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Abstract

Wildfires are uncontrolled fires in vegion, which may pose risks for both humans and ecosystems.
Wildfire frequencies are expected to increase for Neméstern Europe due to climate change,
therefore understanding them is becoming more urgent. Insight in the driving factors of wildfire
occurences is essentiddowever, the relation between soil, groundwater, vegetation and wildfires is
still not fully understood. This knowledge gap is addressed in this thesis for the area ofaéstdrn
Europe for the period 2008019 and The Netherlandigr the period 20172019. Spatial, temporal and
size distributions of wildfires have been comparedtte soil texture, groundwater level and land use
of the wildfires. The results show that most wildfiiasThe Netherlandseccurred on sandy so#and in
North-western Europe on loam and sandy loam. In the Netherlands, most wildfires occurred in mixed
forest, pasture and heathand for all three land uses sand was the dominant soil texa@ikgildfires

In Northwestern Europe, mostof the burned areaoccured on the land uses peat bog
moor/heathland and coniferous forest. In coniferous forast®North-western Europanost wildfires
occured on sandy loam, and in moor/hedéimds and peat bogs most wildfires occurred on loam
(however the soil texture of pebogsmay not be very relevardue to the low mineral fraction
Further, most wildfires occurred on relatively deeper groundwater levels for both study arbas.
results of The Netherlands and Nontiestern Europe suggest thabil textureand groundvater level

are related to wildire occurrences. biwvever, there does not seem to be one cleaelationship
betweenwildfires and soil texturer groundwater leveln North-western Europgprobablybecause

of the heterogeneity of other factoraffecting wildfire occurrencde.g. climate)on that scale
Furthermore, thetiming of wildfires in The Netherlandseemsto be not affected bydifferent soil
textures and groundwater levelthis may be due to the short study periodtbfee years. For North
western Europe, wildfires on loam mairoccurred in April and May, while wildfires on sandy loam
occurredin June and Julelatively a lot as welHowever, differences in the timing of wildfires may
have been biased by high numbervgfdfiresin certain periods or locationkastly, wildfies occurring

on peat and deeper groundwater levels had in general the largest size per wildfire for both study areas.
The results of this studindicate that soil &xture and groundwater levelindirectly drive wildfire
occurrencethis can be taken into @ount for further research othe driving factors of wildfires

Pages of 61 N



Table of contents

ABSTRACT 3
1 INTRODUCTION 6
1.1 INTRODUCTION TO WIIHES 6
1.2 BNVIRONMENTAL PARAERESE DRIVING WILDEIRE 6
1.3 RESEARCH QUESTIONS ANPOTHESES 7
2 METHODOLOGY 9
2.1 STE DESCRIPTION 9
2.2 DESCRIPTION OF DATA 10
2.3 ANALYSIS OF WILDFIREBGIENETHERLANDS 11
2.4 ANALYSIS OF WILDFIREORTHWESTERNJROPE 14
3 RESULTS 17
3.1 SPATIAL ANALYSIS QEDFIRES IHENETHERLANDS 17
3.2 SPATIAL ANALYSIS QEDFIRES INORTHWESTERNUROPE 25
3.3 TEMPORAL ANALYSISMIEDFIRES THENETHERLANDS 31
34 TEMPORAL ANALYSISMIEDFIRES NORTHWESTEREUROPE 32
35 WILDFIRE SIZE ANASYSTHENETHERLANDS 34
3.6 WILDFIRE SIZE ANASYSNORTHWESTERNJROPE 34
4 DISCUSSION 35
4.1 SPATIAL ANALYSIS QEDFIRE OCCURRENCES 35
4.2 TEMPORAL ANALY SISMDEDFIRE OCCURRENCES 39
4.3 WILDFIRE SIZE ANASYSHF WILDFIRE OCCENREES 40
4.4 IMPLICATIONS OF THBEBY 40
45 RECOMMENDATIONS 40
5 CONCLUSION 42
ACKNOWLEDGMENTS 43
REFERENS 44
APPENDICES 47
APPENDIA BMVIPLOYED DATASETS 47
APPENDIB DESCRIPTION OF ADDDU®RDINATES TO WIRBMDATA OFHENETHERLANDS 48

Paged of 61




APPENDIKC
APPENDID
APPENDIE
APPENDIF
APPENDIG
APPENDIK
APPENDIK

APPENDI¥

APPENDIK
APPENDIK

APPENDINM

DESCRIPTION OF THE SEXTURE CLASSIAIGNS FORHENETHERLANDS
SOIL CLASSIFICATIQRSVILDFIRESTNENETHERLANDS

LAND USE AND VEGEDNITYPES OF WILDSIREHENETHERLANDS
SOIL TEXTURE OF WIRBE PER LAND USEHENETHERLANDS
GROUNDWATER LEVEL®@BFIRES IHENETHERLANDS

SOIL TEXTURES AND BTRIES OF WILDFIRHSORTHWESTERNUROPE
SOIL TEXTURES OF WIRES IN CONIFERBORESTS NORTHWESTEREUROPE
LAND USES OF WILDEIRENORTHWESTERNJROPE

TEMPORAL ANALYSISMIEDFRES INHENETHERLANDS

TEMPORAL ANALY SISMIEDFIRES NORTHWESTERKEJROPE

WILDFIRE SIZE VERSESUNDWATER LEVED SRIL PROPERTIES

49
50
52
53
55
56
57
58
59
59
60

Page5 of 61



1 Introduction

1.1 Introducton towildfires

Wildfires are uncontrodld fires occurring in areas with flammable vegetati@iensen et al., 2018)
Theycan result in economic damagedangerto humans and damage ecosystenunderstanding
which areas arenore prone to wildfire occurrencesan be essential faeducing the negative impacts
of wildfires through for example fuel managemeii€huvieco et al., 2010Yarious studies have
examinedthe relation between environmental parameters and wildfire occurre(ideanda et al.,
2012; Moritz et al., 2005)However, little research has been done on the relation between soill,
groundwater and wildfirmccurrenceWildfire occurrenceare likelyrelated to soil properties such as
sand ontent (as can bgresumedfrom Figure 44n (SanMiguelAyanz et al., 2018)r to the depth

of the groundwate(Taufik et al., 2017Nonethelessthese relations haveot beenstudied orproven
yet for the North-westernof Europe It is not clear whether wildfires occur more often certain soils

or groundwater depthsneither is it known whether the size or timing of wildfire occurrences differs
per soil textureor groundwater level.

