 | 0.380 | 0.053
N 1 -0.308 0.498 0.613 0.318 0.472 0.482 | -0.200 | 0.013 | -0.048
NH4* 1 0.290 0.276 0.556 0.325 0.151 0.772 0.541 0.814
K* 1 0.822 0.544 0.889 0.491 0.481 0.221 0.607
Mg?* 1 0.719 0.758 0.540 0.355 0.322 0.528
Ca?* 1 0.639 0.763 0481 0.274 0.618
NO3 1 0.649 | 0.295 | -0.063 | 0.450
POs* 1 0.242 | -0.015 | 0.346
SO 1 0.660 0.972
F 1 0.691
Cl- 1
One year after the fire
pH 1 0.543 | 0.325 | 0.062 | 0.231 | 0.309 | 0.404 | 0.505 | -0.520 | 0.109 | -0.168 | 0.107 | -0.264
EC 1 -0.045 | -0.337 | 0.708 0.752 0.628 0.705 | -0.519 | 0.557 | -0.258 | -0.519 | -0.271
C 1 0.896 0.068 | -0.083 | 0.031 0.306 | -0.409 | 0.138 | -0.070 | 0.175 | -0.375
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N -0.033 | -0.259 | -0.013 | 0.150 | -0.101 | -0.056 | -0.047 | 0.212 | -0.325
NH4* 1 0.660 | 0.911 0.883 | -0.352 | 0.35 | -0.210 | -0.523 | -0.292
K* 1 0.567 | 0.516 | -0.340 | 0.645 | -0.562 | -0.582 | -0.554
Mg?* 1 0.885 | -0.295 | 0.127 | -0.173 | -0.345 | -0.247
ca’t 1 -0.557 | 0.294 | -0.148 | -0.456 | -0.285
NOs 1 -0.549 | -0.302 | 0.084 | -0.137
PO 1 -0.108 | -0.%42 | -0.188
SO 1 0.479 | 0.943
F 1 0.401
CI- 1

Notes:EC = electrical conductivity; @ = organic carbonlN = nitrogen; NH" = ammonium; K = potassium; Mg = magnesium; C4 = calcium;

NOs = nitrates; PQ:> = phosphtes; SQ = sulphates; F= fluorides; Cl = chlorides;for each variablevalues in bold correspond to the factor for

which the factor loading is the largestiues in bold are significant at p < 0.05.
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Table 4- Factor loadings ofhte soil prgoerties onthe first three Principal Components
provided by the PCA after the prescribed fire and soil mulching with fern at two survey
dates (one day and one year after the fire) in the experimental forest sites (Samo, Calabria,

Southern ltaly)

. Survey time

parzr(r)llleter One day after the fire One year after the fire
PC1 PC2 PC3 PC1 PC2 PC3

pH 0.274 | 0.004 | 0.668 | 0.259 | 0.153 | 0.032

EC 0.018 | 0.654 | 0.087 | 0.762 | 0.036 | 0.053

C 0.164 | 0.383 | 0.006 | 0.032 | 0.879 | 0.031

N 0.178 | 0.626 | 0.028 | 0.001 [ 0.781 | 0.096
NH4* 0.344 | 0.414 | 0.077 | 0.734 | 0.003 | 0.020
K* 0.773 | 0.026 | 0.101 | 0.728 | 0.082 | 0.022

Mg?* 0.735 | 0.090 | 0.006 | 0.621 | 0.000 [ 0.032
cat 0.635 | 0.005 | 0.256 [ 0.748 | 0.056 | 0.048
NOs 0.632 | 0.083 | 0.000 | 0.267 | 0.153 | 0.357
PO 0.389 | 0.184 | 0.296 | 0.335 [ 0.007 | 0.012
SO? 0487 | 0.424 | 0.002 | 0.200 | 0.020 | 0.724

F 0.256 | 0.147 | 0.013 [ 0.402 | 0.184 | 0.059
CI 0.691 | 0.273 | 0.003 | 0.279 | 0.024 | 0.674

Note: EC = electrical conductivity; G = organic carbonN = nitrogen; NH* = ammonium;
K* = potassium; M§ = magnesium; G4 = calcium;NOs = nitrates;PQs> = phosphates;
SQy = sulphates; &= fluorides; Cl = chlorides;for each variablealues in bold correspond

to the factor for which the factor loading is the largest.
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Figure 5 - Loadings ofthe soilproperties(a) and scores of the soil samples (b) on the first
two Principal Components (PC1 and PC2) provided by the PCA after the prescribed fire and
soil mulching with fern at two survey dates (one day, a and ¢, and one year, b and ¢ after th
fire) in the expernental forest sites (Samo, Calabria, Southern Italy).
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Notes:EC = electrical conductivity; G = organic carboniN = nitrogen; NH" = ammonium;
K* = potassium; M§ = magnesium; G4 = calcium;NOs = nitrates;PQs> = phosphates;
SQy = sulphats; F = fluorides; Cl = chlorides;O = oak; P = pine; C = chestnut; U =
unburned; B = burned; M = burned + mulching; for each variadliees in bold correspond

to the factor for which the factor loading is the largest.
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Figure 6 - Dendrogran provided by the Agglomerative Hierarchical Cluster Analysis
(AHCA) of the soil properties after the prescribed fire and soil mulching with fern at two
survey dates (one day, a, and one year, b, after the fire) in the experimental forest sites
(Samo, Cald#ria, Souttern Italy).

Notes: the yaxis reports the similarity level, while the dotted line the clustering level; O =
oak; P = pine; C = chestnut; U = unburned; Burned; M = burned + mulching; the dashed

line is the level

3.2. Soil covers

Immediaely after the fire, the soils of the three forest stands were covered in ash, in
particular in oak and pine rather than chestnut (higher than 85% for oak and pine, and only
20% in chestnut). Fire also removed shrubs and herbaceous vegetatidnrreadl Itter
(espeally in pine and oak, where it was more abundant compared to chestnut), leaving
from 63% (chestnut) to 94% (pine) of bare soil (Figure 7).

One year after the fire, the ash had almost completely disappeared, except in pine (burned
site9 and o& (burned dies, mulched or not), where the maximum ash cover was lower than
25%. Shrub vegetation had regenerated, particularly in the mulched sites (up to 40% in
chestnut forest), and litter covered the soils, especially in pine (up to 67%aka(@580),

but less m chestnut forest (maximum litter cover equal to 15%). Vegetation recovery and
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litter covering over time caused reductions in the areas with bare soil, which decreased to
43% in chestnut (mulched sites), 36% in oak (burned soils, wittitbout mulching),and

32% in pine (mulched sites) (Figure 7). It should be highlighted that the differences in
vegetation recovery between burned and mulched soils were limited (not higher3¥gn 2

and never significant, and the same was noticeditter kcover (< 5%) and ash (< 15% in

pine forest) (Figure 7).
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Figure 7 - Soil covers (mean + standard deviation) after the prescribed fire and soil
mulching with fern at two survey dates (one day and one year after the fire) in the
experinertal forest sites $amo, Calabria, Southern Italy).

