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ANOTACIJA

Klimata un antropogéno faktoru ietekmes dél Eiropa 21. gadsimta palielinasies meza
ugungréku skarta platiba. Lai varétu prognoz&t ugunsbistamibas izmainas misu regiona
nakotn€ un to potencialo ietekmi uz koksnes resursiem un siltumnicefekta gazu emisijam,
svarigi izzinat ugunsgréku veésturi, to izraisoSos faktorus un ugunsgréku ietekmi uz meza
ekosist€tmas elementiem. Promocijas darba mérkis ir raksturot klimatisko un antropogéno
faktoru ietekmi uz meZza degSanas v@sturi un parastds priedes (Pinus sylvestris L.)
atjaunoSanos ugunsgreka skartajas platibas.

Petfjuma rezultati liecina, ka ikgadgjas meza ugunsgréku platibas ilgtermina dinamika
Latvija ir lidziga ka blakus esoSajas teritorijas — Igaunija, Lietuva, Baltkrievija un Pleskavas
apgabala Krievija. Par liela m@roga atmosféras cirkulacijas sisttmu ietekmi uz meza
ugunsgréku dinamiku liecina biitiskas korelacijas ar Baltijas un Ziemeljuras virsmas
temperatiru. Pedgjos 250 gados Sliteres Nacionalaja parka ugunsgreki priezu mezos ir bijusi
regulars trauc€jums, ko butiski ietekm&usi gan antropog€nie, gan klimatiskie faktori.
Platibas, kuras p&c ugunsgréka veikta sanitara vienlaidus cirte, priedes dabiska atjaunoSanas
kopuma notikusi sekmigak — priedes augstums bija statistiski bitiski lielaks, bet biezums
butiski neatskiras, salidzinot ar platibam, kuras $ada cirte netika veikta. Promocijas darba
iegiitas atzinas pielietojamas ugunsapsardzibas sist€mas pilnveidoSana, dabas aizsardzibas
planosana un ka pamatinformacija turpmakiem petjjumiem par ugunsgréku ietekmi uz
dazadiem meZa ekosisteémas elementiem.

Sis promocijas darbs sastav no tematiski vienotam piecam zinatniskam publikacijam.



ABSTRACT

The aim of our study was to assess climate and human effects on the historic forest fire
regimes and to assess post-fire regeneration patterns of Scots pine (Pinus sylvestris L.).

To assess climate effect on regional fire activity, we used fire statistics (number of fires,
burned area) over 20" century and climatic data (sea surface temperature and monthly drought
code). The influence of large scale weather systems on the fire activity in Latvia was
suggested by the similar fire activity with neighbouring countries — Estonia, Lithuania,
Belarus and Pskov region in Russia and positive correlations with the SSTs in the Baltic and
North seas. The history of forest fires was studied using dendroecological methods, which
revealed that over the last 250 years, fire has been a common disturbance agent in Scots pine-
dominated landscape in Slitere National Park, shaped by climate and human effects. The
effect of salvage logging on post-fire natural regeneration pattern was assessed 23-years
following fire disturbance. In post-fire areas, live remnant trees had a negative effect on the
mean height of naturally regenerated Scots pine; while the abundance of Scots pine between
salvage logged and no-intervention areas was rather similar.

The gained insight into the driving factors of forest fires in hemiboreal forest zone could
be used to define nature-based management guidelines, to improve forest fire surveillance
system, and as baseline information for further studies looking at ecological effects of fires.
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1. IEVADS
1.1. Traucéjumi hemiborealajos meZzos

Traucgjums meza ekosistema ir konkréts notikums laika, kas butiski izmaina esoSo
ekosist€mas, populacijas un sabiedribas strukttiru, resursu un substrata pieejamibu vai fizisko
vidi (Picket & White, 1985).

Traucgjumi tiek iedaliti $adas grupas (Sousa, 1984):
1. Dabiskie traucgjumi:
e abiotiskie (vgj$, uguns, iidens u.c.),
e Dbiotiskie (patogéni — s€nes, bakterijas, kukaini, dzivnieki);
2. Antropog€nie traucgjumi (meza cirSana, augsnes nosusinasana, piesarnojums).

Visam meza ekosistémam ir raksturigi trauc&umi, un biezi So ekosist€mu attistiba ir
atkariga no specifiska traucgjuma rezima. Traucgjumu reZima raksturosSanai tiek izmantoti
$adi parametri (Sousa, 1984):

1. Traucétas platibas izmérs;
2. Nozimigums (magnitude):
e intensitate (intensity),
e ictekmes smagums (severity);
3. Frekvence — trauc€jumu notikumu skaits konkréta laika perioda;
4. Rotacijas periods — periods, kas nepiecieSams, lai trauc€jums skartu visu pétamo teritoriju.

Trauc€jumu rezims bitiski ietekm& meza ekosist€mas strukturalo heterogenitati, ka ar1
kopgjo biologisko daudzveidibu (Pickett & White, 1985; Kuuluvainen, 1994). MeZaudzes
stuktiiras, kas rodas dabisko traucgjumu rezultata, ir komplic€tas, un nav viegli
reproducgjamas, izmantojot mezsaimniecibas panemienus (Franklin et al., 2002). Nepilniga
izpratne par dabisko trauc&umu ekologiskajam sekam vai ar to vienkarSoSana var radit
mezaudzes struktiiras, kas var nebiit noturigas klimata parmainu kontekstd (Kuuluvainen,
2002a).

1.2. Dabiska traucéjuma agents — uguns

Ugunsgréki ir nozimigs dabiskais traucgjums sauszemes ekosistémas, kas izmaina
ekosistémas un palielina oglekla emisiju daudzumu (Bowman et al., 2009). Sarezgita dabiska
sistéma starp klimatu, vegetaciju un degSanu pastav mijiedarbibas un atgriezeniskas saites
(1.1. att.), ko pedgjos gadsimtos bitiski ietekmgjusi cilvéka darbiba (Seidl et al., 2011;
Bowman et al., 2014). Cilvéka saimnieciskas darbibas rezultata izmainas zemes lietojuma
veids (mezs/lauksaimniecibas zeme/apbiive), telpiskais izvietojums ainava, mezaudzes
struktiira (koku sugu sastavs, vecums), kas savukart batiski ietekme meza ugunsgréku rezimu
(Granstrom & Niklasson, 2008). Tiesi cilveéka raditas klimata parmainas ir bijusas galvenais
virzitajspeks meza ugunsgréku platibu pieaugumam Eiropa 20. gadsimta otraja pus€ (Seidl et
al., 2011).
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1.1.att. Mijiedarbibas un atgriezeniskas saites starp klimatu, uguni un vegetaciju.
Linijas biezums norada uz relativo mijiedarbibas vai atgriezeniskas saites nozimibu.
Punktéta linija parada cilvéka un atmosféras CO2 koncentracijas saites ar §is sistémas
komponentiem péc Bowmann et al., (2014)

Meza ugunsgréku aktivitate 20. gadsimta samazinajas, liela méra pateicoties efektivai
uguns apsardzibas sist€mai (Donis et al., 2017). Tome&r akartja sausuma apstaklos
(piem@ram, 2018. gada vasara), viena ugunsgréka nodzesana var aiznemt vairakas ned€las un
uguns ietekméta teritorija var plesties simtos hektaru, noradot, ka nakotng, kad tiek prognozgeti
arvien biezaki ekstrémas ugunsbistamibas laikapstakli (Lehtonen et al., 2016), pasreiz&jas
meza ugunsgréku apsardzibas sistémas reagétsp&ja, visticamak, bius nepietickama. Tadel
uguns nodarito postijumu samazinasanai kritiski svariga ir savlaicigas ugunsbistamibas
noteikSanas sistému uzlabosana. LEmumu pienemsanas procesa nepiecieSama ar1 informacija
par uguns Tstermina un ilgtermina ietekmi, ka arT efektivakajiem mezsaimnieciskajiem
pasakumiem, lai pec iespgjas veiksmigak atjaunotu mezaudzes degumos.

Meza ugunsgreki bitiski ietekmé ekologiskas sukcesijas un to attistibas dinamiku,
izmainot augsnes Ipasibas, limit€jot uguns jutigas sugas un veicinot pirofilo sugu izplatiSanos
(Bond et al., 2004; Certini, 2005). Ugunsgreka ietekmes smagums uz ekosisttmu (fire
severity) raksturo virszemes un pazemes organisko vielu zudumu p€c meZa ugunsgréka
(Keeley, 2009); tas tiek uzskatits ari par vides izmainu novertgjumu pec traucguma.
Ugunsgréka ietekmes smagums biitiski izmaina arT augsnes kimisko elementu dinamiku (P,
K, Mg, Ca, N) (Dzwonko et al., 2015). Ugunsgréka ietekmes smagums uz ekosistemu
veidojas ka kombinacija starp dazadiem meza ugunsgréka parametriem — degSanas intensitati,
degsanas ilgumu un vegetacijas mitrumu (Chatto & Tolhurst, 2004; Cram et al., 2006).
Degmateriala daudzums, struktiira, kontinuitate un mitrums butiski ietekm& ugunsgréka
ietekmes smagumu (Schimmel & Granstrém, 1996; Certini, 2005).

Atkariba no ugunsgréka intensitates un ietekmes smaguma uz ekosisteému tos iedala trTs
grupas (Nesterovs, 1954; Roga, 1979):

1. Zemdega — uguns izplatas pa zemsegu, humusa vai kiidras slani. lesakuma deg
zemsegas / kiidras sausakas dalas, tad karstums, kas rodas degSanas procesa, izzaveé ari
mitrakas dalas, kas péc tam viegli var aizdegties. Biezi zemdegas gadijuma uguns liesmas nav
redzamas virszemg, kiidras slanis var izdegt [idz mineralaugsnei vai gruntiidens limenim.
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2. Skrejuguns — uguns izplatas pa zemsegu, zemsedzi, pamezu vai paaugu. Skrejuguns
intensitate vari€ no zemas Iidz vid€jai. Samera biezi tiek bojatas saknes, kas atrodas tuvak
zemes virskartai, un koka miza stumbra apaksgja dala. Skrejuguns var izraisit dal&ju
kokaudzes bojaeju, ka rezultata dabiski attistas dazada vecuma saliktas audzes.

3. Vainaguguns — uguns izplatas pa zemsedzi un koku vainagiem. Vainaguguns parasti
ir augstas intensitates, ka rezultata 80—100 % no mezaudzes kokiem iet boja, tadgjadi plasa
teritorija notiek licla méroga vienlaidus traucgjums. Sados degumos parasti masveida
atjaunojas pioniersugas.

Viens no bitiskajiem faktoriem, kas ietekm& meza ugunsgréku rezimu, ir klimats.
Klimats ir raksturigie ilgtermina laikapstakli, kas nosaka ne vien meteorologiskos apstaklus
konkrétaja vieta, bet ari to, kada veida vegetacija Saja vieta var attistities (1.1. att.). Gan
globalo atmosferas cirkulaciju sistému, kas nosaka laikapstaklus, gan dabisko traucg&umu
dinamiku sauszemes ekosisteémas bitiski ietekme atmosferas mijiedarbiba ar jiiras un okeana
fideniem (Heimann & Reichstein, 2008; Shabbar et al., 2011; Drobyshev et al., 2016).
Petfjumi pieradijusi, ka globalo atmosferas-okeana cirkulaciju sisteéma tas holistiskas ietekmes
dél uz visiem meteorologiskajiem raditajiem labak izskaidro klimata lomu daZzados
ekologiskajos procesos neka atseviski meteorologiskie raditaji (Hallett et al., 2004). Viena no
prominentakajam un plasak petitajam paradibam ir Klusa okeana dekadalas un El Ninjo —
dienvidu oscilacijas (svarstibas), kas iespaido klimatiskos apstaklus visa pasaulé (Behrenfeld
et al, 2001). Eiropa, seviski ziemas sezona, klimatiskos apstaklus butiski ietekme
Ziemelatlantijas oscilacijas (Trigo et al., 2002; Scaife et al., 2008). Lidz Sim Ziemeleiropa
tikai viena petjjuma analiz€ta atmosferas-okeana cirkulacijas reZima ietekme uz meza
ugunsgréku aktivitati (Drobyshev et al., 2016). Lielakaja dala citu p&tijumu meza ugunsgréku
aktivitate sasaistita ar noteiktiem meteorologiskajiem parametriem (vid€ja gaisa temperatiira,
nokrisSnu daudzums) vai sausuma rezZimu aprakstoSiem indeksiem (Drobyshev et al., 2012;
Aakala et al., 2017; Donis et al., 2017), kas nesniedz vispusigu ieskatu par klimata mainiguma
ietekmi uz meza ugunsgréku aktivitati.