The need for understandirthe environmental paameters drivingvildfire occurrences is increasing,
especially for Nortiwestern EuropeNorth-western Europe is expected to have movidfires due

to climate changé€Flannigan et al., 2013herefore good management practicase neededthat are
future proof. Countries in Northwestern Europemay not beprepared for higher frguencies or large
scale wildfiresasfor example a report folrhe Netherlandgmplies(Inspecte Openbare Orde en
Veiligheid, 2011)The Dutch statéorest management stoppecollecting wildfire statistics after
1996,but since 2017 new wildfire statistics are being collected afféik and Stoof,
unpublished)This data has not beestudied yet,even thoughinsight intothe driving paranetersof
wildfire locations, timing and sizeuld show where changesvildfire management are needed
andor possible.

1.2 Environmental parameters drivimgldfires

Fire behaviour is mainly determined by the following thfaetors:fuels, weather/climate and
topography(Fang et al., 2018; Moritz et al., 200%hese factors are directly driving wildfires and
they are often depictedsthe firetriangle (see Figurel). This theory pplies at # fires atspatial
scale ranging from hectares thousands of square kilometrégang et al., 2018)

Besideghe direct driversthere are the indirect driversf wildfires. Indirect drivers influence the
three direct drivers, therebwlsoindirectlydriving wildfires.

Soil and groundwater level are@axples of indirect driversThe soil and groundwater legare
related to vegetation{Maarel et al., 1978Wwhichis thefuel for wildfires At this moment therés still
alack of understanding of the interactions betweguil, fuel and firgStoof et al., 2013Research
has been done on the way that soil and groundwandiuencevegetationtype and healthHowever,
a directlink to the way that soil and groundwatdeterminewildfire occurrence ofuel
characteristics has not been made yet.

Soil and groundwater influendbe vegetation type becauselgnt species have pferences for
different types of soil and water characteristi¢Maarel et al., 1978)Furthermore soil and
groundwater levels aréinked to the land usewvhichin turn determines which vegetation is present.
Certainsoils such as sandwitrient poorpodzol soilsare in generaless suitable for agriculture,
therefore relatively more forestheath andextensive farming landre present on these soi{Berg
and Keizer, 2014Additionally, soil and groundwatdevel caninfluence theconditionof vegetation.
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Soil for example controls the impact of drought events on vegetatisrfor example vegetain on
soil textures with lower water retention capacities are more affected by droughtsider et al.,
2019)

Weather / Topography
Climate )
Wildfires

¢

Fuels

Figurel. Main controlling factors of wildfireadaptedfrom (Moritz et al., 2005)

1.3 Research questions and hypotheses

Themainaim of thisstudyis to examinethe waysoil andgroundwater levelsndirectly drive wildfire
occurrences The study focuses on Norhestern Europe as a wheland it zooms in into The
Netherlands. To reach the aim, the following mairestionand subguestions have been addressed:

How dosoil andgroundwaterdrive wildfire occurrence in Norttvestern Europe?

Howdo soil andgroundwaterdrive the spatial distribution of wildfire occurrence?

In what way does land usafluence the waysoil andgroundwaterdrive the spatial
distribution of wildfire occurrence

Howdo soil andgroundwateraffect the timing of wildfire occurrence?

Howdo soil andyroundwaterdrive the size of wildfire?

Before amswering the research questions, the following hypotheses have been constructed:

Based on Figure 44 {$anMiguetAyanz et al., 2018) expect thatcoarsetextured soilswill havea

higher number of wildfireccompared to fine textured soilsbasethis hypothesioonthe fact thatlarger

particle sized soilsave lower water holding capacitiéSalter and Williams, 1965nd that egetation

located on low water retention capacitysoilsis generallymore affected bydrought (Mulder et al.,

2019) Furthermore, | expect that soils with more tawable growing conditions faregetationspecies
that are proneto wildfireswill have higher numbers of wildfireBor examplel expect that sandysoils

(e.g. podzol)contain moreconiferous trees, which contain flammable chemicgBovernment of
Alberta, 2012pnd are generally dry types of ford&raham et al., 2004)

Lastly,| expect more wildfire occurrences on low groundevratables. bw grourd water levels can
result in drer soils(Beldring et al., 1999Wwhichcan result in lowefuel moisture(Jenseret al., 2018)
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The land use dependsmongst other variablesn the soil textureand groundwater levels of an area
(Berg and Keizer, 20140 Europe and north Africanost wildfires occur in natural land usee¢ Figure
172 in(SanMiguelAyanz et al., 2018)Theefore, | expect thatsoils with morenaturalland usewill
havehigher numbers of wildfiredHowever, | do not only expect differences in wildfire occurrence due
to differences in land use expect that the number of wildfiresill differ per soil textureand ground
water levelwithin the same land useoils are the foundation faregetation, and provide vegetation
with water and nutrientFAO, 2015)Theycan affect thecondition of vegetatioras(Mulder et al.,
2019)found that soil affects the impact of drought on vegetation conditidriserefore | expect soil to
alo affect the occurrence of wildfires, as vegetation is the fuel for wildfires.

The number and sizef wildfires is not equallfemporallydistributed overthe year (as seen in
e.g.Figure 44 irsanMiguelAyanzet al. (2019))I expect thatsoilswith relatively large particlesizes
and low groundwater levelwill havea longer fire season (i.e. the period of the yeawhich wildfires

are most likely to occur)Soils with coarse textures and low groundwatevels may be drier (see
hypothesis 1)whichcouldresult in drier vegetationl do not expecto seea cleadifferencebetween

soil textures and groundwater levdisr the spring The vegetatiotis dry inspring sincethe sapflow

of vegetation has not fully started yet in spri(yageningen University and Research and Stoof, 2020)
Therefore | expect wildfires to occur in sprindependentof the soiltexture and groundwater level

| expect that fires on sandy sodsd low groundwater tablewill be larger because of possibly drier
soils(see hypotheses of sttpuestion 1 and 2). Furthermoreexpect thathe wildfire size on peat soils
will belargeras wel] sincefires cansmoulderin organic material in thground (.e. aground fire)and
these firescan last for long pénds(Rein, 2015)
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2 Methodology