Note: no surveys were carried out in mulched soils, since soil cover with fern mulch was

100% and ash cover was the same as the burned soils.

4. Discussion
4.1. Changes in soil properties in burnedisoi

In this study,the soil pH was affected by burning immediately after the fire, although these
changes were significant for two forest stands (pine and chestnut). One year after burning,
these effects were significant in oak and chestnut soils. Alththeyindividual pracesses

that could explain these variations were not directly meastlredncrease in pH could be

due to consumption of organic acids during the oxidation of (iB&rkley and Fisher, 2019;
Cawson et al., 2012; Ubeda et al., 2086 complete oxidation of organic mat(Bodi et

al., 2014; Hues@onzalez et al., 2018; Matafolera et al., 2009Dther authors ascribe the

pH increase in burned soils to the incorporation of ash into th€Aodniz et al., 2020;
Pereira et al., 2016; Sherman et al., 2008)ich usually releases carbonates, base cations
and oxides in the ash catio(Gertini, 2005; Ekinci, 2006; Fonseca et al., 2010t this

may be excluded in our study, since the ash cover in chestnut and pine soils (where the pH
increases were significant) was higher compared to oak sites (where this increase was less

noticeable)
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The increases in pH detected in our study are in close accordance with the majority of
studies of soil changes after lamtensity fires(Badia et al., 2017; Kennard and Gholz,
2001; Scharenbroch et al., 201Rpwever, some other studies showed that pleslcan
remain unaltered, due to the low intensity of prescribed f{iBeslia et al., 2017; Hueso
Gonzalez et al.,, 2018; Marcos et al., 200 cept when fire was periodically repeated
(Alcafiiz et al., 2018)In general, the literature states that prescrifpexidoes not have a
long-term effect on the soil pH, since this parameter depends on the time that ashes remain
in the soil(Fonseca et al., 2017; MataBolera and Guerrero, 2007)

Also, EC significantly increaseafter burning, and this effect lasted for at least one year. EC
rises in fireaffected soils (also in the case of lawensity fire) due to the incorporation of
ash(Fonseca et al., 2017; Scharenbroch et al., 2012; Ulredi@Duteiro, 2009)elease of
soluble ions during the combustion of organic matédcaniz et al., 2018; Certini, 2005)

and formation of black CAlcafiz et al., 2020; Certini, 2005Jhe increase in EC detected

in this study may be surprising, since this effect is not reflected in the ion content. Ityis likel
that this increase may be due to other ions that were not measured in this study (e.g.,
carbonates, sodium). An indirect confirmation of this effect may be the lack of significance
of correlations between EC and concentrations of ions measured inuttyis st

The significant increases in EC detected in this study agrees with the results of many other
authors(Alcaiiz et al., 2020; Granged et al., 2011; Scharenbroch et al.,. 20d®&ver, the
literature is not in agreement about the duration of these effects, since sdilee stport

that EC is ephemerally increased by fi@awson et al., 2012; Hernandez et al., 1997; Naidu
and Srivasuki, 1994while other authorstated that one year after the prescribed fire EC
values decrease, but never below theirypeelevels(Alcafiz et al., 2020)

Immediately after the prescribed fire, the burned sslilsewed significantly higher OC
contents compared to the unburned sites. These significant variations were present one year
in pine forest, while, in burned soils of oak and chestnut, C contents significantly decreased.
After a fire it is normal to find ioreased soil OQAlcaiiz et al., 2018)and this is
presumably due to the incorporation of unburned or partially unburned slash fragments into
the soil or to the incoplete combustion of the organic mattaicaniz et al., 2020; Soto and
Diaz-Fierros, 1993; Ubeda et al., 200®)ur results agree witlfAlcafiz et al., 2016)
(Binkley et al., 1992)and (ArmasHerrera et al., 2016)who reported increased soil C
immediatdy after a prescribegire, and decreases in this soil property one year after the fire
compared to the unburned soildicafiz et al., 2018; HuesBGonzdez et al., 2018)

However, we should bear in mind that the dynamic of OC content in solil is highly variable
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also after a fire of low intensity, since this variability depends on various factors, spieh as
characteristics, ecosystem type, and land topogréidbgiiz et al., 2018)

The same variations among the analysed soil conditions (unburned vs. burned doils) an
survey dates, detected for OC was obserfg@dN content of soils. Increase in N was
recorded immediately after the fire in burned soils, followed by significant reductions one
year after. The similar trends detected for OC and N contents are agasseractordance

with (Alcafiiz et al., 202Q)who found increases in N in soils subject toring at low
intensity, due to ash incorporation and forpsbr decompositior(Alcafiiz et al., 2020;
GironaGarda et al., 2018; Scharenbroch et al., 20T2ke low temperatures of prescribed

yre facilitates the incorporation of N that is present in large amounts i(Kashri and
Prendes, 2006; Ubeda et al., 2Q0&)din the forestpoor, which decomposing releases a
substantial amount of KCertini, 2005; Schoch and Binkley, 1988he decrease in N one
year after the fire agrees with the result§Mftigaddas et al., 201%nd (Blankenship and
Arthur, 1999) who reported a marked loss of total N two years after dAl@niz et al.,

2018) In any case, the N variability among soil conditions and time supports the suggestion
of (Dimitrakopoulos and Martin, 1994nd (Ubeda et al., 2005hat also fires with low
intensity are able to produce noticeable changes in N concentrations. Another reason for the
N variability may be the sensiity of N to fire, due to its multiple forms in the soil, since N

can be volatilised, added and rapidly mobilised by pléuieda et al., 2005)

The increase® the other soil properties immediatehfter the fire such asvig?*, C&*, K,

NOs, PQ:*, showed the key role of ash duebiarning (Pereira et al., 2048 which likely
released these ions, increasing their contebumedsoils (Cawson et al., 20)2This result
agrees with{Alcafiiz et al., 202Q)who measuredigniycant increases iMg?*, C&* and K
contents, followed by a recovery of original ffire levels ofMg?*and C&*, but not K. In
contrast,(HueseGonzalez et al., 2018fArévalo et al., 2007and (Brye, 2006)reported
nonsigniycant increases in many ions after a low intensity burning

Vegetation and litter burning caused noticeable increases in P content only in pine and
chestnut soils, although this enrichment declined in the short term, in close accordance with
(Cawson et al., 2012However, the effects of fire are often ephemeral, since the recovery of
pre-yre concentrations is achieved some months aftdirthesuch as, for instance, for kb
chestnut, C& andNOs in oak and chestnut, Mgin all forest soils). In accordance with our
results,(Khouri and Prendes, 2006ported that Kand P can return to psge values after

one to three months. In general, the trends detected in this study agree with several studies
(Kennard and Gholz, 2001; Shakesby et al., 2015; Switzer et al.,.2012)

108



When the prdire values do not recover one year after the fire (e.§andPQ> in oak,

C&* and SQs in pine), the soil changes due to fire castlyeargAlcafiiz et al., 2016;
Lavoie et al., 2010; Scharenbroch et al., 20TB)s recovery may be the result of leaching
processes due toinoff (Ubeda et al., 2005; Ubeda and Sala, 208d)sion(Fonseca et al.,
2017, 2011)and plant cosumption(Alcafiiz et al., 2018)Moreover, this variability over

time is not always due to the effect of fire, as shown by the variations detected for some
propertiesalso in the unburned soil (e.g., Kgand C&* in pine and chestnufOs in
chestnut,PQ:* in pine). Overall, the soil changes measured in this study strictly depend

upon the analyzed property and tree spg@asvson et al., 2012; Kutiel and Shaviv, 1992)

4.2. Changes in soil properties in mulched soils

Immediately after the fire, the burned soils of pine and chestnut treated with mulching
showed significant reductions in pH, which did not recover after one year in comparison to
the unburned sites. In all forest spilse OC and N contents were significantly higher one
day after the fire, and these variations were observed also after anan ymae forest,

while, in soils of oak and chestnut, OC and N significantly decreased. EC also increased
throughout the observation period. Therefore, mulching was not effective in limiting the
variations in these soil properties.