1.3. Uguns rétu veidoSanas process

Meza ekosistemas, kuras dominé zemas Iidz vid€jas intensitates meza ugunsgreki,
uguns rétas uz koku stumbriem ir visplasak izmantota pazime meZa ugunsgréku vestures
rekonstruésanai (Niklasson & Granstrom, 2000; Drobyshev et al., 2004; Piha et al., 2013).
Kokiem varbiitiba izdzivot p&c uguns raditiem bojajumiem paaugstinas, pieaugot vecumam,
jo pakapeniski palielinas kreves mizas biezums un koku vainagu augstums (Keeley, 2012).
P&c uguns rétu novietojuma koksnes gadskartas var noteikt ne tikai degSanas gadu, bet ari
sezonu (Baisan & Swetnam, 1990). Uguns réta koksné veidojas, kad uguns liesma uzkarsé
kambija $tinas virs 60°C, izraisot to bojaeju (Gutsell & Johnson, 1996). Ar laiku uguns rétas
paraug ar blakus esos$a nebojata kambija veidotam ikgad&jam gadskartam un mizu (1.2. att.).
Lidz bridim, kad notikusi pilniga paraugSana, Saja stumbra dala ir viszemaka karstuma
izturiba (to nepasarga miza), tapec atkartota meza ugunsgréka gadijuma var veidoties jauna
uguns réta (Gutsell & Johnson, 1996). Koki nav nevainojami ugunsgréku vestures
pierakstitaji (Swetnam et al.,, 1999; Piha et al., 2013). Meza ugunsgréku vesture, kas tiek
balstita uz uguns rétam, visticamak, nepietickami atspogulo zemas intensitates meza
ugunsgrékus, jo parasti uguns rétas $ados ugunsgrékos neveidojas. Savukart augstas
intensitates meza ugunsgréku gadijumos, kuru rezultata lielaka dala kokaudzes aiziet boja, ar1
informacija par uguns rétam tiek iznicinata. Lai pilnveidotu meza ugunsgréku vestures
rekonstrukcijas precizitati, petijumos biezi tiek apvienota informacija no vairakiem avotiem,
piem&ram, uguns rétu analizi papildinot ar datiem par esosas kokaudzes struktiiru un tas
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elementu vecumu, ka arT ezeru-purvu nogulumiem (Drobyshev et al., 2016; Stivrins et al.,
2019).

Agra agring koksne Micra periods

Vw3

1.2.att. Uguns rétas veidoSanas process péc Swetnam & Baisan, (1996)

1.4. MeZa ugunsgréku reZims Ziemeleiropa un Latvija

Ziemeleiropa vesturiska meZza ugunsgreku reZima izpetei visbiezak izmanto parasto
priedi. Parasta priede (Pinus sylvestris L.) ir viena no visizplatitakajam koku sugam Eiropas
borealajos un hemiborealajos mezos (Angelstam & Kuuluvainen, 2004; Niklasson et al.,
2010), kas ir pielagojusies augSanai dazados apkartgjas vides apstaklos (Keeley & Zadler,
1998; Keeley, 2012). Petijumu rezultati liecina, ka parasta priede spgj saglabat dzivotsp&ju
vairakos zemas Iidz vidgjas intensitates meza ugunsgrékos (Ostlund et al., 1997; Kuuluvainen
et al., 2002b), kas, izraisot dalgju kokaudzes bojaeju, veicina kohortas dinamikas attistibu ar
dazada vecuma kokiem (Angelstam & Kuuluvainen, 2004; Kuuluvainen & Aakala, 2011). Lai
arT vairums meza ugunsgréku Eiropas borealajos un hemiborealajos priezu mezos ir ar zemu
lidz vidgju intensitati, ir sastopami arT augstas intensitates meza ugunsgreki, ka rezultata
lielaka dala kokaudzes iet boja, veicinot vienvecuma audzu attistibu (Agee, 1993; Zin et al.,
2015).

Pedgjos gadsimtos meza ugunsgréeku dinamiku FEiropa bitiski ietekmé&jusi cilveéka
saimnieciska un sociala darbiba (Granstrom & Niklasson, 2008), izmainot galvenokart meza
ugunsgréku skaitu, telpisko izplatibu un sezonalitati. Dazados regionos un laika periodos
cilveéka ietekme uz meza ugunsgrékiem bijusi kardinali atSkiriga. Pieméram, Fenoskandija
pedgjo 600 gadu laika var izdalit vairakus butiski atSkirigus periodus meza ugunsgréku
vesture, ko galvenokart ir ietekmgjusi cilveéka saimnieciska darbiba (Granstrom & Niklasson,
2008). Perioda 1650-1870, kad Fenoskandija domingja ziemelbriezu vai liellopu audzéSana
un uzturéSana, meza ugunsgreki bija 2,9 reizes biezak neka perioda 1499-1650. Savukart
velakaja perioda, sakot no 18. — 19. gs. vidus, kad bitiski pieauga kokmaterialu vértiba, meza
ugunsgreki praktiski vairs nav registréti (Niklasson & Granstrom, 2000).

Petfjumi rada, ka Belovezas garsa, perioda 1653—-1700, vidgjais audzes uguns
atgrie$anas intervals (FRI) bija ~18 gadi. Saja perioda Beloveza plasi izplatita bija biskopiba
un darvas dedzinasana (Niklasson et al., 2010). Saja perioda lielaka dala meza ugunsgréku
bijusi zemas intensitates par ko liecina fakts, ka ugunsgreka spgja izdzivot koki ar vidgji ~5
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cm diametru, ka art salidzinosi neliela radiala pieauguma samazinasanas péc ugunsgréka (Zin
et al., 2015). Periods ar loti zemu meZza ugunsgréku aktivitati sacies 19.gs. beigas, kad
kopuma pieauga kokmaterialu vértiba (Niklasson et al., 2010).

Strauj§ meza ugunsgréku picaugums noverots 17. gs. beigas Vienansalo, Fenoskandija
austrumos, kas, visticamak, skaidrojams ar labveligu nodoklu politiku, lai cilvékus motivétu
parcelties uz ieprieks neapdzivotam teritorijam. Savas dzives vietas ierikoSana tiesi saistijas ar
lidumu lauksaimniecibu $aja laika perioda, par ko netieSi liecina arl saméra Tsais meza
ugunsgréku cikls (~75 gadi). Savukart, kop§ 19. gs. vidus meza ugunsgréku skaits $aja
regiona strauji samazingjies, uguns cikls ~400 gadi, kas visticamak skaidrojams ar
kokmaterialu vértibas picaugumu un efektivaku ugunsgréku dzeésanu (Wallenius et al., 2004).

Latvijas teritorija vissenakie pieradijumi par cilvéka darbibas ietekmi uz meza degSanu
sniedzas lidz mezolita un agrinajiem neolita periodiem, kad So teritoriju apdzivoja Baltijas
mednieku-vacgju ciltis (Dietze et al., 2018). Sakot no 1.-2. gadsimta Iidz pat 19. gadsimta
beigam, Latvijas un pargjo Baltijas valstu teritorijas plasi izplatita bija uguns izmantoSana
lidumu lauksaimnieciba (Dumpe, 1999; Strods, 1999).

Ezeru nogulumu pétijumi Latvijas teritorija rada, ka agraja holocéna 11,7-7,5
tikst. kal.g.p.m (preborealais klimatiskais periods), kad domingja Pinus sylvestris un Betula
spp. ar nelielu platlapju piejaukumu (Ulmus, Tilia, Corylus avellana), uguns atgriesanas
intervals (FRI) bija ~280 gadi. Vidusholocgna klimatiskaja optimuma, kad domingja platlapju
sugas Ulmus, Corylus avellana, Tilia, Quercus un Carpinus (7,5-4,5 tikst. kal.g.p.m), FRI
bija ieveérojami ilgaks ~630 gadi. Savukart, v€laja holocéna (subborealais subatlantiskais
klimatiskais periods) 4,5-0 tukst. kal.g.p.m, kad doming&ja borealas koku sugas (Picea abies,
Betula spp., Pinus sylvestris), FRI bija visisakais ~190 gadi. Ezera oglu nogulumi rada, ka
perioda, kura domingja priede-bérzs, meza ugunsgréki bija biezi, galvenokart, zemas
intensitates ar atseviSkiem augstas intensitates ugunsgrékiem. Savukart, perioda, kura
domingja mérenajai joslai raksturigie lapukoki, meza ugunsgréki bija iev€rojami retaki.
Perioda, kura domingja parasta egle, meza ugunsgréki galvenokart bija augstas intensitates
(Feurdean et al., 2017).
izmantojot ezeru-purvu nogulumus, kas sniedz informaciju par ilgtermina dinamiku pa
desmitgadém-simtgadém (Dietze et al., 2018), savukart pé€tijumi, kas, balstoties uz
ugunsrétam, spetu sniegt precizaku informaciju par ugunsgréku norises gadu / sezonu un
platibu, Iidz $Sim nav veikti. Priezu mezi ar uguns rétam atrodami Sliteres Nacionalaja parka
(SNP) Latvijas ziemelrietumu dala, kas saglabajuSies praktiski neskarti nabadzigas augsnes,
purvaino apstaklu un aizsardzibas statusa dél (Brumelis et al., 2005; SNP dabas aizsardzibas
plans, 2010). Vesturiskas meza degSanas izp€te prieZu mezos sniegs ieskatu par §1 traucgjuma
ilgtermina dinamiku, ka arT par galvenajiem to ietekmgjosiem faktoriem. Sada informacija
nepiecieSama gan dabas aizsardzibas, gan uguns apsardzibas sist€mas pilnveidoSanai.

1.5. MeZaudzes atjaunoSanas péc deguma

Degumos meza dabiskas atjaunoSanas gaita un sugu sastavs ir atkarigs no attaluma Iidz
tuvakajam seklu avotam (Moser et al., 2010), ugunsgréka ietekmes smaguma (Dzwonko et al.,
2015), ieprieksgjas mezaudzes elementiem (disturbance legacies) (Jogiste et al., 2017) un
saimnieciskas darbibas (Parro et al., 2015). Koku atjaunoSanas deguma platibas ir atkariga ar1
no sugu atjaunos$anas un turpmakas attistibas stratégijas (Noble & Slatyer, 1980; Ryan, 2002).

Atjaunosanas stratégija:

1. Uz vegetativas atjaunoSanas sp&ju balstita stratégija:
V sugas: spgj atjaunoties no atvasém, ja uguns boja agra vecuma;
W sugas: spgj izdzivot pec uguns bojajumiem pieaugusa vecuma un turpinat
attistities (uguns nogalina jaunakos kokus).
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2. Uz s€klu izplatibu balstita stratégija:
D sugas: seklas spgj izplatities plasa apvid;
S sugas: s€klas spgj ilgtosi saglabaties augsné;
C sugas: s€klas saglabajas koku vainaga.

Sugu attistibas stratégijas:
T sugas: spgj strauji atjaunoties pec uguns trauc&juma un ilgtermina attisities, ja nav
atkartots uguns traucgjums;
R sugas: sp€ atjaunoties deguma teritorija tikai péc tam, kad ir izveidojusies
pieméroti apstakli (€na vai tml.);
I sugas: spgj strauji atjaunoties deguma teritorija (pioniersugas), bet salidzinosi atri
pasas iet boja bez atkartota traucgjuma.

Uguns ietekmes smagums biutiski ietekmé visu stratégiju kokaugu atjaunosanas
potencialu (Granstrom & Schimmel, 1993). Ugunsgreki ar augstaku ietekmes smagumu
negativi ietekm& sugas ar V un W stratégiju. Jo augstaks ir potencialais bojajums auga
vegetativam dalam, jo grutak tam ir atjaunoties (Ryan, 2002).

Borealajos un hemiborealajos mezos visizplatitakas koku sugas, kas atjaunojas
degumos, ir parasta priede, berzs un parasta apse (Hille & den Ouden, 2004; Dzwonko et al.,
2015; Parro et al., 2015). P&tijumi liecina, ka berza un priedes dabiska atjaunosSanas
veiksmigak norit teritorijas, kuras ugunsgréka ietekmes smagums bijis augstaks, neka vietas,
kur tas bijis zemaks. Tas skaidrojams ar lielaku zemsegas traucg€jumu, ka rezultata tiek atsegta
minerala augsne, kura jaunajiem kokiem ir vieglak attistities. AtjaunoSanos veicinoss faktors
ir pelni ka papildus baribas vielu avots (Hille & den Ouden, 2004; Dzwonko et al., 2015).

Degumos veicot sanitaras cirtes, mezizstrades tehnika rada papildus traucgumu Sajas
teritorijas, kas var atstat ilgstoSu negativu ietekmi uz biologisko daudzveidibu, augsnes
kvalitati un kokaudzes un zemsedzes vegetacijas atjaunosanas dinamiku (Thorn et al., 2017,
Leverkus et al., 2018). Igaunija petljjuma secinats, ka sausas, nabadzigas smilts augsnés
sanitara vienlaidus cirte péc deguma negativi ietekméja dabiski atjaunojuSos koku skaitu,
savukart pozitivi ietekméja to vid€jo augstumu (Parro et al.,, 2015). Tomér kopuma trtkst
informacijas par sanitaras vienlaidus cirtes ietekmi uz dabisko atjaunosSanos kiidras augsnés
un mitras mineralaugsnés, kas ir saméra plasi izplatitas Latvijas teritorija.