2.1 Site description

B north-western Europe
I The Netherlands
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Figure2. Northhwestern Europe as defined in this study area and the location of The Nethedeeraded with mapchart.net

North-western Europe was chosen as study area, as é@xpected tastart having morewildfires due

to climate changg€Flannigan et al., 2013nd relatively little research has been done on wildfires for
this area. The countries selected as Nentbstern Europe for this study aae The Netherlands,
Belgium, Germany, United Kingdom, IrelaBdnmak, Norway, Sweden and Finland (see &gyure

2). Themain climatesn the study areare temperate, cold and polar climateKg§ppenGeiger:Cfb,
Dfb, Dfc and ET)Peel et al.,, 2007)The dominantnatural vegetationtypes are summer green
deciduousforest, coniferous forestmixed forest,and tundra (WoltersNoordhoff, 2009) Looking at
the wildfire data ofEuropean Forest Fire Information SystéFFIS) for the years 200819 (San
MiguelAyanz et al., 2012jt can be seen that moswildfires occurred in Sweden, Ireland and the
United Kingdom (seEigure3).

The Netherlands was chosen as a second study area in ard@otm in into NorthVestern Europe.
The Netherlands is a relatively small country iitte relief and a temperate climate. A lot of the area

is used for agriculturé48%) anduilt-up (12%)Hazeu etl., 2020)
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Number of wildfires

Country

Figure3 Number of wildfires per country in Norttestern Européor the period 20082019 BE = Belgium, DE = Germany, DK
= Denmark, FI = Finland, IE = Ireland, NL = The Netherlands, NO = Norway, SE = Swdd@adWihgdom
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2.2 Description of data
In Appendix Aa table withthe employed datasets along with their resolution and source is given.
the paragraphs below a short descriptiohthe datais given.

2.2.1 Data of ThéNetherlands

Wildfire statistics data ofrhe Netherland¢Kok and Stoof, unpublisheds used for this study, which
containsinformation aboutthe date, location size vegetation typeand more of wildfire occurrences
in The NetherlandsThe dataregardng the period 20172019 was generated using dispatch
informationandhad no minimum size favildfiresto be counted Thesizeestimations of the wildfires
were used to relatehe soil texture and groundwater level to fire size, lgre estimatedonly for
42% of the wildfiresThe vegetation typgwere recorded for 42% of the wildfires as wéle date of
the first time of intervention was usddr the temporal analysisine this was the only complete time
seriesin the datasetIn total the datasebf The Netherland$Kok and Stoof, unpublishedpnsists of
1411 wildfiregecordedover the period 2012019.

Furthermore, data ofsoil texture soil clasdand usemean lowest groundwater levaind nean
highestgroundwater levelvasused for an overviewseeAppendix AThesoil texturedata of the

a D NiRogrtenkaart 2006 Simplified Soil Map of The Netherlaga®ntainsinformation about the
soil texture but also delineatesuilt-up and water areasA description of thesoil textureclasses and
their criteriais given inAppendix CThe soil class data afhe Soil map of The NetherlandsY p i nnn €
was usedas well, in order t@iveextrainformation about the soil at the wildfires. Furthehe
groundwaterdatasetof (Van der Gaast et al., 2006as used whicincludes the mean lowest and
highest groundwater levelofThe NetherlandsThisdata didnot fully cover The Netherlandbut
missegdata atbuilt-up areas see(Van der Gaast et al., 2006he egetation typeof wildfireshas
been used ofhe datain (Kok and Stof, unpublished)This data included the type of vegetation in
which the wildfire took placewhich also gives information about the land use (pagture.
However, this data is incomplete (42% of the wildfires had a vegetation classification), tieedafar
of dThe Land Use Database of the Netherl@&nitd&N)was usedas well to supplement the
vegetation dataUsage of thenost recent versiofLGN2018for the landuse had complications due
to the file size, therefore the LGNvasused for analysis.

2.2.2 Data of NorthwesternEurope

European Forest Fire Information System (EFRi®ed area was used this study, which contained
data about the locationtiming and sizeof wildfires The dataset has a minimum fire size of about 30
hectaresand was genera&d by outlining satellite imageryhe first date o&n active fire detectetvas
used as the date of the wildfire occurrenda total the data consists @f98fires over the period of
20082019.

Furthermore,data ofthe Corineland cover2018 USDAsoil texture, sand content, silt content, clay
content, available water content and groundwater level was usetthis study (seéppendix A The
coarsestresolutionof a dataset wad km((this wasthe groundwaterlevel data), whid is relative to
the smallest burned areas quite large. However, this washibbest resolutiordatasetthat covers
the whole of Northwestern Européehat could befound.
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2.3 Analysis of wildfires in The Netherlands

Spatial:
Analyzing the soil texture,

land use and groundwater
levels of wildfire locations

Temporal:

Adding coordinates to Buffering coordinates with Determining the soil texture, Comparing the timing of
wildfire data 20, 200 and 2000 m radius land use and groundwater level wildfires on different soil
! per wildfire textures and groundwater

levels

Size:

Comparing the wildfire sizes

on different soil texture and
groundwater levels

Figured. Flowchartthat show the methods of the Dutch wildfire data analysis

Before any employment of the dataset, wildfires at military sites (Eperweg Wi antd I NRS
Stevenpolsewem Harskampwere filtered out.There were a lot of wildfires at military sites thaeve
ignited by military trainings, which resulted irpassible bias towards those two locations.

2.3.1 Adding coordinateto the Dutch wildfire data

The wildfire statisticof (Kok and Stoof, unpublished)d not contain coordinate of the wildfire
occurrences. The only data about the location of the wildfires were municipality name, city name and
street name. Since the location of the wildfires is of importance ftatireg the wildfire occurrences

to the soil and groundwater levels, coordinates were generated using the combination efréet

name, city name and municipality name. This was done using a geocoder, the details of the methods
of adding coordinates cde found inAppendix B

2.3.2 Buffering thewildfire coordinates

The mean deviation of the coordinates relative to thactual wildfire locationsis 1,3 km and the
maximumis 3,2km, as calculated frorthe burned area estimates froifikok and Stoof, unpublished)
The calculation was dor®y measuring the largest distance between the coordinate location and the
most outer point of the street.To account forthis deviation buffers were drawn around each
coordinateto include a larger area\ buffer size of 2000 meters wdsawn, since itis about halfway
between the mean and the maximum deviation. Furthmrifers with a size of 20 and 200 metersre
drawnin order to investigate the effect of taking different buffer siZ€ke results created by using a
20, 200 and 2000 meter buffer are compared by means of bar glbeactual fire size was not chosen
for the buffer size, since theurned areas not known forall wildfires of the dataset.