The lower OC contentetected in this study in the mulched soils of oak and chestnut may
appear surprising. Presumably, the incorporation of the dead material supplied with
mulching was not sufficient to balance the decreases in OC detected one year after the fire in
burned sds; it not could be excluded that part of the organic matter applied with fern
(presumably the soluble form) was leached by the infiltrating precipitation, which was
higher in mulched areas compared to the burned §@esra et al.,2021) However,
according to(Cawson et al., 2012the recovery of soil organimatter after the fire is
generally fast, because it starts with the natural vegetation or gsialrtreintroduction,
thanks to the high productivity of secondary ecological succession. The higher shrub cover
measured in this study for chestnut soils may also be an indication of higher plant uptake of
OC and N due to regeneration, although this exgilan should be confirmed by specific
ecological surveys.

The higher water infiltration in all forest sites, and plant uptake measured in the chestnut
forest may again explain the reduced content of N in mulched soils. In general, variations in
total N aailability seem to be associated with herbaceous vegetation g(Dethillis, M,

1993; Marcos et al., 1999and the rapid drop in this soil property in the gostrecovery
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period could be attributed to leaching, microbial immiabtion and plant uptakgAntos,
2003)as well as volatilisatioBinkley and Fishg 2019; Romeo et al., 2020; Ubeda et al.,
2005)

It is interesting to note that the increase or decrease in any property was not influenced by
mulching; thus, this treatment did not affect the properties of burned soils. This deserves
more investigationsince, when vegetation residues are used as mulch material, organic
matter content can increa@@arcia Or enes et al ., 2012; Jor ds§
al., 2016) Presumably, the time elapsed from mulch application was too short in order to
complete incorporation of vegetal residues into soil or part of the mulch cover was displaced

by water, hamering soil incorporatiofiBombino et al., 2021a)

4.3. Relationshipsraong the soil properties

At both survey dates, among all the soil properties investigated in this study, PCA provided
some key parameters, which clearly modify soil characteristics among the different
conditions and tree species studied. At both dates,ai¢C ion concentrations exert a
noticeable influence on the first PC, and furthermore OC and N contents together influenced
the second PC. Therefore, it is the role of ash that determines changes in EC and ion
concentrations, and burning and mulching tbetse changes in OC and nutrients. This
holds true for different tree species and variable conditions. It is interesting to note that,
immediately after the fire, burning determined significant differences in soils of all forest
species (grouped in the sarmuster, while the mulched soils were differently clustered).
After one year, the disturbance factors (burning and mulching) altered the similarity among
all the soil conditions and forest species, and no evident clusters of soils with the same
condition can be noted, thus proving the transient effects of prescribed burning and soil

mulching on soils.

5. Conclusions

The study showed thadrescribed fire and podre management with fern mulching had
noticeable impacts on the soil of three Mediterrantesest speciesThe changes in the
soil s chemical properties were often sigr
mulching were often transient, since the changes depend on the ash production and
incorporation, seasonality and forest spacBignificant increases in EC, total C and N
content, and ion concentrations were detected in burned soils (mulched or not) immediately
after the fire, while soil pH was less affected by these disturbance factors. For some
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properties the increases wephemeral with reductions detected one year after the fire (e.g.,
OC and N), while, for other parameters (e.g., ECaid NH"), the prefire values were not
restored. It is important to highlight that, in general, mulching was not effective in limiting
the changes in the monitored soil properties compared to thérprealues. Each forest
species showed different temporal trends in changes of soil properties. This was confirmed
by the combined Principal Component Analysis and Agglomerative HierarchicsieC
Analysis, which clearly differentiated the diverse soil conditions and forest species in
homogenous clusters.

Overall, the study confirmed that prescribed fire, although being @nl@nsity fire, is able

to induce significant changes in soil pempes. These changes depend on both soll
properties and forest species considered. Mulching with fern is unable to limit the changes in
chemical properties of soils. Future research paths should validate the findings of this study,
which are specific tohe semtarid Mediterranean climate. Forests and soils in different
environments (due to weather, pedology, ecology) may produce other trends in soil changes
due to both prescribed fire and mulching. Moreover, a specific hydrological study on its
effectiveress on runoff and erosion on forest hillslope may justify its use to mitigate the
hydrogeological risks in wildfiraffected areas, exploiting its economic convenience and
naturalness compared to other mulch materials. Extending the analyses to the
microbiological properties of soils (e.g., enzyme contents, microbial respiration) may clarify
other effects, which were not studied in this investigation. Finally, the general aim of this
study was the identification of the indirect effects of burning and-fix@streatment on
forest soils regardless of the direct cause. A specific and deeper analysis of individual or
homogenous types of soil properties (e.g., nutrients, ions, covers) may be beneficial to fully
understand the processes that have determinedtheved changes. This may also resolve

any apparent disagreement in the literature.
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Key message
In Mediterranean oak stands prescribed burning increases acorn emergence and plant
survival, while posfire soil mulching with fern does not significantly enhance the initial

recruitment of plants.

Abstract

To avoid the negative impacts of wildfire, prescrilbied is applied in several environments,
often with postfire soil mulching, to control wildfire hazard and erosion in burned areas.
However, uncertainties remain about impacts of these forest management techniques on
postfire regeneration, especiallyrfsome forest speciesiuch as oak, which is predominant
i n Medi t e-prona areas. Mhisystudy evaluates the effects of prescribed fire and
postfire soil mulching with fern on initial recruitment of an oak forest of Southern Italy.
Acorn emergencand seedling survivas well as some important plant and root biometric
characteristics (height, diameter, and dry weight) have been monitored in plots burned by
prescribed fire with or without po$ite treatment with fern. The acorn rain among the
experimental conditions wasot statistically different, whereas the prescribed fire
significantly increased acorn emergence compared to the unburned area. About 30% of
acorns germinated, of which more than 70% survived. Soil mulching with fern did not
significantly increase acornmeergence (35%) and plant survival (85%) compared to the
burned and untreated sites, presumably due to the shadowing effect of the cut fern, which
reduces the light availability for juvenile plants. However, this {ficst treatment
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significantly enhanced lgnt height (+44%) and root mass (+30%) but not its diameter
(+6%) and root length (+1%). These contrasting effects in part support the initial hypothesis
that soil mulching may be synergistic with the prescribed fire. Overall, the knowledge of the
benefigal influences of prescribed fire and pdisé treatments on oak recruitment, thanks to
the firetolerance character of this forest species, is useful to develop sustainable
management plans for the delicate forest ecosystems of theasdnilediterranea

environment.