1.6. Promocijas darba merkis
Promocijas darba mérkis ir raksturot klimatisko un antropogéno faktoru ietekmi uz
meZa degSanas v&sturi un parastas priedes (Pinus sylvestris L.) atjaunoSanos ugunsgréka
skartajas platibas.
1.7. Promocijas darba uzdevumi

Promocijas darba izvirziti cetri uzdevumi:

1.  novertet klimatisko faktoru ietekmi uz ugunsgréku skaita un platibas ilgtermina

dinamiku;
2. raksturot meza degSanas vesturi Piejliras zemieng Latvijas ziemelrietumu dala;
3. salidzinat priedes jaunaudzu parametrus stadijumos péc sanitaras vienlaidus cirtes

deguma un péc vienlaidus atjaunosanas cirtes;
4.  novertét sanitaras vienlaidus cirtes ietekmi uz dabisko atjaunoSanos degumos.
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1.8. Promocijas darba izvirzitas tezes
Promocijas darba izvirzitas divas tézes:

1. liela méroga klimatiskajam sist€mam ir bitiska ietekme uz meza ugunsgréku biezumu
un platibu Baltijas juras regiona;

2.  sanitarajai vienlaidus cirtei péc meza ugunsgréka ir biitiska ietekme uz priedes dabisko
atjauno$anos.

1.9. Petijjuma novitate

Promocijas darba pirmo reizi apzinata liela méroga klimatisko sistému ietekme uz meza
ugunsgréku skaitu un platibu Baltijas jiras regiona. Pirmo reizi Baltijas valstis novértéta
antropogéno un klimatisko faktoru ietekme uz vésturisko meza ugunsgréku rezimu 250 gadu
ilga laika posma. Novertéta deguma ilglaiciga ietekme uz staditu priedes jaunaudzu
parametriem dazados meza tipos. Novertéta sanitaras vienlaidus cirtes (péc deguma) ietekme
uz priedes dabisko atjaunoSanos, turklat pirmo reizi — tik ilgu laika posmu péc ugunsgréka
meza tipos kiidras augsnés.

1.10. Promocijas darba uzbuve

Promocijas darbs sastav no piecam publikacijam. Promocijas darba pirmaja publikacija
analizeéta meza ugunsgréku aktivitates dinamika un tas saistiba ar liela méroga klimatiskajam
sisttmam Latvija un Igaunija. Otraja publikacija analiz€ta meza ugunsgréku saistiba ar
klimatiskajiem apstakliem plasaka regiona, ieklaujot Skandinaviju un dalu no Krievijas
boredlo mezu regioniem. TreSaja publikacija analiz€ta informacija par vésturisko meza
ugunsgréku reZimu Piejiras zemieng un ta saistibu ar klimatiskajiem un antropogénajiem
faktoriem. Ceturtaja publikacija apskatita uguns ietekme uz priedes augstuma pieauguma
veidoSanos staditas jaunaudzes. Piektaja publikacija apskatita meza apsaimniekoSanas veida
ietekme uz dabisko mezaudzes atjaunosanos uguns skartas platibas.

1.11. Promocijas darba aprobacija

Zinojumi par petfjuma rezultatiem prezent&ti 5 starptautiskas konferences:

1.  26.-29.11.2014. Florence, Italija. Refertats: ‘Height-growth dynamics of Scots pine
(Pinus sylvestris L.) in burned and clearcut areas in hemiboreal forests, Latvia’ otraja
starptautiskaja mezzinatnes kongress ‘Accademia Italiana di Scienze Forestali’.

2. 23.-24.04.2015. Riga, Latvija. Stenda referats ‘A 247-year tree-ring width chronology
of Scots pine (Pinus sylvestris L.) from Slitere National Park’ starptautiskaja konferencé
‘Adaptation and mitigation: strategies for management of forest ecosystems’.

3. 15.-16.09.2015. Riga, Latvija. Stenda Referats: ‘Post-fire regeneration of Scots pine
(Pinus sylvestris 1.) in Latvia’ starptautiskaja konferencé Nordic-Baltic Forest
Conference 2015 ‘Wise Use of Improved Forest Reproductive Material’.

4.  04.-06.11.2015. Riga, Latvija. Stenda referats: ‘Influence of forest fire on Scots pine
(Pinus sylvetris L.) age structure and regeneration pattern’ starptautiskaja zinatniskaja
konference ‘Knowledge based Forest Sector’.
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5. 06.-10.09.2017. Tartu, Igaunija. Refarats: ‘Dendrochronological reconstruction of the
forest fire regime in a Pinus sylvestris-dominated forest in the Slitere National Park,
Latvia’ starptautiskaja konferenc€ ‘Eurodendro’.

2. MATERIALS UN METODES

Pirmaja un otraja publikacija meza ugunsgréku aktivitates raksturoSanai izmantotie
statistikas dati par ugunsgréku skaitu un platibu Latvija laikposma no 1922. Iidz 2014. gadam
iegiiti no vairakiem literatliras avotiem un datu bazém (Donis et al., 2017), savukart Igaunija
laikposma no 1923. 1idz 2014. gadam — no Igaunijas Vides agenttras. Dati par méneSa vid&jo
jiras virsmas temperattiru (SST) un Atlantijas multidekazu oscilacijas indeksu (AMO) iegiiti
no Lielbritanijas Meteorologijas Hadleja centra datubazes (Rayner et al., 2003; Trenberth &
Shea, 2006). Ugunsgreku skaita un platibas dati logaritm&ti, lai normaliz&tu datu izkliedi.
Sakaribas starp Latvijas un Igaunijas meZa ugunsgréku skaitu un platibu novertétas,
izmantojot Pirsona korelacijas un sinhronizacijas koeficientus. Lai noveértétu saistibas starp
meza ugunsgrékiem un klimatiskajiem raditajiem, izmantota Pirsona korelacijas analize
Climate Explorer programma (Trouet & Oldenborgh, 2013). Korelaciju butiskums noteikts ar
divpusgjo Stjudenta t-testu, nemot véra laikrindas autokorelaciju. Katras korelacijas
butiskums vizualiz&ts karte (Wilks, 2006).

Otraja publikacija analizéta meza ugunsgréku aktivitate plasaka regiona, ieklaujot ne
tikai Baltijas valstis, bet ari Skandinaviju un dalu no Krievijas borealajiem regioniem (2.1.
att.). Klimatisko apstaklu raksturoSanai izmantots méneSa sausuma indekss (MDC), kuru
aprékina, izmantojot ménesa kop&jo nokrisnu daudzumu, minimalas un maksimalas ménesa
gaisa temperatiras no CRU TS v. 4.02 datu bazes (Harris et al., 2014). Hierarhiska
klasteranalize izmantota, lai noskaidrotu, kuros regionos bija lidziga uguns aktivitate.
Izmantojot iesp&jamibas (contingency) analizi, noteikti regionali lielie meza ugunsgréku gadi
(LFY), kuros uguns skarusi vislielakas platibas. Ar Superposed epoch analizes palidzibu
noteikta LFY saistiba ar 500 hPa spiediena laukiem, izmantojot Hadleja centra juras Iimena
spiediena datus (Allan & Ansell, 2006).

2.1.att. Mezofitisku un higromezofitisku skujkoku un lakoku-skujkol;u meZu
regions péc Bohn et al., (2000) un EEA (2006)
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TreSaja publikacija rekonstruéta meza degSanas veésture SNP Bazu purva kangaru un
vigu kompleksa Latvijas ziemelrietumu dala (2.2. att.). Apsekojot aptuveni 2360 ha lielu
platibu, ievakti koksnes ripu Skérsgriezumi no kritalam saskana ar Arno & Sneck (1977) un
McBride (1983) izveidotam paraugu ievakSanas vadlinijam (2.3. att.). Laboratorija paraugi
izzaveti, noslipeti un datéti, izmantojot Cybis AB CooRecorder un CDendro 7.7 programmas
(Larsson, 2013). Kopuma ievakti 350 koksnes paraugi, no kuriem bija iesp&jams datet 287
(82%). Atbilstosi uguns rétas novietojumam noteikts tas izveidoSanas gads un, ja iesp&jams,
arT sezona (réta gadskartas agrinaja vai v@linaja koksng€). Lai rekonstruétu degumu platibas,
petijuma teritorija sadalita regularos kvadratos (Stinas), izmantojot Cetrus dazadus telpiskus
rezgus ar $tnu izméru 100x100, 300x300, 500500 un 700x700 m. Lai noskaidrotu, kur§ no
Siem Cetriem rezgiem visprecizak raksturo nodegu$o platibu, iegiitas rekonstruétas platibas
salidzinatas ar faktiski uzmérito 1992. gada meza ugunsgréka platibu. Individuala rezga $tna
tika uzskatita par “aktivu” (t.i., ta sniedz informaciju par meza degSanas vesturi konkreta
gada), ja taja atradas vismaz viens paraugs ar attieciga gada veidojusos gadskartu. Individuala
Stina tika uzskatita par “degusu” tajos gados, kad vismaz vienam koksnes paraugam no
attiecigas Stnas bija uguns réta konkrétaja gada. Deguso platibu rekonstrukcijai izmantoti divi
raditaji — visas Stnas platiba un $tna ietilpsto$d meZza platiba. Analiz€jot vesturisko meza
degSanu, aprékinats uguns cikls, kas ir periods (gados), kura uguns biitu skarusi platibu, kas
vienada ar pétfjuma teritorijas kopgjo platibu (Van Wagner, 1978). Papildus aprékinats
vidgjais punktveida uguns atgriesanas intervals, kas ir videjais gadu skaits starp divam uguns
rétam vienam kokam. [zmainas uguns cikla novertétas, izmantojot secigu t-testu (sequential t-
test) (Rodionov, 2004). Lai novertétu saistibu starp meza degSsanu SNP un SST
Ziemelatlantijas okeana, izmantota Superposed epoch analize, kas veikta Climate explorer
programma (Trouet & Oldenborgh, 2013).
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2.2.att. Pétijuma objektu izvietojums
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2.3.att. Koksnes paraugu ievak$ana meZa ugunsgréku véstures rekonstruesanai Sliteres
Nacionala parka

Ceturtaja publikacija noveértéta meza ugunsgreka ietekme uz priedes augstuma
pieauguma veidoSanos. P&tijums veikts saimnieciskajos meZos, Cetras degumu platibas, kuras
pec sanitaras vienlaidus cirtes veikta atjaunoSana, stadot priedi: Sliter€ (métrajs, 1992. gada
degums), Ugaleé (m&tru arenis, 2004. gada degums), Jaunjelgava (métrajs, 2006. gada degums)
un Dalbe (Saurlapju arenis, 2006. gada degums); kopuma 124 parauglaukumi (2.2. att.).
Kontroles parauglaukumi (52) izveidoti tuvuma esosas atbilstoSa vecuma un meza tipa prieZu
jaunaudzes, kas atjaunotas, staddot pec vienlaidus atjaunoSanas cirtes. Katra aplveida
parauglaukuma (100 m?) noteikts priezu skaits un pedgjo tris gadu augstuma pieaugumi. Datu
analizei izmantots Stjiidenta t-tests, lai novert€tu atSkiribu butiskumu starp jaunaudzém
degumos, kur veikta sanitara vienlaidus cirte, un kontroli, t.i., jaunaudz€m atjaunosanas cirsu
platibas.

Piektaja publikacija saimnieciskas darbibas (sanitaras vienlaidus cirtes) ietekme uz
turpmaku mezaudzes dabisko atjaunosanos novértéta SNP 1992. gada deguma teritorija 23
gadus pé€c meza ugunsgréka (2.2. att). Deguma teritorijas, kuras nav notikusi nekada
saimnieciska darbiba, izveidoti 220 aplveida parauglaukumi, bet teritorijas, kuras péc deguma
veikta sanitara vienlaidus cirte, — 340 parauglaukumi (25 m?). P&tfjums veikts piecos dazados
meza tipos — sila, metraja, slapjaja métraja, purvaja un niedrdja; jaunaudzu merktieciga
apsaimnieko$ana neviena no platibam nav veikta. Katra parauglaukuma noteikts koku (2 > 30
cm) skaits un uzmerits to augstums. Teritorijas bez saimnieciskas darbibas ap katru
parauglaukumu izveidota 10 m buferjosla, kura identificeti dzivie ieprieks€jas paaudzes koki.
Noverteti faktori, kas ietekme audzes dabisko atjaunosanos raksturojosSos parametrus — audzes
biezumu (izmantots negativs Puasona visparinats linears modelis GLMM) un koku augstumu
(izmantots linears jaukta efekta modelis LME). Neparametriska dispersijas analize ANOSIM
izmantota, lai salidzinatu audzes sastava atskiribas starp abiem apsaimniekosanas veidiem.