2.3.3 Determining thesoil texture land use androundwaterevels of wildfires
To determine thesoil textureof a wildfire, the dominant soil texture waskenwithin eachbuffer
around the wildfire coordinatesThis method is visually explained in

Figure5.1, and will from now on be referredtoasthie5 2 YA Y | y i @ desphiibeY SGK2R® ¢
methodin other wordsthe soil texture with tle largest total areavithin abuffer wastaken i.e. the

dominant value or the modal valugastaken It wasusedsince it determines a representative value

per wildfire locationby taking the most occurring soil texturéhis methodvas also used for

determining thesoil clasandlanduseof a wildfire, but usingthe soil claseind land usealata instead.

The method was executed in R using intersect, followed by calculating the total area of a soil type per
wildfire buffer and then selecting the soil type with the largestaare
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Next to taking the dominant soil texture of an buffersecond method was applied to test whether
taking the dominant soil texture would give a large biEss method comprises of taking the

weighted average of tharea of the soil texture withinhe buffers Figureb gives an illustrative

example of this method and the differences with the dominant soil texture.mé#hod was

executed in ArcMap using interseamd overlapping buffers were taken into accouhe difference
between these method were studied by creating bar plots of both methods for the soil texture in the
results.

To determine the mean highest and lowest groundwater levels at the wildfires, the median
groundwater level was taken of a 2000 meter buffEéne median gromdwater level was used instead

of the dominant groundwater level, since the median gives a averaged.\Raluer, the median was
usedinsteadof the mean sincgthe medianis less affected by extremes of groundwater levels than

the mean.Themethod was executed in Rusingextrdgi A y 3 | & Fdzy OlAz2y WY2RIt Q

Furthermore,to determinethe land useof wildfires vegetation data ofkKok and Stoofiunpublished)

was used and the land use of the LGN7 was determined usetgoR 2 F (1 KS vauB2OY A y I v
However, since the land use varies relatively a lot within a 2000 meter karifEmay therefore not

be represented well by the dominant valuaainlythe vegetation data ofkok and Stoof, unpublished)

was used.

TablelEE LI I I GA2Yy 2F GKS a52YAYylFyid Ol tdSé YSGK2R FyR (GKS a2 SA3

Wildfire g2 YAYI| Y dlasdficatiaeS Q Weighted averag Of | a4 A FA O

1 Sand 80% sand, 15% water, 384ilt-up
2 Sand 75% sand, 20% loam, 3%ilt-up
Total ratio 1002 Sand 86% sand, 8% loam, @8ailt-up

X, Y
®2)

2)

Buik-up

Figure5 lllustrative examplof i KS 452 YAy yi @ fdz§¢ YSGK2R IFiguR 1EnEHshevw SA IKG SR
wildfire coordinategX,Y)with a bufferdrawn aroundon top of a soil mapSee Table 1 for thdetermination of the soil
textures of the wildfires.
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2.3.4 Spatial analysis @fildfire occurrencessoil texture land use and groundwateviel

It was studied whether the number of wildfires differed for differ¢exturesof soil, land uses and
groundwater levelsFirst of all, lar plots were madef the number of wildfires peisoil texture to
study on whichsoil textures most wildfires occu Furthermore, thesoil textures of wildfire locations
were compared thesoil textures of The Netherlandsto see if wildfires occur more on certaxtures
of soil relative tosoil textureratios in The Netherland$-urther, bar plots were created of ¢hmost
frequent occurring soil classes of wildfires to also have an insight in the soil types of wildfires.

Secondlya tablewith the soil types of wildfiresper vegetation typewasmade. ata barswere added

to give a better visual insight (createdimcel) The same was done for the land uses of wildfifdss

was done to study whether soil drives wildfire occurrences in the same way for different land uses.
Further bar plotof the mostfrequent vegetation types/ land uses of wildfires were madshow the

most common vegetation/ land uses of wildfirdhie dominant land cover and the dominant soil type
per wildfire was used to create the tables and graphs.

Furthermore, loxplots and bar plots were made to compatke groundwater levels of The
Netherlands to the groundwater levels of the wildfires

2.3.5 Temporal analysis @fildfire occurrences

It was examined whether the timing of the wildfire occurrences differed for diffeseiittextures and
groundwater levels. First of all, thtetal number of widfires wascounted per month over the study
period.With this data, lar plots were drawn of de number of fires per month for differsofl textures

and fordifferentintervals of groundwater level®ar plots were chosen opposed to line graphs, since
there was a lot of overlajm the data causing that lines will not be visible in the line gr&pinthermore,

the daynumbers of the year (day 1 ='df January) were calculated of the wildfires during the study
period. With this data boxplots were drawior different soil textures and groundwater interval3.he
temporal distributionof the burned area was not studied since this data was incomplete and might
result in biases.

For the temporal analysihe dominantsoil textureand the mediargroundwater leel per wildfire
were used¢ KS Whtsoeytred Y S K2 R sgitcdiit chokisesiofe/value per wildfire
occurrence which is convenient for grouping the wildfire dates

2.3.6 Wildfire size analysif wildfire occurrences

It was examined whether thsize of the wildfire occurrences differed for differestil textures and
groundwater levels. The average burned axeas compared between differergoil textures and
groundwater depth intervalsThe estimated fire size in hectares was usedKdk and Stoof,
unpublished}o calculate the average burned arédowever, this data was not complete for all wildfire
occurrences.
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2.4 Analysis of wildfires in NortWwesternEurope

Spatial:
Analyzing the soil texture,
land use and groundwater
level of wildfire locations

Intersecting burned areas with
soil texture, groundwater level
and land cover

Calculating median groundwater

Temporal:
level per wildfire P

Comparing the timing of

4 Wwildfires on different soil

textures and groundwater
levels

Clipping soil properties with Determining the dominant soil
burned areas texture and land use per wildfire

Size:
Comparing the wildfire sizes
on different soil textures and
groundwater levels