Keywords: initial recruitment; oak stands; burning; acorn rain; acorn emergence, seedling

survival.

1. Introduction

A detailed understanding of processes driving the dynamics of forest ecosystems is essential
to develop sustainable magement plans. This understanding must include the process of
natural regeneration, since the initial recruitment of forest species is fundamental to achieve
stand persistence under the pressure of future climate cfidageel E. LucaBorja et al.,

2012) which forecasts reduced lower precipitation and higher temperd@odéss et al.,

2013) Acorn emergence and seedling survival stages, which determine the future forest
structure, have been recognissdthe most limiting stages for natural regeneraf@alama

et al., 2017) In early stages of forest trees, abiotic factors, such as soil moisture and
temperature, and sunlight, primarily control seedling establishment anchdtawasBorja

et al., 2011)Some biotic factors, such as canopy coaeornand seedling predation, and/or
sapling herbivore, may also influence these stédesuel E. LucadBorja et al., 2012)

Among these factordjre may favour or hinderearly seedling recruitmensinceseveral

forest species depend on the impact of fire to germifideeley and Pausas, 2019)
However fire, when at high severity, such asldfires, may pose pervasive effects on
human goods and ass¢Wittenberg and Pereira, 202Tjo avoid the negative impacts of
wildfire, prescribed fires the planned se of lowi nt ensi ty yre to achi
goals given certain weather, fuel and topographic condi{ilieariiz et al., 2018; Fernandes

et al., 2013} has been suggested and appliedeweral environment&limas et al., 202Q)

for management of fuel accumulation and future fire hazard in forests that are prone to the
wildfire risk (Fernandes and Botelho, 2008)n an ecological approacprescribed fire is
thought to change the structure and composition of the f@¢Rmineo et al., 2020)

increasng the heterogeneityfahe landscapeand can be purposely used for restoration of
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fire-associated ecosysten{Ryan et al., 2013)promoing or regemrating fire-adapted
specieg(Van Lear and Waldrop, 1991lts controlled and rational use can improve forest
habitats(Fontaineand Kennedy, 2012Jacilitating the emergencand growth of understory
vegetation(Hunt et al., 2014; Neary et al., 199€)scouragg establishmet of some plant
species, while favouring some oth@&arnes and Van Lear, 1998; Galford, 198%)sty r e
recovey is generally accomplished by direct regeneration, i.e., the recovery of a plant
community composed of the same fRowmdoetalf, spe
2020)

Despite these beneficial effectsmiscribed fires, uncertainties remain about its ecological
impacts(Fuentes et al., 2018The forest species may perform differently after prescribed
fires (LucasBorja et al., 2016)and even the results of relevant research on the fire effect on
tree regeneration are often contrasting. For some forest spsums,as oak, which is
predominantn Me d i t er r-prone areasnfiltasea d a p t e dCuitt et al.y 20@9)
studies of fire effects on regeneration have been shown varying ré2etessson et al.,
20200 0ak woodl ands rely on the ability of th
after yre and r(Arhe etal; 2012pPadsaso20Dbeveverdadure of

oak regeneration fronacornsis frequent in Mediterranean countri€Surt et al., 2009;
MaltezMouro et al., 2007)O a k i -adaptgdr and moderately shadwlerant, and
theref ore mganbesusadiasw mahaggmerd tool to decrease competitind
increase light levelsthus pomoing oak regeneration in some ecosystegf@sose et al.,

2013; Izbicki et al., 2020)Prescribed firealso eliminates excess firesensitive vegetation

and redueslitter, favouring theemergencef acorngBlankenship and Arthur, 2006Ylany

s udies have shown that yre alone or in co
canopy removalcan improve the establishment and growth of regénerabak trees
(Hutchinson et al., 2005)However, seeral oak species have exhibiteshsuccessful
regeneration in recent years, and difficult to identify the reasonsdue to a multitude of

biotic and abiotic factorgfluencing this ecological procesq€urt et al., 2009; Pausas et

al., 2004; Royse et al., 2010pn this context, the role of how prescribed burning affects
initial seedling recruitment is still not understood and more research is needed with
particular focus for Mediterranean mountainous areas, where the fire hazard is high and the
postfire recruitment of vegetation is limited by drought and some adverse soill
charateristics(Moody et al., 2013; Shakesby, 2011)

In spite of these beneficial effects on forest ecology, prescribed fire shows negative impacts

on burned ecosystems, especially on soil hydrology. More specifically, removing litter and
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understory vegetation and modifying some important hydrological grepef soil (such as
reducing the hydraulic conductivity of soil and inducing water repellébagasBorja et

al., 2018; Plazd\lvarez et al., 2019, 2018; Zavala et al., 2Qtpscribed fire can increase

the runoff and erosion rates,sal by some order of magnitud€awson et al.2012;
GonzalezPelayo et al., 2010; Vega et al.,, 2005pil mulching with vegetal material
(commonly pruning residues or straw) may mitigate runoff and erosion in burned areas
(LucasBorja, 2021; Zema, 2021}ince this posfire managemet technique protects soil

from raindrop impacts and reduces the velocity of overland (Ratil Shirish et al., 2013;
Prosdocimi et al., 2016; Zituni et ,a2019) This mulch action may also increase moisture

and reduce temperature of burned soils, which are key factors in initial seedling recruitment
of forest speciefCalama et al., 2017However, postire mulching can alstbave negative
effects, especially regarding the mulching material. For instance, the residues of straw can
be displaced by wind in some areas and may contain seeds, chemicals and parasites, which
can be the sources of noative vegetation and plant diseas On this regard, forest
residues (e.g. wood strands, chips or shreds) or dead plants may be preferable to straw,
because these substrates do not carrymadine seeds or chemical residues, and are more
resistant to wind displacemefiRobichaud et al., 2020 Mediterranean forest floor, fern
Pteridium aquilinum(L.) Kuhn - is widely available, and this avoids transport from other
locations.On an ecologal approachf er n st ands act as an ecol
tree regeneratioandfavoursemergencef latesuccessional speci€Ssali et al., 2019)
However, to the b eaytfewavaltalioos aboit the efieay of ech gre ,
early recruitment obak species in burned soil are available in literature. It results that the
guestion of how prescribed fire and péist mulching affects the early seedling recruitment

of an important forest gpies, as oak, is still not understood in Mediterranean forest
eosystemsTo fill these gaps, this study evaluates the effects of prescribed fire arir@ost

soil mulching with fern on initial recruitment of an oak forest of Southern Italy. More
specifically,acornemergence and seedling survival as well as somertargglant and root
biometric characteristics (height, diameter, and dry weight) have been monitored in plots
burned by prescribed fire with or without pdse treatment with fern. Since oak a forest
species that is adapted to fire, we hypothesisatigrescribed burning enhances the initial

recruitment of plants, and this effect may be synergistic with mulching application.
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2. Material and Methods
2.1. Study site

The study was carried out in a natural stand of Qale(cus frainettd’en.) in tre locality of

i Ru n guUTM goordinates588635 E and 4216172 Mpunicipality of Samo, Calabria,
Southern Italy). The climate of the area is sami i d (ACs aesummdras s,
Medi terraneano a(kotek etali, 20§6yith onildkandpvegt @vinters, and

warm and dry summers. The mean annual precipitation and temperature are 1100 mm and
17.4 °C, respectively.