Visi apréekini veikti R programma (v. 3.5.0, R Core Team 2018), izmantotas paketes
MASU (Venables & Ripley, 2002), /me4 (Bates et al., 2015), multcomp (Hothorn et al., 2008),
vegan (Oksanen et al., 2019), NLME (Pinheiro et al., 2018).
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3. REZULTATI UN DISKUSIJA

3.1. Meza ugunsgréku saistiba ar klimatiskajiem faktoriem
(I un II publikacija)

Meza ugunsgréku statistikas datu (1922/23-2014) analize liecina, ka starp ugunsgréku
platibu Latvija un to platibu Igaunija pastav ciesaka korelacija (=0.74) salidzinajuma ar
sakaribu starp ugunsgréku skaitu abas valstis (#=0.43). Savukart, starp abiem ugunsgrékus
raksturojosajiem raditdjiem — platibu un skaitu — Latvija konstatéta cieSaka korelacija neka
Igaunija — attiecigi »=0.70 un 0.38. Visas sakaribas bija statistiski biitiskas. Latvijas un
Igaunijas meza ugunsgreku platibas un skaita statistikas datiem vid€jais sinhronizacijas
koeficients bija 0.75. Salidzino$i augstie sinhronizacijas un korelacijas koeficienti norada uz
saméra lidzigu meza ugunsgreku aktivitati Latvija un [gaunija 20. gadsimta, kas, visticamak,
saistita ar lidzigiem klimatiskajiem apstakliem. AtSkiribas starp abu valstu meza ugunsgréku
statistikas datiem savukart var&tu but skaidrojamas ar dazadu geografisko novietojumu un
topografiju (Drobyshev et al., 2012). Zemas frekvences izmainas, it Tpasi ugunsgréku platibai
abas valstis, aptuveni atbilda AMO tendencei.

Gan Latvija, gan Igaunija ugunsgréku skaitam un platibai konstattas vairakas biitiskas
korelacijas ar juras virsmas temperatiiru (SST) (3.1. att.). Igaunija ugunsgréku skaitam
konstatéta negativa korelacija ar SST pavasari un vasara (ipasi maija un augusta) Atlantijas
okeana ziemelu dala, bet pozitiva — ar SST vasara Ziemeljura un Baltijas jura. Ugunsgréku
platibai Saja valstl konstatéta pozitiva korelacija ar pavasara SST Atlantijas okeana vidgjos
platuma grados, Ziemeljura un Baltijas jura, ka arT ar vasaras SST Atlantijas okeana Eiropas
piekraste (t.sk., Ziemeljiira un Baltijas jura). Latvija ugunsgréku skaitam un platibai noverota
pozitiva korelacija ar pavasara un vasaras SST Baltijas jira un Ziemeljiira.
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3.1. att. Butiskas sakaribas starp jiiras virsmas temperatiru un ugunsgreku skaitu
un platibu Latvija un Igaunija

Konstatétas sakaribas starp meza ugunsgrékiem un SST (Atlantijas okeana, Ziemeljura,
Baltijas jira) liecina par liela méroga atmosfeéras cirkulacijas procesu ietekmi uz meza
ugunsgréku aktivitati Latvija un Igaunija. P&tijuma, ko veikusi Drobyshev et al. (2016),
konstat€tas saistibas starp meza ugunsgrékiem Zviedrijas ziemeldala un negativam pavasara
SST anomalijam Atlantijas okeana. Miisu pétjuma novérota Igaunijas meza ugunsgréku
saistiba ar negativam SST pavasara anomalijam Atlantijas okeana kopuma ir mazak izteikta,
kas, visticamak, skaidrojams ar Igaunijas geografisko novietojumu uz dienvidiem no 60°
ziemelu platuma paralgles. ST paraléle Zviedrija Drobyshev et al. (2016) pétijuma identificéta
ka robeza, no kuras uz ziemeliem saistiba starp meza ugunsgrékiem un Atlantijas okeana SST
noveérota visizteiktak. Miusu petjuma Igaunija un Latvija konstatéta cieSa pozitiva
ugunsgrékus raksturojoSo raditaju korelacija ar Baltijas juras SST pavasara un vasaras
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méneSos norada uz butiskakam sakaribam, kas, visticamak, saistitas ar regionalu atmosféras-
jiras mijiedarbibu (Stramska & Bialogrodzka, 2015). Augsta atmosféras spiediena sistemas
un meridionala cirkulacija ar ziemelu gaisa plismu veicina sausu laikapstaklu veidosanos
Baltijas juras regiona (Jaagus et al., 2010; Klavin$ & Rodinovs, 2010), ka rezultata intensivak
izZzlst nobiras meZos un palielinas meZa ugunsbistamiba (Donis et al., 2017).

Analizgjot ilgtermina meza ugunsgréku platibu dinamiku ar hierarhisko klasteranalizi,
konstatéts, ka Ziemeleiropas regions iedalams piecas grupas, apvienojot geografiski tuvakos
regionus ar lidzigu meza ugunsgréku platibu dinamiku. Ka atseviska grupa izdalita Baltijas
jaras austrumdalas regions, kura ietilpst Baltijas valstis un Pleskavas apgabals Krievija. ST
klastera ietvaros visatskirigaka no pargjiem regioniem bija Lietuva.

Baltijas juras regiona (Skandinavija, Somija, Baltijas valstis, Baltkrievija) un Krievija
(Karelijas republika, Murmanskas apgabals) 20. gadsimta un 21. gadsimta sakuma bitiski
palielinajusas ménesa sausuma indeksa MDC vertibas aprili (3.2. att.). Lidzigi arT maija
statistiski butiski augstakas MDC vertibas novérotas Baltijas valstis, Somijas dienviddala,
Norvégijas ziemeldala, Arhangelskas apgabala. Dala pétijjuma teritorijas (Lietuva un
Baltkrievija) konstatéts, ka MDC vertibas picaugusas ari vasaras beigas (augustad un
septembri). Sis tendences, ki rezultata pagarinds periods ar augstu ugunsbistamibu un,
iespgjams, pieaug postosu ugunsgréku risks, visticamak, liecina par klimata parmainam.
Lidzigi arT citos pétijumos (Donis et al., 2017) konstatéts, ka 20. gadsimta otraja pusé picauga
meza ugunsgréku skaits pavasarT — marta un aprili.
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3.2. att. MéneSa sausuma indeksa tendences 20. un 21. gadsimta laika. Butiskas
novirzes no videjas vertibas atzimetas ar melniem punktiem
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3.2. MeZa degSanas vésture Piejiiras zemiené Latvijas ziemelrietumu dala
(II publikacija)

Sliteres Nacionalaja parka Bazu purva apkartné senaka uguns réta koksnes parauga
datéta ar 1558. gadu, bet jaunaka — ar 1992. gadu (3.3. att.). Uguns skartas platibas
rekonstruétas perioda 17502014, kad vismaz 30% no visam rezga $tinam bija “aktivas”. Visa
noveérojumu perioda (1558-1992) vidgjais punktveida uguns atgrieSanas intervals bija 46 +
33.5 gadi (vidgjais + standartnovirze).

Parbaudot Cetrus dazada izm@ra $tinu rezgus, vistuvakais rezultats faktiski uzméritajai
1992. gada meza ugunsgréka platibai iegilits, rekonstrukcija izmantojot 500x500 un
700x700 m rezga Stnas. Uguns cikla izmainas konstatétas 20. gadsimta vida (3.3. att.).
Agrakaja laika perioda (1750-1950) uguns cikls atkariba no izv€léta Stinas izméra un tas
platibas (Stnas kop&ja vai meza platiba) vari€ja no 45 lidz 68 gadiem, savukart vélakaja
perioda (1960-2000) — no 58 Iidz 80 gadiem.

Agrakaja laika perioda (1750-1950), kura uguns cikls bija Tsaks, Latvija plasi izplatita
prakse bija uguns izmantoSana lauksaimnieciba un lidumu liSana (Dumpe, 1999). Meza
ugunsgréku ierobezosanas méginajumi sakas jau 16. gadsimta, tomér to ievieSanas efektivitate
bija zema sociali politisku un ekonomisku faktoru dél. Uguns izmantoSana Iidumu liSana
mazinajas 19. gadsimta beigas (Dumpe, 1999; Strods, 1999).

Par antropogena faktora ietekmi uz SNP mezZa degSanas ve@sturi liecina arl augstais
uguns rétu Ipatsvars gadskartas agrinas koksnes dala (65%). Uguns rétas, kas atrodas Saja
koksnes dala, norada, ka ugunsgréks, visticamak, izc€lies agrinas koksnes veidosanas perioda,
t.i., pavasari vai vasaras pirmaja pus€. Piekrastes regionos zibens aktivitate, kas varétu dabiski
izraisit meza ugunsgréku, pavasari un vasaras pirmaja puse ir zema, jo Baltijas jlras virsma ir
auksta un augSupejosas gaisa pliismas — vajas, tapec perkona negaisa veidosanas iesp&jamiba
ir zema (Enno et al., 2013). Tadgjadi pavasari un vasaras sakuma notiku$o meza ugunsgréku
lielais Tpatsvars, visticamak, skaidrojams ar cilvéku saimniecisko darbibu. Lidz 20. gadsimta
sakumam dala vigu Bazu purva apkartné tika izmantotas lauksaimnieciba ka ganibas un
plavas (Abaja, 2011), un izplatita bija lauksaimniecibas augsnes ielaboSana, dedzinot koku
zarus un Ciekurus plavas (Gustina, 2016). Nereti uguns no lauksaimniecibas zemém médza
izplatities tuv€jos mezos. Par to, ka $adi gadijumi nebija retums, liecina 1pasi izdoti noteikumi
18. gadsimta (Strods, 1999).
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3.3.att. Uguns rétu hronologija Sliteres Nacionalaja parka

20. gadsimta vidi notika pareja uz periodu (1960-2000) ar garaku uguns ciklu, kura
konstatets viens meza degSanas gadijums 1992. gada. Izmainas uguns cikla, visticamak,
radusas sociali politisku parmainu rezultata, kas norisingjas, Latvijai nokliistot Padomju
Savienibas sastava péc Otra pasaules kara. Padomju okupacijas laika biitiski izmainijas zemes
izmantoSanas, nodarbinatibas un lauksaimniecibas sist€émas Latvija (Hiden & Salmon, 2013).
Saja perioda Ziemelkurzemes piekrastes teritorija tika icklauta armijas militaraja zona, un
tikai atseviSskos piejiiras ciemos bija atlauta zveja. Lauksaimnieciba privato zemnieku
saimniecibu vieta tika izveidotas kolektivas padomju saimniecibas, ka rezultata mazak
produktivas lauksaimniecibas zemes tika pamestas zemas rentabilitates dél. Saja perioda,
kopuma samazinoties regiona saimnieciskajai aktivitatei, visticamak, attiecigi samazinajas ari
antropogeni izraisito meza ugunsgreku skaits.
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Lai noveértétu saistibu starp meza degSanu SNP un SST Ziemelatlantijas okeana,
Superposed epoch analizé izmantoti Cetri LFY — 1905., 1914., 1921. un 1992. gads, kuros
rekonstruéta degusi platiba bija vismaz 30% no pétijuma teritorijas jeb > 1 km?. Lielie uguns
gadi SNP bija saistiti ar pozitivam SST anomalijam Baltijas jiira no maija Iidz jalijam (3.4.

starp lieliem uguns gadiem un Baltijas jiiras un Ziemeljiiras vid€jo méneSa SST, visticamak,
atspogulo abu procesu atkaribu no augsta spiediena apgabaliem vasaras perioda. Lidzigi
rezultati iegiti ar1, analiz€jot Latvijas un Igaunijas 20. gadsimta meza ugunsgréku statistikas
datu saistibas ar SST Atlantijas okeana ziemelu dala, Baltijas jura un Ziemeljura (Kitenberga

et al., 2018).
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3.4. att. Saistibas starp jiiras virsmas temperatiiru un lielajiem meZa ugunsgréeku
gadiem Sliteres Nacionalaja parka no 1870. Iidz 2000. gadam (Superimposed epoch

analysis)

3.3. Uguns ietekme uz priedes augstuma pieaugumu

(IV publikacija)

Staditajas jaunaudzes Saurlapju areni Dalbé un métraja Jaunjelgava priedes vidgjais
augstums 8 gadu vecuma vienlaidus atjaunosanas cirtes platibas bija bitiski (p=0.001) lielaks
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neka degumos, turklat augstuma starpiba pédejo tris gadu laika palielingjusies. Vislielaka
vidgja augstuma starpiba starp vienlaidus atjaunoSanas cirtes un deguma platibam (36 cm)
novérota 8 gadu vecuma métraja Jaunjelgava (3.5. att.). Savukart priedes vid€jais augstums 10
gadu vecuma métru areni Ugalé un 19 gadu vecuma métraja Slitere butiski neatSkiras starp
vienlaidus atjaunosSanas cirtes un deguma platibam, kas norada, ka S$ajos gadijjumos meza
ugunsgrekam nav bijusi ilgtermina ietekme. Petjuma ieklauto degumu savstarpgju
salidzinasanu apgriitina tas, ka katram meza ugunsgrékam raksturiga gan noteikta intensitate
(energija, kas izdalas degSanas procesa), gan ietekmes smagums uz ekosistému (fire severity)
(Keeley, 2012). Ka parada ieprieksgjie petijumi, atkariba no ugunsgréka ietekmes smaguma
uz augsni butiski mainas atjaunojusas kokaudzes un zemsedzes vegetacijas sastavs, ka ari to
atjaunoSanas dinamika (Dzwonko et al., 2015). Visticamak, Ugale un Sliter€ ugunsgreka
ietekmes smagums uz augsni bijis zemaks, jo 10 un 19 gadu vecuma priezu jaunaudzgs netiek
noverotas biitiskas augstuma atSkiribas starp deguma un vienlaidus cirtes platibam. Savukart
Dalbg un Jaunjelgava, visticamak, uguns ietekmes smagums uz augsni bijis lielaks, par ko
liecina pieaugosas vidgja augstuma atskiribas I1dz 8 gadu vecumam.