Figure6. Flowchart thatshows the method for the data of Nortfwestern Europe

2.4.1 Intersectingand clippingvith the burned areas

It was studied whether the number of wildfires differed per soil texjlaad useand groundvater
level. To do this, the burned area®re intersected with the polygon data and were clipped with the
raster data Intersecting the burned areas with the polygon datsulted in datasetsf soil texture,
groundwater level and land covef the burnedareas(seeFigure7). The groundwater level data was
transformed from raster to polygofirst, to be able to intersect it with the burned aredstersecting
the groundwater level data was preferred instead of clipping, sincegatdrtakes the shape of the
burned areas better into accouffiho blocky pixel bordergnd becauselipping therelatively large
pixels(1km)of the groundwaterdatawith wildfires would notwork with small burned areasmall
burned areas would not selean pixel) The sand content, silt content, clay content and available
water content maps could not be transformed from raster to polygon due to calculation power
limitations of the computerThese datasets were therefore clipped with the burned aréas.
intersected anctlipped data were used to calculate statistics of the spatial analysis and to calculate
the median groundwater level per wildfiend the dominant soil texture and land use per wildfire.

2.4.2 Determininghe median and dominant value per viitd

In order to relate the date and the size of a wildfire to the soil, land use and groundwater, one value
was chosen per wildfire (i.ene groundwater level valueThis was done by selecting the dominant
soil type and land use per burned area, aslsinid the analysis in The Netherlands. For the
groundwater levels the median value was chosen of the burned area, since this was a continuous
variablethe median is less affected by extreme values than the mean. Selecting the median and the
dominant valus was done bysingextract()(n R.

2.4.3 Spatiaknalysif wildfire occurrences

The intersected and clipped dataset of burned areaswsed as input for calculating statisti&ar
plots were made to compare the soil texturesNorth-western Europdo the soil texturesn the
burned areasThe total area per soil texture was summed up for Nevidstern Europe and for the
burned areasFor these bar plots, the data obih-western Europencludes the burned areas as
well (thus not mutually exclusiye
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Further, a table witldata bars was created of the soil type per land use of wildfires in order to study
the soil textures of wildfires per land us&bar chartof the number of wildfires anda bar chart of

the burned area per land use were created to show the most freqlasmd uses of wildfireghese

are included in the appendixThe dominant soil type and land cover per wildfire was used for these
tables and graphs.

Density graphand boxplotsvere drawn to compare thgroundwater levelsand content, silt

content, cly content and available water content in Nostvestern Europe to the burned areakhe
density graphs werereatedin Rwith Wensity(Xusing theclipped soil property data and the
intersectedgroundwater table datas input For the intersected groundwat level,a list of the

polygon features was used and the relative area of the polygon was gsseeaht. Further, a

boxplot was dawn of the groundwater levels iorth-western Europe anth burned areass well,
since the groundwater levels in Northestern Europe contain a lot of extreme values and this could
be visualised well in boxplotB) additionhistograms were created, showing the relative frequency of
groundwater level®f wildfires on loam and on sandy loam. This was done to study if tagael
between groundwater and wildfire occurrences different per soil texture. The soil textures loam and
sandy loam were chosen since these the highest numbeiildfisgs occurred on these soil textures.

Lastly, bar plots were made of the total lanceusf the burned areas.

Burned area Soil texture map

—

Intersected feature

-

Figure? lllustrative example of intersecting the burned areas with a soil texture map
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2.4.4 Temporal analysis of wildficecurrences

It was examined whether the timing di¢ wildfire occurrences differed for differenoil textures and
groundwater levelssimilar to The Netherland&irst of all, the number of wildfiresare counted per
month over the study periodSecondly, the number of wildfires were grouped based onntieelian
groundwater level and dominant soil texture, and then summed per monith this data, bar plots
were drawn of derelative number ofwildfires per month for differensoil textures and for different
intervals of groundwater levelhe same was dwe with burned areabut then the area of a wildfire
was summed instead of the number of wildfir@he elative number of wildfires ere calculated as
the numberof wildfires per monthof a soil texture divided bythe total number of wildfires fothe
sall texture. Furthermore, the daynumbers of the year (day 1 ='df January)vere calculated of the
wildfire occurrencesluring the study period. With this data boxplots were drawn for differsoi
textures and groundwater intervalg\gain, the medianrgundwater levels and dominant soil textures
were used for this.

2.4.5 Wildfire size analysdif wildfire occurrences

It was examined whether the size of the wildfire occurrences differed for diffeseitttextures and
groundwater levels. The average burnaaka per wildfire occurrence was calculated and compared
for different soil textures and groundwater depths. For The Netherlands the estimated fire size in
hectares was used Kok and Stoof, unpublishedhowever the fire size was not available for all
wildfire occurrences. For Nortlvestern Europe, the burned area in hectarestlud EFFI$lata was
used.

Burned area was plotted versus the sand content, grounéwigvel and available water content. This
was done to examine whether there are trends between those variables and burnedfaewldfire
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3 Results

3.1 Spatial analysis of wildfiresThe Netherlands

Wildfires in The Netherlands in 2017-2019
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Figure8. Spatial distribtion of wildfiresat soil textures inThe Nethdands of the period 2022019.Soil texturemap is the
Simplified Soil Map of the Netherlands (Wageningen 2006)
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3.1.1 Soil textures and wildfire occurrence
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Figure9. Comparison betweethe soil textures in The Netherlands aribe soil textures atwildfire locations (Y1) Relative
number of wildfires pesoil texturedetermined using théDominantsoil texture, displayedon the first Y axis100%is the
sum ofall wildfires, n=1411(Y2) Relative area ooil texturesin The Netherlandslisplayedon the second Y axis.