The oak stand under investigation is between 900 and 950 m above sea level and is exposed
to North-East (Figure 1).The stand is ra adult brest with a large contribution of natural
mulching from the fall of the leaves and rierNo management actions have been
accomplished in the three forest staritble 1 reports the main dimensional characteristics

of the tree layer and the congition ofthe shrub layer.

The soil of the experimental site, with a mean slope of 19.1 + 1.65%, are loamy sand with
contents of silt, clay and sand of 11.5 £ 1.89%, 9.2 £ 0.58% and 79.1+ 1.59%, respectively.
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Figure 1 - Location of the experimentaltsi(SamoCalabria, Southern Italy).
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Table 1- Main characteristics of the oak forest stand in the experimental site (Rungia,

municipality of Samo, Calabria, Southern Italy).

Oak forest characteristics Value
density (n./ha) 225 +44.7
Tree diameter athe breat height(cm) 40.7 £ 8.9
height (m) 182+1.9
basal area (#ha) 31.1+3.6
Litter height (cm) 12.2+3.9
Main shrub species Cyclamen hederifolium, Bellis perentis

2.2. Experimental design

The prescribed fire was carried out in @aeaa(aboti250 nf) of the oak forest in early June
2019 with the support of the Forest Regional Agency (Calabria Verde) and the surveillance
of the National Corp of Firefighters. Wind was practically absent and air humidity was
between 50 and 60%. The meamd maxinum temperatures of soils, which were measured

at a depth of 2.5 cm by a thermocouple connected to a datalogger, were 21 and 26.9 °C.
The burn severity of soils after the prescribed fire was evaluated according to the
classification by(Parson et al., 2010Accordingly, one day after prescribed fire, ground
surface of all site was visudly checked, observing ash colour and fine roots. Following
(Parson et al 2010) the burn soil severity of all sites were low, that is, with srolaéinge

from prefire status, black ground surface with recognizable fine fuels remaining on surface,
and fine roots unchanged

In the burned areahreesmall portiors (about 9m?) wasmulched with a cover (more or less

3 to 5 cm of thickness) of fern residuesit from an adjacent zoneand distributed over
groundat a dose of 500 ghvof fresh weight(equivalent ta200 g/nt of strawdry matter
usually applied in burned and nohked aresafterfire (LucasBorja et al., 2018; Vega et al.,
2014)

A third areawhich wasnot burned anevas locatedess than 10 m from the burned areas, in
eachsitavas sel ected to be considered as fAcontr
Immediately after the prescribed fire and soil mulchiegotal ofnine small plotsthree
series of plots (area @& n¥), eachseries consisting dhreereplicated plots) were selected
and delimitedusing 03-m high metallic sheets inserted up to 0.2 m below the ground

125



surface. The plots were at a reciprocal distance between 1.5 and 2 m. Three plots were set up
i n the wunburned soils (considered asdihcont
area, & which three in the area without treatméigure 2a)and three in the mulched area
(Figure 2b)

Overall, the experimental design consisted of three soil conditions (unburned, burned and

untreatedand burned and mulchetlYhree replicated pts, for atotal of nine plots.
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Figure 2 - Photos of the experimental plots (a, burned and untreated soils; b, burned and
mulched soils), acorn emergence (c) and measurement of seedling height and diammeter (d)

oak forest urerdifferent soil conditions (Samo, Calabria, Southern Italy).

2.3. Vegetation sampling and analysis

Acorn rain was estimated in November 2019 (five months after the prescribed fire
application and soil treatment with fern mulch) in each plohefthre soil conditions Seed

fall was calculated at each experimental treatment as a sacomwfsfound at eaclplot. The

plots were protected with wire netting (1 x 1 cm mesh size) to aaoichpredation.
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Acorn emergencéFigure 2c)was measured ongar June 2020) after the prescribed fire
application and soil treatment with fern mulch, while seedling survival was surveyed at the
end of the experiment in June 2021 (24 months after fire and mulching).

Moreover, the total length of the main stem awdtcollar diameter of all surviving
seedlings vasmeasured in June of 2020 and 2@Bigure 2d) Then, in June 2021, the soil
supporting seedling growth was gently excavated and the aerial part of the plant was
separated from the root system. On thdetattre root length and dry weight (at a

temperature of 60 °C for 48 hours) were determined.

2.4. Statistical analyses

Oneway ANOVA was applied to the raiacornemergence and seeding survival as well as
plant root length and dry weight, assuming astdr tke soil condition (that is, unburned,
burned and not treated, burned and mulched).-Wayp ANOVA was instead applied to
evaluate the statistical significance of the differences in plant height and diameter among
soil conditions and survey dates (8u@020 ad June 2021), the latter considered as
independent factors.

The pairwise comparison by Tukeyds test
statistical significance of the differences in the response variables. To satisfy the
assumptions of #h statitical tests (equality of variance and normal distribution), the data
were subjected to normality test or were square-traoisformed whenever necessary. All

the statistical tests were carried out by with the XLSTAT software (release 2019).
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3. Results

Compared to the unburned sites, whacernrain was on average 181 + 35, 218 + 56
and 214 + 1'acornswere counted in burned, and burned and mulched plots (Ryure
although the differences among the different soil conditions were not saghiffc =
0.497).
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Figure 3 - Acorn rain and emergence, and seedling survival (mean * standard deviation)
counted in oak forest under different soil conditions (Samo, Calabria, Southern Italy).
Different letters indicate significant differences (p < 0.05)

While no acornemergence was noticed in unburned sites, 65 aA@®nsgerminated on
burned soils and 73 + 23 on burned and mulched plots (FRurénly the difference
between unburned@nd burned soils (mulched or not) was significant (p < 0.01).

Of the emergé acorns 48 + 22 and 62 + 23 seedlings survived on burned, and burned and
mulched soils (Figur&), but the difference between this soil conditions was not significant

(p = 0.068).

At both survey dates (June 2020 and 2021), plant height wiasrhigbuned and mulched

plots (92.8 + 31.2 mm, June 2020, and 110.5 + 40.3 mm, June 2021) compared to the burned
and untreated soils (64.6 £ 35.3 mm, June 2020, and 85.3 + 41.9 mm, June 2021 ¥jFigure
According the 2vay ANOVA, both soil condition andurvey d& were significant factors

(p < 0.0001 and 0.01, respectively) on plant height, but not its interaction (p = 0.630).
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Figure 4 - Plant height and diameter (mean + standard deviation) surveyed in oak forest
under different soil conditions at @wsurvey dites (Samo, Calabria, Southern Italy).