Priedes augstumam visas deguma platibas konstatéts lielaks variacijas koeficients neka
vienlaidus atjaunos$anas cirtes platibas. Deguma ugunsgréka ietekmes smagums — galvenokart,
reljefa un degmateriala atSkiribu d€] — ir heterogéns. Uguns ietekme uz augsni vegetacijas
atjaunoSanos var sekmét, vai tieSi pret&ji — aizkavét (Certini, 2005; Dzwonko et al., 2015;
Parro et al., 2015). Visticamak, heterogéns ugunsgréka ietekmes smagums uz augsni nosaka
lielaku priedes augstuma variaciju degumos neka vienlaidus atjaunosanas cirtes platibas.
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3.4. Sanitaras vienlaidus cirtes ietekme uz mezaudzes dabisko atjauno$anos degumos
(V publikacija)

Sanitaras vienlaidus cirtes ietekme uz jaunaudzu parametriem novértéta SNP 1992. gada
deguma teritorija. Visizplatitakas koku sugas 23 gadus p&c meza ugunsgréka bija priede un
bérzs (Betula pendula Roth un Betula pubescens Ehrh.), veidojot 70 lidz 100% no kopgja
atjaunojusos koku skaita visos analiz€tajos meza tipos. Visaugstakais jaunaudzes biezums
konstatéts sanitaras vienlaidus cirtes platibas purvaja (25 440 koki ha™'), slapjaja métraja
(21 222 koki ha') un niedraja (17 360 koki ha™'). Izmantojot GLMM modeli, noskaidrots, ka
priedei atjaunojusos koku skaitu biitiski ietekm&ja meza tips, telpiska autokorelacija, ka ari
meza apsaimniekoSanas veida (ir/nav veikta sanitara vienlaidus cirte) un meza tipa faktoru
mijiedarbiba. Platibas, kuras péc ugunsgréka netika veikta sanitara vienlaidus cirte, priede bija
domingjosa koku suga (pec skaita) visos analiz&tajos meZza tipos, iznemot niedraju. Savukart
vienlaidus cirtes teritorijas priede domingja sila, métraja un slapjaja métraja. Starp meza
apsaimniekoSanas veidiem priedes biezums neviena no meza tipiem bitiski neatskiras,
vienigais izn@mums bija niedrajs. Sanitaras vienlaidus cirtes teritorijas salidzinosi liclaka
biezuma atjaunojies berzs, kas norada, ka papildus gaisma, kas rodas, veicot vienlaidus cirti,
ka arT augsnes skarifikacija mezizstrades laika veicinajusi §1s koku sugas atjaunoSanos.
Augsnés ar lielaku mitruma saturu (ktidras un mitras mineralaugsn@s) beérzi atjaunojusies
lielaka skaita neka sausds un nabadzigds smilSainas augsnés. Augsnes mitruma pozitiva
ietekme uz bérzu digSanu un augSanu novérota art citos petifjumos (Karlsson, 1996; Karlsson
et al., 1998).

Veicot ANOSIM analizi, konstatets, ka atjaunojusos koku sugu sastavs starp abiem
apsaimniekoSanas veidiem bitiski atSkiras divos meza tipos — slapjaja métraja (stat. »=0.16,
p=0.001) un niedraja (stat. »=0.29, p=0.006). Sausajos nabadzigajos meza tipos (sils, m&trajs)
un nabadzigas kiidras augsn€s (purvajs), visticamak, kokaudzes dabisko atjaunosanos limité
baribas vielu trikums augsné, tap&c sanitara vienlaidus cirte biitiski neietekmgja atjaunojusos
koku sugu sastavu.

Izmantojot LME modeli, noskaidrots, ka priedes vid&jo augstumu biitiski (p<0.05)
ietekmé&ja meza tips, meza apsaimniekoSanas veids, ieprieksgjas paaudzes koku skaits,
ieprieksgjas paaudzes priezu esamiba, telpiska autokorelacija, ka ari mijiedarbiba starp
faktoriem: meza tips* ieprieks€jas paaudzes koku skaits un meza tips* ieprieksgjas paaudzes
priezu esamiba. Visos meza tipos sanitaras vienlaidus cirtes teritorijas priedes vidgjais
augstums bija ieveérojami lielaks (par 22% lidz 61%) neka teritorijas bez saimnieciskas
darbibas, kas norada, ka iepriek$gjas paaudzes koku aizvakSana butiski uzlabojusi augSanas
apstaklus jaunajiem kokiem (3.6. att.). Lidzigi arT beérza vidgjais augstums bija lielaks platibas,
kuras veikta sanitara vienlaidus cirte, tome&r b€rzam augstuma atSkiribas nebija tik
ieverojamas ka priedei. Tatad labaka gaismas pieejamiba sanitaras vienlaidus cirtes platibas
Tpasi veicindjusi priedes augstuma pieauguma veidosanos. L1dzigi arT Igaunija veikta petijuma
secinats, ka p€c meza ugunsgréka sanitaras vienlaidus cirtes teritorijas priede straujak kluva
par doming&josu koku sugu neka platibas, kuras cirte netika veikta (Parro et al., 2015).
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SECINAJUMI

Pedgjo 250 gadu laika meza ugunsgreki ir bijusi regulars dabiskais trauc€jums priezu
audzes Piejliras zemiené Ziemelkurzeme ar 1su uguns ciklu (45-68 gadi) senaka pagatné
(1750.-1950. gads) un relativi garaku (58-80 gadi) — nesenaka (1950.-2000. gads).
Abos periodos konstat€jama cieSa saistiba starp ugunsgréku rezimu un sociali politisko
situaciju Latvija un vienlaikus vidgjo Gidens virsmas temperatiiru Baltijas jlira un
Ziemeljura vasaras sezona, noradot uz So abu faktoru — antropogéna un klimatiska —
komplementaru ietekmi.

Atmosferas cirkulaciju ietekmi uz meza ugunsgréku dinamiku apstiprina ar Latvija un
Igaunija konstatétas bitiskas pozitivas korelacijas starp Baltijas jiras vidgjo ifidens
virsmas temperatiiru pavasara-vasaras sezona un meza ugunsgrékus raksturojoSiem
raditajiem — ikgadgjo ugunsgréku skaitu un to kopgjo platibu. Ménesa sausuma indeksa
vertibu pieaugums aprilt un maija liecina par ugunsbistamibas paaugstinaSanos pavasari
20. gadsimta.

Nav konstateta viennozimiga ilgtermina negativa meza ugunsgréka ietekme uz
atjaunojusos priezu augstumu (pieaugumu). Deguma teritorijas staditajas jaunaudzes
bija lielaka priedes augstuma variacija neka jaunaudz€s, kuras staditas pec vienlaidus
atjaunoSanas cirtes, kas norada uz deguma ietekmes heterogenitati.

Salidzinot  priedes  dabisko  atjaunoSanos (bez  meérktiecigas  jaunaudzu
apsaimniekoSanas) 23 gadus péc deguma, konstatéts, ka platibas, kuras netika veikta
sanitara vienlaidus cirte, priede bija domingjosa koku suga (vismaz 51%) sila, métraja,
slapjaja métraja, purvaja. Savukart, teritorijas, kuras tika veikta sanitara vienlaidus cirte
pec deguma, mineralaugsnés (sila, métraja un slapjaja métraja) domingja priede, kiidras
augsnés (niedrajs, purvajs) — berzs. Priedes biezums starp abiem meza
apsaimniekoSanas panémieniem statistiski biitiski atSkiras tikai niedraja: sanitarajai
vienlaidus cirtei bija pozitiva ietekme.

Dzivajiem iepriek$gjas paaudzes kokiem bija statistiski bitiska negativa ietekme uz
atjaunojusos priezu vid€jo augstumu. Platibas, kuras tika veikta sanitara vienlaidus cirte,
priede bija koku suga ar lielako augstumu, turklat tajas priedes vid&jais augstums bija
statistiski butiski lielaks neka neapsaimniekotas platibas.
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PRIEKSLIKUMI

Priedes atjaunosSanas veicinasanai degumos rekomendgjams veikt sanitaro vienlaidus
cirti.

Palielinata augstas intensitates ugunsgréku izcelSanas iesp&ja agrak pavasari akcente
atbilstoSas ugunsapsardzibas infrastruktiiras uzturéSanas un attistibas nepiecieSamibu.

Vesturiskais meza ugunsgréku rezims priezu audzes Piejlras zemien€ Ziemelkurzeme,
kas ietekmgjis §is teritorijas sugu un biotopu izplatibu, nevar tikt uzskatits par dabisku
meza ugunsgréku rezimu hemiborealajos priezu mezos bitiskas antropogéna faktora
ietekmes del. Informaciju par vesturisko ugunsgréku rezimu var izmantot §is teritorijas
ilgtermina apsaimniekoSanas planosana.
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1. INTRODUCTION

1.1. Hemiboreal forest disturbances

In forest ecology, disturbance is defined as ‘any relatively discrete event in time that
disrupts ecosystem, community, or population structure and changes resource pools, substrate
availability, or the physical environment’ (Picket & White, 1985).

Disturbances can be classified based on the type of disturbance agent according to
Sousa, (1984):
1.Natural disturbances:

e Abiotic (wind, fire, water etc)
e Biotic (patogens — fungi, bacteria, beetles, insects, mammals)
2. Antropogenic distrubances (tree harvesting, drainage, pollution)

Natural distrubances are common in all forest ecosystems. Hence, often forest
ecosystems have adapted to specific natural distrubance regime, which has a crucial role for
its development and ecological succesion (Kuuluvainen, 2002a). Characteristics of
disturbance regime according to Sousa, (1984):

1. Distrubed area (size);
2. Magnitude:
e Intensity - characterizes the energy released from the fire;
e Severity — describes the loss of organic matter;
3. Frequency — number of fires in certain area in defined period;
4. Rotation period — period (in years) required to disturb all study area.

Heterogenity and biodiversity of forest ecosystems is shaped by disturbance regime
(Pickett & White, 1985; Kuuluvainen, 1994). Forest structures created by natural distrubance
regime are not easliy replicated by silvicultural practices (Franklin et al., 2002). Insufficient
knowledge of natural distrubance role in shaping natural forest dynamics or simplification of
these effects, might create forest structures, which can be highly vulnerable in climate change
context (Kuuluvainen, 2002a).

1.2. Fire as natural disturbance agent in forests

Fire is an integral part of the natural disturbance regime in terrestrial ecosystems,
altering the structure and composition of vegetation, and affecting carbon emissions.
Worldwide, climate and primary productivity are the main drivers of fire activity (Bowman et
al., 2009). Human activities have altered the interdepended system between climate,
vegetation, and fire (Fig. 1.1.) (Seidl et al., 2011; Bowman et al., 2014). Human activities
directly affect forest fire regime by altering land-use patterns (forested areas - agricultural
land/infrastructure objects/settlements), land cover, forest structure (tree species composition,
age) as well as ignition pattern. In Europe over the second half of the twentieth century,
climate change has been the key driver of the increase in fire activity (Seidl et al., 2011).
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In Latvia over the 20th century, fire activity has decreased largely due to improvement
of fire suppression system (Donis et al., 2017). However, when fire occurs in period of severe
drought (summer 2018), suppression of single fire can take up to few weeks and affected area
by fire can easily extent over several hundreds of hectares. In Europe, the risk of large-scale
forest fires is predicted to increase substantially due to climate change (Seidl et al., 2011;
Lehtonen et al.,, 2016). In near future, current fire suppression systems will have a great
challenge to fight fires in more extreme conditions. Hence, improvements of the prediction
skills of fire-weather forecasting systems must be implemented as soon as possible (Turco et
al., 2018).

Fire shapes the successional pathways and dynamics of forest ecosystems by promoting
fire tolerant and eliminating fire sensitive species, and altering soil conditions (Bond et al.,
2004; Certini, 2005). Fire severity describes a loss of aboveground and belowground organic
matter after the fire (Keeley, 2009). It is also a measure of transformation of the initial habitat
following the disturbance event. The dynamics of soil elements (e.g. P, K, Mg, Ca, and N)
have been intricately linked to burn severity (Dzwonko et al., 2015). Fire severity is a result of
the combination between fire intensity, flaming period, and vegetation dryness (Chatto &
Tolhurst, 2004; Cram et al., 2006). Fire severity is significantly affected by the fuel amount,
structure, continuity, and dryness (Schimmel & Granstrém, 1996; Certini, 2005).

Depending on fire intensity and severity, forest fires are commonly classified in three
categories (Nesterovs, 1954; Roga, 1979):

1. Ground fire — fire spreads in duff, peat or humus layer. Commonly it is a smoldering
combustion. Often without visible flames above ground level. Smoldering
eliminates when mineral soil or groundwater level is reached.

2. Surface fire — fire spreads in litter and undergrowth vegetation. The heat intensity
usually ranges from low to moderate. In surface fire, commonly are damaged
surface roots and bark close to tree root collar. Surface fire can cause partial
morality of the stand, which enhance development of multi-aged stands with cohort
dynamics.