Most of the wildfiresin The Netherlands in the period 202019 occurredon the soil texturesand
(80%)as seen irFigure8 and Figure9. This ismore thandouble the areafraction of sand in The
Netherlands (36%].he soil texture sand is thus overrepresented at wildfire locatibhesecond most
frequentsoil textureof wildfires isbuilt-up area(8%) whichshows thatbuilt-up areais close (<2km)
to those wildfire location®r that the wildfire occurred imbuilt-up area Builtup is defined adeing
within the city limits(seeAppendix Gor all the soil textureclassificatios). Some wildfireoccurred &
water (2%) however those fires did not actually occur on water but thassification is watedue to
the methodsused in this studyThe fires that were clasgfl as water were surrounded by a lot of
water, resulting as water as being taken as the domirsailttexture
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3.1.2 CGomparison oflifferent buffer sizes and methods determine soil texture

80 80
z =
= 60 60 N
¢ >
= [p2]
5 o
2 10 40 9
< &
@ 0]
0
£ 20 20 3
=
= o0 .I I.— — I ~mu=fl. ; .T-—l 0

I S & & L F S O
2 N X N 9 D S Q ~
Q}Q '\Q\é\ Q\f\' o Q:z;,"s ’5?\
N - e'g‘ Ve \z&
Q

M Buffer 2000 m Buffer 200 m Buffer 20m  m The Netherlands (Y2)

Figurel0. Comparisorof the soil textue classification of wildfirefor different buffer sizesdisplayed as the relative number
of wildfireson Y2t KS NBt | G§A GBS ydzYoSNI 2F 6Af RTshilNRBrare 28 s REKSMM Y SRadza A ¥
of a buffer size (n=1411). Theatdle soil texturecoverage in The Netherlands is added as reference on Y2.

Since the wildfire data of The Netherlands only contains unprecise coordinates of the wildfires, buffers
were used to determine aoil textureper wildfire.However, the size oht buffers that is chosen may
influence the results. Therefore multiple buffer sizes were studied, the results can be sEguiia

10. Buffer size did not seem to affect results of thail textureclassifications of thevildfires, as can

be concluded fronfigurel0. All buffer sizes have all a higher fraction of wildfires on sand soils and
built-up areas compared to the area fraction of sand dndlt-up in The Netherlansl. The opposite

holds for all othersoil textures.

In FigurelO it can be seerhat there is a relative lower ratio of sand for the buffers of 20 and 200
meters compared to the buffer of 200@eters. The cause of this may be ttsind areas have a
relatively large surface coverage, therefore they may be overrepresented when taking the dominant
value of a larger buffer. Furthehere is a relativéigherratio of built-up for the buffers of 20 and 200
meters compared to the buffer of 2000 meteBulilt up areas are often relatively smahgrefore they

may be underrepresented in a 2000 meter buffer.
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Figurel1l. Comparisorof (i K Sominantsoil texturé ¥ &2 R | WeBghtédKaSerage Y S foKi@tdRmine thesoil
textures of wildfireslIt is displayed as the relative numbemafdfires of a buffepersoil texture with 100%asall the wildfires
per buffer sizén=1411)

For the 2000meter buffer, thereis a differencevisible between taking thedDominantsoil texture
method and taking thedWeighted averagemethod (seeFigurell). The number of wildfires on sand
as classified by the dominasbil textureare more han twice the number of wildfires on sand as
classified by thaveightedaverage when using a 2000 meter buffdowever this difference is smaller
when comparing the smaller buffer sizeg 20 ad 200 meters of the average area method to the
dominantsoiltexture method. It seems that thesmaller the buffersizeof the dWeighted averageis,

the moresimilarthe results are tahe dDominantsoil texturé Y S (TKignky be explained by that
the dWeighted average Y S iake8 $Rnalleareasof soil texturesinto account.For a bigger buffer
size of the average area methatiore smallreasof soil textures are included. These smaikasare
y2G Ay Of dBnSnantshilyfextir& S Y& G K2 R®

azald oAt RTANBA 2 OneigingdBverage v Y 8IfHGRVeF, thishktiibéwith a20
meter bufferresults in a lower ratio of sand for wildfire locations compared to The Netherlanis.
is probably due to the higher fraction béiilt-upl Y R LIS i 2 yWeightedBverfigt ) (1 KS &
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3.1.3 Soil classrad wildfire occurrence

Veldpodzolgronden; Poor in loam/weak loamy fine sand

Build-up

Hoge zwarte enkeerdgronden; Loamy fine sand

Duinvaaggronden; Poor in loam/weak loamy fine sand

Hoge zwarte enkeerdgronden; Poor in loam/weak loamy fine sand
Holtpodzolgronden; Coarse sand

Haarpodzolgronden; Coarse sand

Veldpodzolgronden; Loamy fine sand

Water

Haarpodzolgronden; Poor in loam/weak loamy fine sand

Vlakvaaggronden; Poor in loam/weak loamy fine sand

o
=
o
o

200
Number of wildfires

w
o
o

Figurel2. Top ten most frequenbd classes of wildfise determined as the dominant soil class of a 2000 meter bulfffes.
Dutch soil classification is given with an English description of the texture.

The soil class of wildfire locations were determined usirthe Soil map of ThéseeFigurel2). The
Y240 FNBIljdzSyid Ofl dairTAirOLh R2IFBEYBffaldiBiresvhichRaah NB
sandy soil texturéBerg and Keizer, 2014oreover, most of the wildfires have soil classes with sandy
textures and a lot of the wildfires are lnuilt-up area. Thigs similar to thesoil textureresults of the
Simplified Soil Mapf The Netherlandsln Appendix Da table is given showing the soil classes of
wildfires asdetermined using different buffer sizes and methodsese resultsalso show that
Veldpodzol anduilt-up are the most frequent soil classes at wildfires locations.

t 2C
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3.1.4 Land usendsoil textureof wildfires

Table2. Soil texture of wildfiresper vegetatiortype In The Netherlands Data bars have been added per vegetation type to
show which soil type occurs most frequefiptymeansthat the wildfire egetation type was not classifieflhevegetation
data comes fronfKok and Stoof, unpublisheaf)d has beertranslated to English.