Different letters indicate significant differences (p < 0.05).

In June 2020, seedling diameter was lower in the burnedmneatedlots (1.29 0.28 mm)
compared to the burned and mulched soils (1.38& tm). Incontrast, in June 2021, the
latter soils showed seedlings with lower diameter (1.67 + 0.35 mm vs. 1.71 + 0.27 mm of
burned anduntreatedplots) (Figure4). For seedling characteristic, both the date and its
interaction with the soil condition termined gynificant differences in plant diameter (p <
0.0001 and 0.01, respectively. In contrast, soil condition did not statistically influence the
seedling diameter (p = 0.485).
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Figure 5 - Root length and dry weight (mean + standard deviationykfseedligs under
different soil conditions at two survey dates (Samo, Calabria, Southern Datferent

letters indicate significant differences (p < 0.05).

Root length (125 + 34.3 mm and 126 + 34.0 mm, respectively) was practically the same in
burneal, and bmed and mulched soils. In contrast, the latter soils showed a higher root dry
weight (0.88 + 0.23 g) compared to the burned amigeatedplots (0.67 + 0.14 g) (Figure

5). These differences were significant for root dry weight (p < 0.001), hdonooa length

(p = 0.905).

4. Discussios

Since seedling recruitment is ultimately limited by the quantity of viadbdernfall, an
evaluation of seedling patterns is necessary to understand the dynamics of recruitment
(LucasBorja and Vacchiano, 201.8pak acornsre dispersed across a wide variety of sites
covering a range of abiotic and biotic conditio@s/en hat a similar forest structure ok

forest among all plotswe assungkthat acornsfall was similar atall plots. Furthermore,

since parent rock materiatopography climate and forest structungere similar among
selected plotsdifferences wth respetto seedling emergencsurvival and initial growth

can be associated with the influencdid and mulch

While none of the falleracornssprouted in the unburned area, about 30%a@drns
germinated in the burned areas, of which more than 3@84ved Higher regeneration in
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burned areas is iagreement with other studies dealing with oak recruitment, whmbrted

higher survival rategBrose et al., 2013; Petersson et al., 2020; Royse et al.,, 204 (atter

in combination wih othertreatments (e.g., tree canopy openness or ungulate exclosure) in
burned oak standsyhile (Hutchinson et b, 2005)found reduced sapling density in areas
with burn treatmentdMany reasons may explain the greater early recruitment of oak in the
burned sites. First, the reduction in tree density and canopy cover increases light availability
on the fo e s t , whpichas very important for regeneration of oak species, which are
considered light demanding for survival and growth once energy reserves of the cotyledons
are exhaustedAnnighofer et al.,, 2015; Petersson et al., 2028¢ond, the lower
competition with herbaceous vegetation presumably enhances vegetation growth in this
semtarid environment, having amited water availability(GarciaFayos et al., 2020;
Petersson et al., 20200 contrast, the presence darh layer found in unburned plots could
have delayed or impedettornemergence developmefaccia and Ballaré, 1998phird,
low-intensity fire creates more favourable seedbed conditions to oak establishment,
promoting the contact with mineral soil and thus favouegrnemergencdgFacelli and
Pickett, 1991; Hutchinson et al.0@5) Fourth, the increases organic carbon, total
nitrogen and available phosphorous measured in the same experimentainséaiately

after the prescribed fire compared to the unburned sites, followed by significant decreases
one year after fire, whmethe plantregeneration was higher (Carra et i.pres3. A higher
availability d organic matter and nitrogen contents of burned ,sweilich have beerwell
documented after prescribed fir€sC (Alcafiz et al., 2020, 2018; Hue$tonzalez et al.,

2018; Ubeda et al., 20p5may have supportethe recruitment of oak seedlings detected in
this study. These changes in soil properties also improve microbial diversity, which may
increase soil fertilit{Manuel Esteban LucaBorja et al., 2012; Nannipieri et al., 2003he

latter effet¢ together with the low damage to can@mprnbank and the low impact on forest

floor conditions after prescribed fires might generate better conditions for initial seedling
recruitment. In line with thigMadrigal et al., 2010have also shown a positive influence of

the soil organic layer remaining after fire on seedling recruitment, which has been related to
a higher watecontent of soils with higher organic matter. However, since several studies
have indicated that oak regegnet i on may be more effective
when combined with other treatmefiizbicki et al., 2020; Petersson et al., 2020; Ssali et al.,
2019) the opening of tree canopy by mechanized operations and replicated applications of
prescribed fire can be suggested, in order to remove midstory competition, increasing
understory light, and increasing oak seedling growth and dgiBsibge et al., 2013; Green

et al., 2010; Izbicki et al., 2020)
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Mulching determined increasegalthough not being significantin these percentages (about

35% of germinateccorns and 85% of survived seedlings) that cango@ntified in 14%

and 12% foremergenceand survival, respectively( Lucas Bor j a haet al
demonstratethat seedling survival but not emergendesas largely controlled by poefite
treatments enhancing the establishment of
shrubs on the recruitment of seedlings located under their car{gpr®rg, 1998; Heydari

et al., 2017) Moreover, the mulch cover spread over the ground of burned soils acts as a
barrier that reduces drought by lowering solar radiation and soil temperature and increasing
its water conten{f Castr o et al ., 2 0 0.3Ajso (Bsalicend., 2B1®)Y | a
reported higher seedling survival on soils of tropical forests subjected téirpaseatmet

with fern.

Many studies have stated that growth of oak seedlings in burned areas is higher compared to
y r-excluded sites, since larger diamet@syse et al., 2010jaster biomass growifwang

et al., 2005)and greateneights(Petersson et al2020)were observed in oak seedlings after
prescribed fires.

The lack of significance of the differences in acorn emergence and seedling survival
detected in mulched areas compared to the burned and untreated sites may be due to the
shadowing effectfathe cut fern, which reduces the light availability for juvenile plants. It is
well documented in literature that Ig h t can signiycantly i mpes
survival (e.g.(Hutchinson et al., 2005; Izbicki et al., 2020; Royse et al., 2010)

In spite of the nossignificant difference in the initial recruitment of oak seedlings between
mulched anduntreatedareas, this posdire treatment enhanced plant growth at both survey
dates, as shown by the significantlyeaterheight (+44% one year after the treatment)
compared to the plants grown on burned antteatedplots. In contrast, the pladiameter

was not significantly influenced by the treatment (only +6% after one year). These
enhancements of the plant morphology lost weight over time (+30feight two years

after the treatment) and even became negatB8# {n diameter) over time. Hiher growth

in soils burned and mulched with ferrasreported also bySsali et al., 2019)

Regarding the root system, mulching did not significantly influence the length (only +1% in
mulched areas compared to the burned amueatedplots), but determined significant
increase (by more than 30%) of the root mass.