3. Crown fire — fire spreads from tree crown to crown. Usually high intensity stand-
replacing fires, which cause 80-100 % of canopy tree mortality. Following stand-
replacing fires, natural regeneration composition and dynamics depend on site
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ecological condition and seed sources. Rather often in these sites are observed
wave-like regeneration of pioneer tree species, which promote establishment of
even-aged forest stand (Zin et al., 2015).

Climate is one of the main driving factors of fire activity. Climate not only shapes
weather conditions but also development and structure of vegetation. Atmospheric-ocean
interactions drive climate fluctuations (Heimann & Reichstein, 2008) and natural disturbance
dynamics in terrestrial ecosystems (Shabbar et al., 2011; Drobyshev et al., 2016). Studies
have shown that atmospheric-oceanic teleconnections due to the concurrent influence on
several climatological variables provide a better explanation of ecological processes than
specific climate variables (Hallet et al., 2004). One of the most prominent and widely studied
phenomena is the el Nifio southern oscillation, which affects climate variability worldwide
(Behrenfeld et al., 2001). In Europe, especially in the winter season, North Atlantic
oscillations affect climate variability (Trigo et al., 2002; Scaife et al., 2008). In northern
Europe, a single study has linked atmospheric-ocean circulation patterns to fire activity
(Drobyshev et al., 2016). The majority of other studies have linked fire activity to certain
climate variables or drought indices (Drobyshev et al., 2012; Aakala et al., 2017; Donis et al.,
2017), which provides limited information about the influence of climate variability on fire
regime.

1.3. Proxy of forest fire activity

In Scots pine-dominated forests, fire scars are the most commonly used proxy to
investigate forest fire history (Niklasson & Granstrom, 2000; Drobyshev et al., 2004; Piha et
al., 2013). The probability of pine to survive fire damage increases with age, when gradually
increases the bark thickness and the height of tree crown (Keeley, 2012). Based on the fire
scar position within the tree ring, the year of the fire event and the season can be distinguished
(Fig. 1.2.) (Baisan & Swetnam, 1990). A fire scar is formed when flames heat up the
cambium cells to above 60°C, causing irreparable damage (Gutsell & Johnson, 1996). With
time, the fire scar is overgrown by adjacent undamaged cambium and bark. Until it is fully
overgrown, the fire scarred part of the tree stem is the most susceptible to subsequent fires due
to its lower resistance to heat (Gutsell & Johnson, 1996). The trees are not flawless recorders
of fire history (Swetnam et al., 1999; Piha et al., 2013). Forest fire history based on fire scars
most likely underestimates the frequency of low-intensity forest fires because, in many cases,
the intensity of the fire is too low to form a fire scar. However, high-intensity stand-replacing
fire events consume the majority of all the canopy trees, permitting reconstruction based on
fire scars. To improve the estimates of forest fire history, fire scar data are often combined
with stand composition, age-class, charcoal, and fungal spore data (Drobyshev et al., 2016;
Stivrins et al., 2019).
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Fig. 1.2. Fire scar formation. Source: Swetnam & Baisan, (1996)

1.4. Forest fire regime in Northern Europe and Latvia

The Scots pine is one of the most common tree species in European boreal and
hemiboreal forest zones (Angelstam & Kuuluvainen, 2004; Niklasson et al., 2010), which is
adapted to growth under different environmental conditions (Keeley & Zadler, 1998; Keeley,
2012). Studies show that Scots pine can survive several low-to-moderate severity fires
(Ostlund et al., 1997; Kuuluvainen et al., 2002b). Such fires cause partial mortality of the
canopy and promote cohort dynamics with multi-aged stands (Angelstam & Kuuluvainen,
2004; Kuuluvainen & Aakala, 2011). Although the majority of forest fires in European boreal
and hemiboreal pine forests are low-to-moderate severity, occasional stand-replacing fire
episodes initiate a wave of pine regeneration, promoting even-aged stand development (Agee,
1993; Zin et al., 2015).

Over the last centuries, fires in European forests are not only a natural but also a cultural
phenomenon (Granstrom & Niklasson, 2008). Ignition frequency, spatial distribution and
seasonality of forest fires have been altered by human activates since Mesolithic and early
Neolithic periods (Granstrom & Niklasson, 2008; Dietze et al., 2018). The anthropogenic
effect on various characteristics of fire regime have greatly varied on spatial and temporal
scales. For example, in Fennoscandia over the last 600 years, several shifts in forest fire
regime linked to human cultural use of fire have been observed (Granstrom & Niklasson,
2008). In Fennoscandia during the period 1650-1870, dominated reindeer herding and cattle
farming, forest fires were 2.9 times more frequent than during the prior period (1499-1650).
While, during the later period (from the begging of the 18th until middle of 19th century),
when timber value increased forest fire almost completely disappeared from the landscape
(Granstrom & Niklasson, 2008).

In the Belowieza forest during the period 1653—1700, beekeeping and tar burning was a
common occupation for local society. During this period, the mean fire return interval (FRI)
was ~ 18 years (Niklasson et al., 2010). Small diameter at the first fire scar, as well as minor
decline in radial growth following fire scar, suggests that during this period, forest fires were
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low severity (Zin et al., 2015). Similar to Fennoscandia in the Belowieza forest at the end of
19" century when the timber value increased, fire activity drastically decreased (Niklasson et
al., 2010).

In Vienansalo region in Fennoscandia, significant increase in fire activity (~ fire cycle
75 years) was observed following policy change in 17th century. The increase in fire activity
during this period was linked to the tax discounts and slash-and-burn agriculture practices.
Similar to other regions, fire activity sharply declined (fire cycle ~ 400 years) in this region in
19th century when timber value increased and improved efficiency of fire suppression system
(Wallenius et al., 2004).

In the territory of Latvia, the earliest evidence of human influence on fire activity dates
to the Mesolithic and early Neolithic periods, when Baltic hunter-gatherer cultures lived in
this area (Dietze et al., 2018). Since the second century in the territory of Baltic countries,
slash-and-burn was a common agricultural practice (Dumpe, 1999). The first attempts to limit
the spread of slash-and-burn agriculture were in 16" century, however due to poor governance
and political instability, it continued until the late nineteenth century in the territory of Latvia
(Dumpe, 1999; Strods, 1999).

The study of charcoal content in the lake sediments, showed that during early Holocene
11.7-7.5 thousand cal yr BP, when dominated boreal tree species (Pinus sylvestris and Betula
spp.) with admixture of broadleaved tree species (Ulmus, Tilia, Corylus avellana), FRI was ~
280 years in the territory of Latvia. During Mid-Holocene warm period, when dominated
broadleaved tree species Ulmus, Corylus avellana, Tilia, Quercus and Carpinus (7.5-4.5
thousand cal yr BP), FRI was the longest ~630 years. In the Late Holocene (4.5-0 thousand
cal yr BP), when dominated boreal tree species (Picea abies, Betula spp., Pinus sylvestris),
FRI was the shortest ~ 190 years. Generally, when the landscape is dominated by Pinus
sylvestris—Betula spp., forest fires were rather frequent with occasional high-intensity fire
episodes. While, in periods when dominated broadleaved tree species, forest fires were rare.
In periods, when dominated Picea abies, high-intensity forest fires prevailed (Feurdean et al.,
2017).

In the Baltic countries, studies based on peatland-lake sediments provide the insight in
the long-term fire activity dynamics on decadal/century-scale (Dietze et al., 2018). While,
fire-scar proxy records provide explicit information about seasonality and spatial extent of
forest fires. However, currently such studies have not been carried out in the Baltic countries,
as arcas with intact natural forests are rare (Brumelis et al., 2005; Terauds et al., 2011). One
of the few places, where semi-natural forests with well-defined pine cohorts have been
preserved is Slitere National Park (SNP) in north-western Latvia due to its distant location,
challenging topography, and poor soil conditions (Brumelis et al., 2005; SNP Dabas
aizsardzibas plans, 2010). The information about forest fire activity could be used in long-
term conservation and management planning in nature protection areas as well as to improve
fire suppression system.

1.5. Tree regeneration following fire in hemiboreal forests

The abundance of forest regeneration and composition following fire disturbance
depends on the distance from the seed sources (Moser et al., 2010), fire severity (Dzwonko et
al., 2015), biological legacies (Jgiste et al., 2017), and post-fire management activities (Parro
et al., 2015). Depending on regeneration and communal strategies, tree species are classified
in the following categories (Noble & Slatyer, 1980; Ryan, 2002):

1. Based on vegetative strategy:

V species: regenerated by sprouting, when damaged at the juvenile age;
W species: resilient to fire damage in the old age (fire kills juvenile age).
2. Based on propagule dispersal strategy:
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D species: long-distance propagule dispersal;

S species: propagules stored in soil;

C species: propagules stored in canopy.

Communal strategies:

T species: quickly regenerate following fire disturbance and can persist in long-term in
the absence of further disturbance
R species: can regenerate in post-fire areas when certain conditions prevail (shadow
etc.)
I species: quickly can regenerate following fire disturbance (rapid growth pioneers);
however, rather soon die out without repeated disturbance.

Fire severity significantly affects tree species in all categories of reproduction and
communal strategies (Granstrom & Schimmel, 1993). Higher intensity fires can negatively
affect tree species with V and W strategies. The more severe damage to different vegetative
parts of the tree, the harder to regenerate (Ryan, 2002).

In boreal and hemiboreal forests, the most common tree species that regenerate
following a fire disturbance are the Scots pine, silver birch, and trembling aspen Populus
tremula (Hille & den Ouden, 2004; Dzwonko et al., 2015; Parro et al., 2015). Studies show
that a higher abundance of natural regeneration of silver birch and Scots pine has been
observed in more severely burned areas, which is explained by higher forest floor disturbance,
more exposed mineral soil, which is suitable substrate for tree germination (Hille & den
Ouden, 2004; Dzwonko et al., 2015).

Salvage logging in post-fire areas causes two consecutive disturbance effects in post-
fire areas, which can have a long-term negative effect on biodiversity and regeneration
patterns (Thorn et al., 2017; Leverkus et al., 2018). In Estonia study showed, that on dry-poor
sandy soils salvage-logging negatively affected the abundance of regenerating trees; however,
had a positive effect on the mean height (Parro et al., 2015). Yet, information about salvage-
logging effects on natural regeneration pattern on peat and wet-mineral soils is scarce. These
forest soil types are rather common in hemiboreal and boreal forest zone.

1.6. The aim of the thesis

The aim of our study was to assess climate and human effects on the historic forest fire
regimes and to assess post-fire regeneration patterns of Scots pine (Pinus sylvestris L.).

1.7. Thesis objectives

The specific objectives of the thesis were:

1. to assess the climate impact on the regional forest fire activity (Papers I and II);

2. to describe the forest fire history of the coastal lowlands in north-western Latvia
(Paper I1I);

3. to compare the growth of planted Scots pine in post-fire and clear-cut areas (Paper 1V);

4.  to assess the effect of salvage logging on the post-fire natural regeneration (Paper V).

1.8. Thesis statements

1.  Large-scale weather systems have a significant influence on forest fire activity in the
eastern Baltic Sea region.
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2. In the post-fire areas, salvage logging has a significant effect on the pattern of natural
regeneration of the Scots pine.

1.9. Scientific novelty

In the thesis, for the first time, the influence of large-scale climate systems on forest fire
activity in the Baltic countries has been assessed (Papers I and II). We provide the first
annually resolved dendrochronological reconstruction of the forest fire history from the
eastern Baltic Sea region, revealing the role of fire during the last 250 years in semi-natural
Scots pine-dominated forests of the European hemiboreal forest zone (Paper III). The effects
of salvage logging on natural regeneration have been assessed for the first time 23 years
following the fire disturbance in forest types on peat soils (Paper V).

1.10. Thesis structure

The doctoral thesis consists of five papers. In the first paper, the effects of large scale weather
systems on the historic fire activity in Latvia and Estonia are analyzed. In the second paper,
climate effects on forest fire activity in Baltic countries, Fennoscandia and Russian boreal
forest regions are analyzed. In the third paper, climate and human effects on the forest fire
history in pine-dominated forests in north-western Latvia was investigated. In the fourth
paper, the influence of fire on the height growth of Scots pine was investigated. In the fifth
paper, the influence on salvage logging on the abundance and mean height of natural
regeneration of Scots pine was analyzed.

1.11. Approbation of research results (conferences)

1.  26.-29.11.2014. Florence, Italy. Oral presentation: ‘Height-growth dynamics of Scots
pine (Pinus sylvestris L.) in burned and clearcut areas in hemiboreal forests, Latvia’,
Second International Congress of Silviculture ‘Accademia Italiana di Scienze Forestali’.

2. 23.-24.04.2015. Riga, Latvia. Poster: ‘A 247-year tree-ring width chronology of Scots
pine (Pinus sylvestris L.) from Slitere National Park’, International Scientific
Conference ‘Adaptation and mitigation: strategies for management of forest
ecosystems’.

3. 15.-16.09.2015. Riga, Latvia. Poster: ‘Post-fire regeneration of Scots pine (Pinus
sylvestris L.) in Latvia’, Nordic-Baltic Forest Conference 2015 ‘Wise Use of Improved
Forest Reproductive Material’.