Vegetation # wildfires _ S—
Agricultural field [NB8  Vegetation # wildfires
Build-up | 1 Deciduous 65
Loam | 4 Build-up | 6
Light clay | 1 Loam | 1
Light loam | 4 Light loam | 1
Peaty on sand | 1 Peat | 2
Sand Bl 10 Sand e
Heavy loam | 3 Heavy clay | 1
Stubble field PZi Coniferous s
Light loam B 5 Loam | 1
Water | 1 Sand Ei
Sand e 9 Reed - 34
Heavy clay | 1 Build-up | 4
Heavy loam B 5 Light clay | 6
Dune grass/shrubsii58 Peaty onsand | 1
Build-up | 6 Peat | 6
Water B 13 Water | 3
Sand P 38 Sand ] 8
Heavy loam | 1 Heavy clay | 3
Mixed forest 2, Heavy loam | 3
Build-up | 16 Twigs Es
Loam | 2 Build-up | 2
Light loam 1 Water | 1
Peat | 4 Sand zo
Sand [ 266 Heavy clay | 1
Heavy loam | 2 Peat s
Pasture 147 Peat s
Build-up | 13 Empty . 591
Light clay | 1 Build-up | 64
Light loam | 7 Loam | 7
Peaty onsand | 1 Light clay ] 4
Peat | 8 Light loam | 11
Water | 2 Peaty on sand 1
Sand i os Peat | 16
Heavy clay | 2 Water | 8
Heavy loam | 5 Sand ss
Heath 95 Heavy clay | 6
Build-up i 7 Heavy loam | 6
Sand ss Total 1411

In Table2 the soil textureof wildfires per vegetation typés given The vegetation givemformation
about the land use of the wildfire locationsis visible thathe mog wildfires occurred on sand fall
vegetation typesexcept for theWegetatiorfdype peat (here the soil type was 100% peafporthe
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wildfires occurring in reed, sandn®t necessarilthe most frequent soil textur¢24% sand) and the
wildfires also occur often at soil types like light clay (182M)ust be noted that not all wildfires had a
vegetation classificatioro(ly 58% had a vegetation assigned).

Furthemore, the soil types of wildfires per land useere determined (Appendix . Mainly most of

the wildfires occurring in forest and agricultural grass occurredhensoil texturesand 85% of the
wildfires in agricultural grass occurred on sand and 97% of the wildfires in deciducasiferous

forest occurred on sand. On the other haisdnd is not the most frequent soil textufer wildfires in
cereals (1% wildfires on sand for cereals)t light loam,and for raisedogs (these occurrethainly

on peat) However, all land uses having more than one observation, except cereals and raised bogs,
had that the wildfires occurred mainly on sand.

In Appendix Bbar charts can be found which give an ovewf the vegetation types and land uses of
all wildfires during the study period. From these bar charts it is visible that most wildfires occur in
agricultural grass and forests.

Lastly Figure33 in Appendix Rhe soil types in coniferous forest are compared to the soil types of
wildfires in coniferous foresfThis was done in order to study whether wildfiresoniferous forests
occurred randomly on soil textures, or whether the location of wildfisesorrelated to soil texturdt

is visible that wildfires in needle leaf forests occur more on sandy soilsttf@mnelative amount of
sand in coniferous forestslowever the difference is smadhd it is difficult tosayif this difference is
significant due to the small size of the sample and the inaccuracy of the soil type and land use
classifications of wildfires

3.1.5 Groundwateldevelof wildfires
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Figurel3. a) Mean lowest groundwater level in The Netherlands and at wildfire locatiphkean highest groundwater level
in The Netherlands and at wildfire locatiofiie number of observations differs because of the incomplete coverage of the
groundwater data (it is missing fawilt-up areas).

Themean highest and lowest groundtea levek are deeperfor wildfire locationscompared tothe

whole of The Netherlandss can beeenin Figurel3. The median of the mean lowest groundwater
level in145 cmfor The Netherlandsand 187, 174 and 14@m fora 20, 200 and 2000 meter buffer
respectively The median of the mean highest groundwater level in 49 cm for The Netherlands and 84,
82 and 67 cm for a 20, 200 and 2000 meter buffer respectiltatan be seen that thbuffer size has

an impact on the redts of the groundwater levels of wildfireshe larger the buffer around wildfires,

the lower the groundwater levels and the more similar the groundwater levels are compared to NL.
This could probably be due to the fact that more area is taken into aca@nohthe values are more
averaged towards the average of the whole of The Netherlands.smaller buffers (20 and 200 m)
have a relatively higher fraction of deeper groundwater levels compared to the larger buffer size (2000

m).
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Furthermore in Appendix Ghistograms are given which show the mean lowest and highest
groundwater levels in The Netherlands and of wildfire locati@ndifferenceis visiblebetweenthe
histogramsof The Netherlands andas he groundwater levels iniE Netherlands are relativelypore
equally distributedcompared tothe groundwater levels of wildfiresThere are two peaks in the
histogramspne at shallower groundwater levels and one at deeper groundwater levels. Howleer,
peak at deeper groundwatdevels is more distinand relatively highefor the wildfire locations than

for The NetherlandsThis indicateshat wildfires occurelatively moreon deepergroundwater levels
compared the distribution of groundwater levels in The Netherlaiodshis dataset.

Solil texture Average of mean highest groundwater leve
Build-up 121
Loam . L7

Light clay [N 58
Light loam [ 67
Peat on sandiN 35
Peat ] 31
Water ] 74
Sand ] 94
Heavy clay [N 39
Heavy loam [N 69

Average: 9.

Soil texture Average of mean lowest groundwater level # wildfires
Build-up I 210 119
Loam S 254 15

Light clay IR 151 12
Light loam [ 159 29
Peat on sandi 122 4
Peat ] 100 41
Water ] 159 28
Sand ] 188 1124
Heavy clay [ 116 14
Heavy loam [ 161 25

Average: 185 1411

Figurel4 The mean highest and lowest groundwater leyelm below surface)f wildfire locations per soil type.

InFigurel4it is visible that the groundwater levels of wildfires diffeer soil type. The results are
similar of the mean highest and the mean lowest groundwater level. Both show deepest
groundwater levels at loarandbuilt-up, and the shallowest groundwater levels for peat, heavy clay

and peat on sand.
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3.2 Spatial aalysis of wildfires in Norttvestern Europe

Wildfires in Northwestern Europe (2008-2019)

'Legend

f Wildfires
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Figurel5 Spatial distribution of wildfireand burned arean North-western Europeverlayed on top athe USD/Aoil texture
map reprinted fron(Ballabio et al., 2016)
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3.2.1 Soil textures and wildfire occurrence
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Figurel6. a) Comparison of the SDAsoil texturesin Northwestern Europe anih burned areas that occurréd 20082019
Red bars (YEhowthe total burned area per soil texture (expressed as the relative ratio of burned area), the yellow bars
(Y2)showthe number of wildfires per soil texture (expressed aselaive number of wildfires) and the blue batow the
relative area of the soil textures in Nostfestern Europe.