The faster growth of seedlings in mulched areas compared tmtleatedsites may be due

to the higher water content, since it is well known that mulching enhances soil moisture
which is a keypoint in natural regeneration process, especially in forest ecosystems of the

semtarid environments with limited water availabiliiyucasBorja et al., 2018; Prosdocimi
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et al., 2016)(Bautistaet al., 2009}heorized that the main advantage of mulch application is
the immediate increase in vegetal cover of soil, which result in an effective prothatiog
the first rain events after fire. Moreover, the mulch material can be fast incorpiotatéue

soil, thus increasing the its content of organic matter and nut(Roisbino et al., 2019)

5. Conclusiors

This study has demonstrated that the application of prescribed burning to an oak stand of the
Mediterranean environmemiay significant effec on plant egenerationcompared to the
unburned sitedn relation to emergence, in burned areé®uh 30% ofacornsemerged of

which more than 70% survive@his may be due tthe higherlight availability on theforest

b o dawer competition with herbaceous vegetatimore favourable seedbed conditions to
oak establishmentand increases in soil contents of organic carbon, total nitrogen and
available phosphorous. This result confirms the first working hypistiibat prescribed
burning enhances the initial recruitment of plastsce oaks a forest species that is adapted

to fire.

Soil mulching with fern applied as an@rosive posfire treatment did not significantly
increaseacorn emergence and plant sual compared to the burned and untreated sites,
presumably due to the shadowing effect of the cut fern, which reduces the light availability
for juvenile plants. Howevethis postfire treatmensignificantlyenhanced plant heigahd

root mass but notts diameter and root length. These contrasting effects, which may be
attributed to thehigher water contenvf mulched area of this watémited in forest
ecosystemof the semiarid environmentsin part support the initial hypothesis that soil
mulchingmay be synergistic witthe prescribed fire.

Overall, the knowledge of the beneficiainfluences of prescribed fire and po$re
treatmenton oak recruitment thanks to thdire-tolerancecharacter of this forest species, is
useful to developsustainablananagement plan®r the delicate forest ecosystems of the
semtarid Mediterranean environment. More research is needed in order to validate the
outcomes of this study on different forest species and to evaluate the effects of prescribed

fire and mulchingvith other forest operations
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CHAPTER 5

Modelling the EventBased Hydrological Response of
Mediterranean Forests to Prescribed Fire and Soil Mulching
with Fern Using the Curve Number, Horton and USLEFamily

(Universal Soil Loss Equation) Models
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Abstract: The SCSCN, Horton, and USLEamily models are widgl used to predict and
control runoff and erosion in forest ecosystems. However, in the literature there is no
evidence of their use in Mediterranean forests subjected to prescribed fire and soil mulching.
To fill this gap, this study evaluates the prediotcapability for runoff and soil loss of the
SCSCN, Horton, MUSLE, and USLE models in three forests (pine, chestnut, and oak) in
Southern lItaly. The investigation was carried out at plot and event scales throughout one
year, after a prescribed fire apost-fire soil mulching with fern. The SCEN and USLEM
models were accurate in predicting runoff volume and soil loss, respectively. In contrast,
poor predictions of the modelled hydrological variables were provided by the models in
unburned plots, andby the Horton and MUSLE models for all soil conditions. This
inaccuracy may have been due to the fact that the runoff and erosion generation mechanisms
were saturatiorexcess and rainsplash, while the Horton and MUSLE models better simulate
infiltration-excess and overland flow processes, respectively. For the @€&nd USLEM
models, calibration was needed to obtain accurate predictions of surface runoff and soil loss;
furthermore, different CNs and C factors must be input throughout the year to sithelate
variability of the hydrological response of soil after fire. After calibration, two sets of CNs
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and Gfactor values were suggested for applications of the-SB&nd USLEM models,
after prescribed fire and fern mulching in Mediterranean forests. Gahicated in a wider
range of environmental contexts, these models may support land managers in controlling the

hydrology of Mediterranean forests that are prone to wildfire risks.

Keywords: runoff; erosion; soil loss; hydrological modeling; oak; chestpiuie; calibration

1. Introduction

Wildfire is one of the most dangerous threats to forest ecosystems, since it impacts almost
all components (air, soil, plants, fauna, surface w@terzlowski, 2012). Fire alters the soll
properties and removes vegetation, leaving the soil bare and, thus, exposed to flooding and
erosion(Moody et al., 2013; Zavala et al., 2014; Zema, 202he hydrological impacts of

fire are particularly important in Mediterranean forests. Here, the frequency, extent, and
intensity of wildfires have been associated with an increase in climate warming last

three decadegPausas and Fernandefioz, 2012) due to specific weather conditions
(e.g., low humidity, high teperature, and strongwindgsMor 8n Or d:- fTgandet a
hydrological regimes (extreme and flash storm events with heavy and erosive rainfalls
(Diodato and Bellocchi, 2010; Giorgi and Lionello, 2008)

To control fire severity and frequency, and at the same time mitigate the hydrological
impacts in fireaffected areas, several prend posfire management actions haveen
proposed. Prescribed fire applications, as well as soil mulching, have been used in several
environments with satisfactory resultaicasBorja, 2021; Neary and Leonard, 202W)any

studies have demonstrated how lmiensity fires are effective faremoving the fuel that

can generate a hightensity fire, and therefore for reducing the wildfire risk in treated
forests(Alcafiiz et al., 2018; Vega et al., 2005pil mulching with vegetation residues is

one of the most common pd#te management strategies to limit runoff and erosmothe

short term, since mulch protects soil from rainsplash prior to vegetaggrowth
(Kozlowski, 2012; Prosdocimi et al., 2016)

The hydrological processes in burned soils are very complex, since several factors (weather,
fire severity, vegetation cover, soil properties, morphology, and land management) influence
the hydplogical response of so{Moody et al., 2013; Nunes et al.,, 2018; Zema, 2021)
Computerbased hydrological models are essential tools to better understand and predict the
hydrological processes in a cadtective and timeefficient way (Filianoti et al., 202Q)

including in burned @ils. However, validation under different environmental conditions is
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required, to ensure model applicability and reliability for predicting -pasthydrology
(Bezak et al., 2021; Fernandez and Vega, 2016)

Many models have been developed to forecast runoff, erosion, and transport of polluting
compounds under a large variety of climatic and geomorplualbgonditiongBezak et al.,

2021; Borrelli et al., 2021 Empirical models are adfasier and quicker to apply compared to

the most sophisticated physicabhgsed routines. Their prediction capability may be
considered acceptable for many needs and (#/esy and Kavvas, 2005; Luc#orja et

al., 2020) The use of empirical models is practically compulsory in-gatar environments,

where input parameters are scarce or are difficult to collect, so that more complex models
cannot be implementg@ema et al., 2020b, 2020a)he Soil Conservation Service (SES)
curve number (CNECN (imedeledpr t Hofdmdy(®jversalnd U
soil loss equation) models are the most common empirical methods adopted in various
environments to predict runoff and erosion, respectii@gzak et al., 2021; Borrelli et al.,
2021; Mishra and Singh, 2013)hanks to the advantages of these empirical models, the
SCSCN, Horton, and USLE methods have been used as the hydrological and erosion
compnents of many hydrological models applied at catchment scale (e.g., AnnNAGNPS and
SWAT models).