4. 04.-06.11.2015. Riga, Latvia. Poster: ‘Influence of forest fire on Scots pine (Pinus
sylvetris L.) age structure and regeneration pattern’, International Scientific Conference
‘Knowledge based Forest Sector’.

5. 06.-10.09.2017. Tartu, Estonia. Oral presentation: ‘Dendrochronological reconstruction
of the forest fire regime in a Pinus sylvestris-dominated forest in the Slitere National
Park, Latvia’, International Scientific Conference ‘Eurodendro’.
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2. MATERIALS AND METHODS

For Paper I, the time series for the twentieth century for the area burned (AF) and the
number of fires (NF) with annual resolution for Estonia and Latvia were obtained from
Environment Agency of the Republic of Estonia and from Donis et al. (2018), respectively.
The monthly sea surface temperature (SST) and annual Atlantic multi-decadal oscillation
(AMO) data were obtained from the UK Met Office Hadley Centre observation datasets
(Rayner et al., 2003; Trenberth & Shea, 2006). We used the Pearson correlation analysis to
assess the relationships between the North Atlantic SST and the national fire chronologies.
The analysis was conducted in the Climate Explorer (Trouet & Van Oldenborgh, 2013). The
significance of the correlations was determined using a two-sided student t-test, accounting
for the autocorrelation in the time series (Trouet & Van Oldenborgh, 2013). For each
correlation map, the field significance was visualised, which described the strength of the
correlation at the scale of the studied region (Wilks, 2006).

For Paper II, the time series for the twentieth century of AF for Fennoscandia,
Lithuania, and Russia (Fig. 2.1.) were obtained from the official forest fire statistics datasets
and the Global Fire Emission Database (Giglio et al., 2013). The climate data, including the
total monthly precipitation and the minimum and maximum monthly temperatures were
obtained from CRU TS (v. 4.02; Harris et al., 2014). The principal component analysis and
hierarchical clustering methods were used to identify the AF groups based on similarities and
distance. The response function analysis was used to identify the best climatic predictors of
the regional AF. The superimposed epoch analysis (SEA) was used to assess the relationship
between the AF and 500 hPa pressure field using the Hadley Centre Sea Level Pressure
dataset (Allan & Ansell, 2000).

R e

Fig. 2.1. Mesophytic and hygromesophytic coniferous and broadleaved-coniferous
forest region. Source: Bohn et al., (2000) and EEA (2006)

For Paper III, the forest fire history was investigated within the inter-dune peatland
complex of SNP in the north-western part of Latvia (57°68'— 57°70' N, 22°46'-22°52" E) (Fig.
2.2.). We inventoried an area of 2000 ha, which was burned in a fire in 1992. The studied pine
stands grew on nutrient-poor, sandy dunes in Cladinoso-callunosa and Vacciniosa forests
(Buss, 1976). We collected full or partial cross sections of deadwood, following the procedure
described by Arno and Sneck (1977) and McBride (1983) (Fig. 2.3.). Out of 350 deadwood
samples, we dated 287 trees (82%), including 44 deadwood samples with no fire scars. We
used the scar position within the annual rings to assign the calendar year and, when possible,
the fire season to each past fire. To reconstruct the spatial extent of the area burned, we used a
regular spatial grid, which encompassed the whole study area. The grid cell was considered

39



burned in a year, when at least one sample within the cell had a fire scar recorded the year in
question. For whole period for which we reconstructed the spatial extent of the area burned,
we calculated the fire cycle, which is a period (in years) needed to burn the area equal to the
total study area (Van Wagner, 1978). The mean point-scale fire return interval (FRI) is the
mean number of years between two successive fire scars recorded by a single tree. We
assessed the regime shifts in the fire cycle using a sequential t-test algorithm (Rodionov,
2004). We used the SEA to assess the relationships between fire activity in SNP and the SST
dynamics in the subpolar North Atlantic. In the analysis, we correlated the fire data with the
SST in the subpolar North Atlantic, averaged over the May-September period. The analysis
was conducted using Climate Explorer (Trouet & Van Oldenborgh, 2013).

For Paper IV, to assess the forest fire influence on the growth height of the Scots pine,
we placed sampling plots in four post-fire areas, which have been salvage logged and
regenerated artificially with the Scots pine. In Slitere, fire occurred in 1992 (Vacciniosa forest
type). In Ugale, fire occurred in 2004 (Vacciniosa mel.), and in Jaunjelgava and Dalbe, fire
occurred in 2006 (Vacciniosa and Myrtillosa mel., respectively) (Fig. 2.2.). In each sampling
plot, the height of the Scots pine and other tree species was measured. The student’s t-test was
used to assess the significant differences between the burned and controlled areas.

W P (N G . N
¢ a7 e, | . §
o cof Vo i
i 7 i 3

> ‘ Slitere § 5y

\‘/ AUgile M“»‘ |

] L i /

AD:lbe AJaunjelgava

R = 6]
" e

o 50 100 Km e

Fig. 2.2. Study site locations
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Fig. 2.3. Sampling

es history in Slitere

National Park

For Paper V, to assess the influence of post-fire management on the natural regeneration
of the Scots pine and other tree species, we placed sampling plots in the SNP area, which was
burned in 1992 (Fig. 2.2.). In total, we placed 220 and 340 sampling plots in salvage-logged
and no-intervention areas, respectively. The effect of post-fire management treatment on
natural regeneration was assessed in five different forest site types (Buss, 1976): dry and poor
Cladinoso-callunosa, dry and less poor Vacciniosa, wet and poor Vaccinioso-sphagnosa,
poor-peat Sphagnosa, and medium fertility peat Caricoso-phragmitosa. In each sampling
plot, the height of all regenerating tree species (height >30 c¢m) was measured. In the no-
intervention treatment, we identified large live trees within a 10-m radius from the outer
margin of the sampling plot. To assess the effect of post-fire management and other factors on
the natural regeneration abundance, we employed a Poisson generalised linear mixed-effects
model (GLMM). To assess the effect of post-fire treatment and other factors on the height
values of the Scots pine, we used linear mixed-effect model (LME). We used a non-
parametric analysis of variance-like analysis of similarities (ANOSIM) to compare the natural
regeneration composition between post-fire treatments.

For Papers I, I, III, IV, and V, all calculations were performed using R software (v.
3.5.0, R Core Team, 2018), using the package MASS (Venables & Ripley, 2002) for the
GLMM, the package Ime4 (Bates et al., 2015) for the LME, the package multcomp (Hothorn
et al., 2008) for Tukey multiple comparisons, the package vegan (Oksanen et al., 2019) for
ANOSIM, and the package NLME (Pinheiro et al., 2018) for the generalised least squares
model. The R package treeclim (Zang & Biondi, 2015) was used for the response function
analysis, and the package stats (R Development Core Team, 2018) was used for the principal
component analysis.
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3. RESULTS AND DISCUSSION

3.1. The national fire chronologies
(I and II paper)

The fire chronologies (1922/23-2014) of Latvia and Estonia suggest that correlation
coefficients between AF are stronger (+=0.74) than between NF (=0.43). In Latvia, NF and
AF showed stronger correlations than in Estonia (7=0.70 and 7=0.38, respectively. The mean
synchrony coefficient between countries was 0.75, suggesting a common regional climatic
force on the fire activity. The differences in fire chronologies might be related to the
differences in topography and atmospheric circulation (Drobyshev et al., 2012). The low-
frequency variation particularly in the AF of both countries roughly followed the trend in
AMO.

Several significant correlations between the fire chronologies and SST were detected.
The NF in Estonia was negatively correlated with the SST in the North Atlantic during spring
and summer (May and August), and a positive correlation was observed with the summer
SSTs in the North Sea and Baltic Sea (Fig. 3.1.). The AF in Estonia showed a positive
correlation with spring SSTs in the mid-latitude Atlantic and summer SSTs along the Atlantic
coast of Europe. Spring and summer SSTs in the Baltic Sea and the North Sea positively
correlated with the NF and AF in Latvia. The observed significant correlation between fire
activity and SSTs in the North Atlantic, North Sea, and Baltic Sea suggests a large-scale
atmospheric circulation influence on fire activity. In the study performed by Drobyshev et al.
(2016), a teleconnection between fire activity in North Sweden above the 60°N parallel and
North Atlantic SSTs was detected. In our study, we observed a less pronounced pattern of
correlations between North Atlantic SSTs and NF in Estonia, which might be related to the N-
S gradient of large-scale atmospheric circulations (Drobyshev et al., 2016) and regional
landscape specifics (Hellberg et al., 2004). The positive correlations between Baltic Sea SSTs
and fire chronologies in both countries might be related to regional atmospheric-sea
interactions (Stramska & Bialogrodzka, 2015). In summer in the Baltic Sea region the
meridional circulation pattern prevails (Keevallik et al., 1999), which stimulates the
establishment of dry and fire-prone weather conditions when combined with high-pressure
systems (Jaagus et al., 2010; Klavin$ & Rodinovs, 2010; Donis et al., 2017).
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Fig. 3.1. Correlation between the sea surface temperature and chronologies of
number and area of forest fires in Latvia and Estonia during the periods of 1922-2014
and 1921-2013, respectively
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Five clusters were identified using the hierarchical clustering analysis, combining the
geographically adjacent regions with similar forest fire activity. The cluster of the eastern
Baltic Sea region includes the Baltic States, Belorussia, and the Russian region of Pskov.
Within the cluster, Lithuania was the most distinguished from all other regions.

During the twentieth and early twenty-first centuries, the drought conditions
characterised by the Monthly Drought Index (MDC) increased during the early spring period
(April and May) in the Baltic Sea region (Fennoscandia, Baltic States, and Belarus) and
Russia (Republic of Karelia and the Murmansk region) (Fig. 3.2.). The increase in MDC
values was also observed at the end of summer (August and September) in Lithuania and
Belarus. These observations of increase in the MDC also indicate an increase in fire hazard
during the start and end of the fire season, suggesting a longer and possibly more intensive
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fire season. In addition, other studies during the second half of the twentieth century detected
an increase in fire occurrences during the start of the fire season (March and April; Donis et
al., 2017).
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Fig. 3.2. Trends in MDC over the 20th and the early 21st century. Significant departures
are indicated with black dot

3.2. Forest fire history in the north-western Latvia
(I1I paper)

In SNP, the earliest fire scar was dated to 1558, but the latest was in 1992. For the
whole study period (1558-1992), the mean point-scale FRI was 46 with a standard deviation
of £33.5 years (Fig. 3.1.). We reconstructed the burned area and the fire cycle from 1750 to
2014, for which at least 30% of all grid cells were recorded.

Over the 1750-2000 period, we assessed the regime shifts separately for the forested
area and the whole study area, using two different grid-cell sizes (500x500 m and 700x700
m). The shifts in the fire regime were identified in the 1950s, by both grids based on the
forested area and the whole grid area. The earlier epoch (1750-2000) had a shorter fire cycle
than the last epoch (1960-2000), 45—68 and 58-80 years, respectively (Fig. 3.3.). In the
earlier epoch (1750-1950), higher fire activity likely was promoted by slash-and-burn
agriculture that was rather frequently practiced until middle of the nineteenth century
(Dumpe, 1999; Strods, 1999).
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The shift in the fire regime occurred in the middle of the twentieth century. During the
second epoch (1950-2000) only a single large fire occurred in 1992. This pattern is a likely
result of a drastic change in the land-use, employment, and agricultural systems in Latvia,
which took place during the Soviet Union period (Hiden & Salmon, 2013). The western
coastline zone of the Baltic Sea and a part of the SNP after the Second World War was
allocated exclusively for military aims. Largely, coastal fishery was prohibited in this region;
the exception was only for a few coastal villages. In parallel, the agricultural system was
changed from private to collective farming, which led to the abandonment of many fields and
meadows (RZepicka & Ziemelniece, 2017). Consequently, the overall decline in economic
activity likely decreased the occurrence human-related ignition.

A substantial proportion of early-season fires (65%) in the study area points to human
influence on fire activity. Several inter-dune depressions, which are located nearby the study
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area, were used as meadows until the 1920s (Abaja, 2011). We assume that the higher fire
frequency during the spring and early summer period might be a result of fires escaping from
grassland burnings, which were a common soil fertility improvement method until the early
twentieth century (Gustina, 2016; Strods, 1999). The significance of human-related ignition
during early-season fires is also supported by the lightning patterns in the area. In coastal
regions, lightning activity in the spring and the first half of summer is low because the
formation of thunderstorms is hindered by the weak upward moving airflows (Enno et al.,
2013).