Most of thewildfiresthat occurred in the period 2008019in Northwestern Europeoccurredon
sand/ loam and on loamSandy loam and loam also have the largest amounts of burned area
However, loam and sandy loam are also the most common soil textures in-Nestiern Europe.
Sand on the other hahis not very common in Nortlwestern Europe bubas a relativelyigher
number of wildfiresContrastingly, the burned area on these soilelatively low.Siltloam is a
relatively common soil type in Nortlvestern Europe (10% of the area) but not a lot of wildfires
occur on these soils.
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Figurel7 Density graphs showing the difference in sand content, clayengrgilt content and available water capacity
between Northwestern Europe and the burned areas in Nawvistern Europe.

InFigurel?it can be seen that there is a higher sand content at burned areas compared to the whole
of Notth-western Europe. Furthemore, there is a lower silt content, clay content and available water
capacities at burned area¥Vildfires seem to almost not occur at low sand contents (<40%).
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3.2.2 Land useandsoil textue of wildfiresin Northhwestern Europe

Table3 Soil texture of wildfires peahd usen Northwestern EuropeData bars have been added per land cover to show
which soil type occurs most frequent. NA means that there was naadléhie burned area.

Land cover # Wildfires

Beaches, dunes, sands P
Sandy Loam ]

Broad-leaved forest ]
Loam I 2
Sandy Loam I 2

Burnt areas - 16
Loam _ 12 | and cover # Wildfires
Sandy Loam | 4 Non-irrigated arable land S

Coniferous forest %5 Clay || 1
Loam i 8 Loamy Sand || 1
Loamy Sand | 3 Sand | ] 1
Sand i 7 sandy Clay-Loam | 1
Sandy Loam I 77 Sandy Loam B 1

Industrial or commercial units P2 ootures P
Loamy Sand . 1 Loam e
Sand . 1 peatbogs - 146

Land principally occupied by agriculture, - Loam s

with significant areas of natural vegetation Loamy Sand | 4
Loam [ ] 1 Sand | 2
Sandy Loam BN 2 sandy Clay-Loam | 1

Mixed forest ] Sandy Loam || 40
Loam | 1 Silt-Loam | 1
Sandy Loam . s Silty Clay-Loam | 1

Moors and heathland [ NN | 6
Clay-Loam | 4 Sparsely vegetated areas ]
Loam ] 55 Clay-Loam | 1
Loamy Sand B 20 Loam I 11
Sand | ] 24 Loamy Sand | 1
Sandy Loam B 19 Sandy Loam ] 7
Silt-Loam | 3 NA || 4
Silty Clay-Loam | 1  Transitional woodland-shrub a7
NA | 6 Loam - 8

Natural grasslands 14 Loamy Sand | 1
Loam e o Sandy Loam P es
Sandy Loam | 1 NA P
Silt-Loam || 3 Loam .
NA | 1 Total 498

Most of the wildfires occurred @eat bogsmoors and heathlandPeat is not part of the

classification of the USDA soil texture, but the peat bogs are mainly classified as loam and sandy loam
by the USDA classification. Btovildfires in moors and heathlaratcurred at loamjust as wildfires

in natural grasslands and transitional woodlasittub Further, a lot of the vidfires in coniferous

forest and mixed foresbccurredon sandy loam.

In Appendix dhe number of wildfires and the burned area per land use is drawn in bar clvarts.

these bar charts it is visible that the burned areaelatively large of pedogs and coniferous
forests.
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3.2.3 Groundwatelevelof wildfires
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Figurel8. (a+b)Boxplots showing the differencegnoundwater levels between (&)orth-western Europand (b)within
burned areasThe loxplots represent the Z5percentile the median and the #5percentile. The whiskers represent /5
* the interquartile rangeNot all outliers of the deeper groundwater levels are shqanDensity plot showing the
difference igroundwater leved between of Northwestern Europe and diurned areas

In Figurel8it can be seen that thergundwater levels are generally lower for burned arézan in
North-western Europe in total, thus lower groundwater levels are overrepresented by the burned
areas. In Mrth-western Europehere are more outliers of deeper groundwater levels, but this is
likely to be caused by deep groundwater levels in the dataset of mounfairesto these outliers,

the density graph probably shows a lower peak at NevesternEurope ompared to the burned
areas.In Figure 18 a) and c) it can be seen that most wildfires do not occtireomostshallow
groundwater levels.

Soil texture # wildfires Average groundwater leve
(m below surface)
Clay i | 3
Silty Clay-Loam 2 15
Sandy Clay-Loam 2 24
Clay-Loam 5 Ies
Silt-Loam 7 31
Loam 203 37
Sand 35 8
Loamy Sand < 12
Sandy Loam 195 N 19
NA 17 33

Total: 498 Average: 26
Figurel9 The groundwater levels (in m below surface) of wildfire locations per seil typ
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Figure20. The groundwater levelsf wildfireson a) loam (n=203) andb) sandy loan{n=195), drawn in a histogram
showing the relative frequency (fraction) within a bin size of 10 meters

In Figurel9 andFigure20it can be seen that the groundwater levels of wildfires differ per soil
texture. Wildfires on loam occurred relatively more on deeper groundwater levels as compared to
wildfires on sandy loamThe groundwater levels dfifferent soilstextures may varin general in
North-westernEurope as well, but this was not studied.
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3.3 Temporal analysis of wildfires in The Netherlands

Figure 21 Relative number of wildfires(%) per monthfor different soil types, regardinthe period 20172019 in The
Netherbnds.\@therd 2 A t aré Behd$ éag, light clay, heavy loam, lightigdoam, peat and peaty on sand. Wildfires that
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Figure22. Relativenumber of willfires(%)per monthfor differentgroundwater levels, regardirtfpe period 20172019 in The

Netherlands.
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Figure23 Boxplot of the dayhnumberof wildfires for different soil textureand groundwater levels. MLGL is the mean lowest
groundwater level in cm below the sace and MHGL is the mean highest groundwater level in cm below the s\#itivas.
a2 Af aéReddpdag light clay, heavy loam, lightiegoam, peat and peaty on sand

Regarding all the wildfires ifihe Netherlandsin the period 20172019, most fies occur in July and
April (seeFigure22). Especially a lot dhe wildfiresin Julyoccurredin 2018 (seeFigure40in 0). In
201845%0f the wildfires occurred in July
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