Regarding runoff and erosion predictions after fire using these models, several authors have
evaluated the performance of hydrological models in burned foreas$,awith or without
postfire treatments(Zema, 2021) Regarding runoff prediction, the SN method is
commonly used in firaffected forests, but the CN values are still not \kethwn for

burned conditiongSoulis, 2018; Spnger and Hawkins, 2005According to the latter
authors, the literature on SE&3N model accuracy and CN values for simulating runoff in
burned forests is limited. Moreover, the variability of the hydrological predictions of
different models, using the SECN method as subomponent, highlights the difficulties in
setting proper CN values for pefgte conditions using observed ddgoulis, 2018)

The USLEfamily models (USLE, RUSLE, MUSLE, USL-M, HUSLE, etc.) have been
developed to estimate soil erosion in agricultural lands, and their applicability in burned
forest is not predictable, since fire impacts on vegetation and soil properties are different,
and complicated by several factors (e.g., soil water repellency, ash effects), especially in the
Mediterranean environmerLopes et al., 2021)Moreover, these equations have mainly
been applied for mulyear predictions, wke modeling tests after thessoal | ed o6 wi nd
di st ur(Femandee téal., 2010)(occurring immediately after a fire and throughout
about one year, when the soil is bare and thdidevels of soil properties have not yet

been recovered) have been mainly carried out using RUSLE in soils burned by wildfires
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(e.g., (Karamesouti et al., 2016; Larsen and MacDonald, 200l) he aut hor s o
knowledge, no applications are available in the literature about the use of the MUSLE and
USLE-M models after prescribed fires. As such, the optimal values of CNs and C factors,
which are key parameters for the accurate estimation offrandferosion(Panagos et al.,

2015; Shrestha et al., 2006ave not yet been identified in burned conditions and with post
fire management. Breover, the validation of soil erosion models in soils subjected te post
fire management treatments, such as mulching, is particularly scarce g{deaiigndez et

al., 2010; Robichaud et al., 2007Mherefore, the applicability of the SE&3N method and
USLE-family models may remain questionable, without targeted modeling evaluations.

These literature gaps require studies that should agsepsediction capability of the SES

CN, Horton, and USLE models in burned forests in Mediterranean areas undiez prel
postfire management, such as prescribed fire and soil mulching.

To satisfy this need, this study evaluates the prediction cépdbil runoff and soil loss of

the SCSCN, Horton, and USLEamily models (MUSLE and USL#) in three forests

(pine, chestnut, and oak) of Southern Italy. The investigation was carried out at the plot and
event scales throughout one year after a prestfiteand with posfire soil mulching with

fern residues. The research questions which this study aims to answer are two: (i) Are the
tested models reliable and accurate for predicting surface runoff and soil erosion in
Mediterranean burned forests? {iijhich are the optimal values of the input parameters of

the tested models?

2. Materials and Methods
2.1.Study Area

The investigation was carried out in three of the most dominant forests of Calabria (Southern

Italy), whose climate is sermair i d ( 6 Charbu marieas sMeda t er r ane

according to Koppen(Kottek et al., 2006)The mean annual precipitation and temperature

are 1102 mm and 17.4 AC, respecti veaTy (we

coordinategt217548 N, 595159 E, ped 2000 2020).

Close to the municipality of Samo, three forest sites were identified to collect the

hydrological observations used for the model evaluation (Figure 1):

1 a pine Pinus pinasterAi t o n, i Giel WM acoordmaies4215334 N;
590300E) stand reforged in 198 over an area between 650 and 700 m a.s.l.

1 a natural oakQuercus frainettal e n . A R uwih coardinatesi216&91N;
588655E) stand (900950 m a.s.l.)
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1 a chestnut standC@stanea sativéi | | . |, i QUTN eoordinateg215628N;

504100 E) a b o-old, be@v@en/@0earad 750 m.
The tree density was about 950 (pine), 225 (oak), and 725 (chestnut) trees/ha. The tree
height was 21 (pine), 10 (chestnut), and 18 (oak) m, while the breast diameter was 28, 20,
and 41 cm, respectively.hBib formations mainly comged of Quercus ilex L., Rubus
ulmifolius S.andBellis perennis L(pine forest) Cyclamen hederifoliurandBellis perennis
L. (oak); andRubus ulmifolius S., Pteridium aquilinum andBellis perennis L(chestnut).
All forest stands had not been sdijto maagement actions after planting or in the last
fifty years for the natural stand.
The soils of theexperimental sites (Cambisols, according to the World Reference Base for
soil resources classificatiomere homogenoud.he mean slope of soils wagout 206 for
all stands, anthe texture was loamy sand (10.6 £ 2.57% of silt, 8.76 £ 0.61% of clay, and
80.7 + 2.68% of sand). The unburned area of the pine forest in Calamacia instead showed a
sandy loam texture (10.1 = 1.018fsilt, 9.0 + 0.01% of @y, and 8.0 £ 0.99% of sand).
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Figure 1. Location of the experimental sites (Samo, Calabria, Southern lItaly).
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2.2. Prescribed Fire Operations and Mulching Application

The prescribed fire was carried out in early June 201Bwolg the national and regiah

rules and taking care that the main conditions during fire application at the experimental site
(absence of wind and air humidity between 50 and 60%) were ideal, to avoid an
uncontrolled wildfire. The burn severity of sb#fter the prescribed fire wdow, acording

to the classification byParson etla 2010)

Straw is commonlysed asa mulch material, mainly in croplands, and this mulch is not
always suitable in forest areas. Biomass transport from agricultural sites may be expensive,
and these vegetal residues often contain -abgemicals and pasédes, with the possible
devebpment & nonnative vegetation and diseases to forest pl@@estocGoncalves et al.,

2012) Woodchips are sometime used as dcimunaterial in forests (padularly in young
stands), but production may be expensive and difficult, due to the need of big machinery and
a large amount of wood biomagklimek et al., 2020) Fern Pteridium aquilinum(L.)

Kuhn), which is abundant on the Mediterranean forest floor and does not bringatnze

seeds or chemical residues into the forest ecosystem, may replace straw for the mulching of
fire-affected areas. However, no studies prior to the present investigation have evaluated its
suitability as a mulch cover for burned soils.

At the expennental ges, one day after the fire, small pieces (maximum length of 5 cm) of
fern stems were applied to the soil as a mulch material in a part of the burned area. The fern
was supplied from the same forest and the fresh residues were spread on theaggeund
dose of 500 g/rhof fresh weight (200 g/fof dry matter, as suggested for straw mulching

by (LucasBorja et al., 2018; Vega et al., 2014)
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2.3. Hydrological Monitoring

In each forest site, three series of plots (each one with three replications) were delimited at a
reciprocal distance, between 1.5 and 20 m (Figure 2).
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(©)
Figure 2. Images of the experimental plots installed for hydyaal monitoing of the

experimental sitesaf pine; ), oak, andt), chestnut forests.
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