The SEA was operated with four large fire years: 1905, 1914, 1921, and 1992, in which
the burned area was greater than 1 km? (Fig. 3.4.). Fire activity in SNP was linked to SSTs in
the North Atlantic, Baltic, and North Seas. The fires in the SNP were associated with positive
SST anomalies in the Baltic Sea from May to July. Similar associations were also observed in
the North Sea in May and July. The positive correlation between the fire activity and mean
monthly SSTs of the Baltic and North Seas likely reflects the dependence of both processes
on the presence of a high-pressure cell developing during the summertime and leading to the
drying of the forest fuels and warming of the SSTs (Hoyer & Karagali, 2016). Comparable
results were obtained using the long-term official fire statistics data (Kitenberga et al., 2018).
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3.3. Fire influence on Scots pine growth
(IV paper)

In Dalbe (Myrtillosa mel. forest type) and Jaunjelgava (Vacciniosa forest type), at the
age of 8 years, the mean height of the Scots pine was significantly (p=0.001) higher in the
clear-cut areas than in the post-fire areas. Nevertheless, during the last 3 years, the mean
height differences between both treatments steadily increased. Between the treatments, in
Jaunjelgava in the Vacciniosa forest type, the largest mean height differences were observed
(36 cm) (Fig. 3.5.). At the age of 10 years in Ugale for the Vacciniosa mel. forest type and at
the age of 19 years in Slitere for the Vacciniosa forest type, no significant differences between
the treatments were detected in the mean height of the Scots pine.

The ecological effects of fire on the forest ecosystem are affected by fire intensity
(energy released from the combustion process) and severity (amount of fire-consumed organic
matter; Keeley, 2012). Previous studies show that fire severity significantly affects soil
conditions and the composition of natural regeneration (Dzwonko et al., 2015). We assume
that the fire severity in Ugale and Slitere was lower than that in Dalbe and Jaunjelgava
because, at the age of 10 and 19 years, the mean height differences were insignificant. In
Dalbe and Jaunjelgava, however, the trend at the age of 8 years showed increased mean height
differences.

The mean height of the Scots pine was more variable in all the post-fire areas compared
to the clear-cut areas. Depending on the fire severity, the effect on natural regeneration and
soils can be either positive or negative (Certini, 2005). In most cases, due to differences in
terrain and fuel structure, fire severity varies across the burned area (Vacchiano et al., 2014;
Dzwonko et al., 2015). We assume that the spatial heterogeneity of the fire severity could be
the main reason for the larger height differences in post-fire areas compared to that in clear-
cut areas.
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3.4. Forest management influence on post-fire regeneration patterns
(V paper)

In 1992, in the burned SNP area, the Scots pine and birch were the most common tree
species, accounting for 70% to 100% of the total abundance of regenerating tree species. The
post-fire regeneration abundance of the Scots pine was significantly affected by the forest site
type, spatial covariate, and interactions between forest site type and treatment, which was
assessed using the GLMM. The highest total post-fire regeneration abundance was observed
in the salvage-logged Sphagnosa site (25.440 ha'), followed by the salvage-logged
Vaccinioso-sphagnosa and Caricoso-phragmitosa sites with 21.222 ha' and 17.360 ha’,
respectively (Paper V, Table. 2). In the no-intervention areas, the Scots pine was the most
abundant tree species on all forest site types, except Caricoso-phragmitosa, while in salvage-
logged areas in Cladinoso-callunosa, Vacciniosa, and Vaccinioso-sphagnosa sites, suggesting
that soil scarification and the removal of large trees favoured the establishment of other
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pioneer tree species, such as the birch. On poor-sandy and poor-peat soils, the Scots pine was
the most common tree species, whereas birch more successfully regenerated on soils with a
higher moisture content and fertility. The positive influence of higher moisture on the
germination success and growth of birch trees has also been observed in other studies
(Karlsson, 1996; Karlsson et al., 1998).

The ANOSIM analysis showed that tree species composition of natural regeneration
significantly differed (stat. »=0.16, p<0.01) between post-fire treatments on Vaccinioso-
sphagnosa (stat. =0.13, p<0.01) and Caricoso-phragmitosa (stat. =0.29, p<0.01) sites. For
the forest site types Cladinoso-callunosa, Vacciniosa, and Sphagnosa, the differences
between treatments were insignificant.

The mean height of the Scots pine was significantly (p<0.05) affected by the treatment,
forest site type, number of remnant trees, presence of remnant pines, spatial covariate, and
interactions between factors (site type* number of retained trees and site type* remnant pines.
In all forest types in the salvage-logged areas, the mean height of the Scots pine was
considerably higher than in no-intervention areas by 22% to 61%, suggesting that the removal
of large live trees favoured height growth (Fig. 3.6.). Similarly, the height growth of the birch
was promoted by salvage logging, yet the height differences between the treatments were not
as high as for the Scots pine, highlighting that salvage logging especially favoured the growth
of the Scots pine. Similar observations were reported by Parro et al., (2015), who also noted
that salvage logging promoted the growth of the Scots pine and helped it become a dominant
tree species earlier than in the no-intervention areas.
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CONCLUSIONS

Over the last 250 years in the SNP, forest fires have been an important disturbance
agent. We identified periods of high (1750-1950) and low (1960-2000) fire activity,
with fire cycles being 45-68 and 5880 years, respectively. The fire activity appeared to
be intricately linked to the socio-political situation in Latvia and to the SST in the Baltic
and North Seas.

Large scale weather systems affect fire activity in Latvia and Estonia as indicated by the
significant positive associations between the area and number of forest fires and
increased SSTs in the Baltic and North Seas during spring and summer. Over the 20th
century, the forest fire danger has increased in the Baltic countries during April and
May.

No evident long-term negative effect of fire on the growth of the Scots pine was
detected. In the post-fire areas, the mean height of the artificially regenerated Scots pine
had a higher coefficient of variation than in clear-cut areas, likely indicating the
influence of spatial heterogeneity in fire severity.

In no-intervention areas in SNP, the Scots pine was the most abundant tree species in
Cladinoso-callunosa, Vacciniosa, Vaccinioso-sphagnosa, and Sphagnosa forest types
23 years following the fire disturbance, while in salvage logged areas pine dominated
only on poor sandy soils (Cladinoso-callunosa, Vacciniosa, Vaccinioso-sphagnosa), on
peat soils (Sphagnosa and Caricoso-phragmitosa) dominated birch. Salvage logging
significantly and positively affected the regeneration abundance of Scots pine in
Caricoso-phragmitosa forest type only.

In post-fire areas, live remnant trees significantly and negatively affected the mean
height of naturally regenerated Scots pine. In salvage logged areas, Scots pine had the
greatest mean height of all tree species, and it was significantly greater in such areas as
compared to no-intervention areas.
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RECOMMENDATIONS

In order to enhance the growth of Scots pine in post-fire areas, removal of large live
trees may be recommended.

Feasibility of higher intensity forest fires in spring period, highlight the necessity of
maintenance and development of forest fire surveillance system.

The composition and successional pathways of the forest ecosystems in SNP most
likely have been shaped by historic forest fire regime; however, the strong
anthropogenic influence on the past fire regime suggests that the estimates of fire cycles
cannot be regarded as a reference representing solely natural (human-free) forest fire
activity. A knowledge of the SNP fire history can help to define the long-term goals of
nature-based management guidelines in this area.
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1 Introduction

Forest fires, which are a part of natural disturbance in boreal and hemiboreal ecosystems, have
considerable ecological and socioeconomical importance (Jogiste et al. 2017). During the past two
centuries, forest fires have been considerably reduced by the advances in fire suppression systems
(Niklasson and Granstrom 2000), still variation in activity of fires, i.e. ignition, behaviour, and
spread, is driven by weather conditions (Wotton and Beverly 2007; Drobyshev et al. 2012). Hence,
information on climatic drivers is necessary for projections of future forest fire activity under shift-
ing climate (Bowman et al. 2009; Lehtonen et al. 2016).

Weather in the Northern Europe is largely determined by large scale weather systems form-
ing above the Atlantic Ocean, which control inflow of warm and moist air mases, thus determine
temperature and moisture regime (Sutton and Hudson 2005). The influence of such large-scale
systems expresses annual, as well as multi-decadal variations e.g., North Atlantic Oscillation,
Atlantic Multidecadal Oscillation (AMO), etc., which result from ocean-atmosphere interactions
(Schubert et al. 2016). Accordingly, linkage between forest fires and conditions in the Northern
Atlantic (e.g., surface water temperature that influence latitudinal distribution of summer precipita-
tion) have been documented in Scandinavia (Drobyshev et al. 2016). Nevertheless, these telecon-
nections appeared regional, as the linkage of forest fires with sea surface temperature (SST) of
the Northern Atlantic was the most pronounced in the northern part of Sweden (Drobyshev et al.
2016), hence regional analysis is needed (Bowman et al. 2009). Still, such teleconnections have
been poorly studied (Drobyshev et al. 2016). The aim of this study was to assess linkage between
number (NF) and area (AF) of forest fires in Latvia and Estonia and SST in the Northern Atlantic
during the past century. We hypothesised that such teleconnections can be detected, yet the drivers
of forest fires in Latvia and Estonia differ due to geographic location.

2 Material and methods

Time series of AF and NF with annual resolution for Estonia (59.651-57.475°N, 21.829-28.191°E)
and Latvia (56.640-58.066°N, 20.950-28.245°E) for the periods 1921-2013 and 1922-2014 were
obtained from Environment Agency of Republic of Estonia and Latvia Environment, Geology and
Meteorology Centre, respectively. Some data during the World War II period was missing. Monthly
SST and Annual AMO data were obtained from the UK Met Office Hadley Centre observations
datasets (Rayner et al. 2003; Trenberth and Shea 20006).

Considering changes in forest cover, fire data was expressed per unit of forest area. The time
series were log transformed to ensure normality of the distributions, and detrended. A simple linear
function was used to remove low frequency (century) trends, likely associated with the advance
of fire management systems, yet preserving medium- and high-frequency variation. Pearson cor-
relation analysis was applied to assess the relationships between the SST for the available data
points within the area limited by 20—80°N and 80°W-30°E, and the national chronologies of NF
and AF. The analysis was conducted for the maximum period covered by the chronologies. The
SST for the January—October period average for months and three-month intervals were tested.
The significance of the correlations was determined by a two-sided Student t-test, accounting for
the autocorrelation in time series, when adjusting the critical t-values (Trouet and Oldenborgh
2013). For each correlation map, field significance, which describes the strength of correlation at
the scale of the studied region, was calculated (Wilks 2006). The “Climate Explorer” web-tool
was used for the analysis (Trouet and Oldenborgh 2013).
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3 Results

The produced national chronologies of NF and AF (Fig. 1) contained high- and medium-frequency
variation. The range and variant of indices was higher for AF rather than NF; nevertheless, the
chronologies were rather synchronous, as the mean synchrony coefficient was 0.75 (Table 1).

In Latvia, NF and AF showed stronger correlation than in Estonia (Table 1). The correlation
coefficients between the chronologies were lower (average) (mean r=0.52), suggesting differing
sources of variation. The highest correlation was observed between AF in Latvia and Estonia,
suggesting regional signal, yet the lowest correlation occurred between AF in Latvia and NF in
Estonia, likely due to differences in medium-frequency variation. The low-frequency variation
particularly in AF roughly followed the trend in AMO (Fig. 1).

Chronologies of AF and NF in Latvia and Estonia correlated with the SST of the Atlantic
(Fig. 2), yet the effect (strength of correlation) and periods (months) of influence differed. The NF
in Estonia was negatively correlated with the SST in North Atlantic during spring and summer,
particularly in May and August, yet positive correlation was observed with summer SST in the
North Sea and in the Baltic Sea. The AF in Estonia showed positive correlation with spring SST in
mid-latitude Atlantic and summer SST along Atlantic coast of Europe. Spring SST in mid-latitude
Atlantic negatively correlated with NF in Latvia, while positive relationships were observed with
summer SST in the Baltic Sea and the North Sea. The calculated field significance was intermedi-
ate (<0.10), implying probable teleconnections.
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Fig. 1. Chronologies of number (A) and area (B) of forest fires in Latvia and
Estonia, and smoothed annual Atlantic Multidecadal Oscillation index (C).
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Table 1. Pearson correlation (upper diagonal part shows coefficients, lower
diagonal part shows their p-values) and synchrony coefficients calculated
between chronologies of number and area of forest fires (per unit of area) in Latvia
and Estonia for the period 1922-2014 and 1921-2013, respectively.

Pearson correlation coefficient

Latvia Estonia
Number Area Number Area
. Number koK 0.70 0.43 0.60
Latvia
Area <0.001 dokokokok 0.29 0.74
. Number <0.001 0.02 okokokok 0.38
Estonia
Area <0.001 <0.001 0.01 dokokokk
+Synchrony coefficient
Latvia Estonia
Number Area Number Area
Latvia Number Rtk koK 0.82 0.80 0.77
v Area P 0.64 0.67
. Number sk sk 0.78
Estonia
Area EEEEES

4 Discussion

The synchrony of the chronologies of AF and NF (Table 1) implied that common large-scale fac-
tors have forced variation in forest fire activity in Latvia and Estonia, yet the lower correlation
between the chronologies suggested that influence of these factors on AF and NF differed. This
apparently resulted in region-specific variation patterns of fire activity, as displayed by the correla-
tions among chronologies (Table 1), that has been related to topography and climatic conditions as
well as atmospheric circulation (Drobyshev et al. 2012). Still, some systematic bias particularly in
fire area data might have been introduced due to political reasons. In the Soviet Union, the area of
fires was the measure of efficiency of forest management system, hence the data might have been
underestimated yet this might have differed among the Soviet Republics (Salins 1999).

As hypothesized, teleconnection between SST and the chronologies of AF and NF in Latvia
and Estonia (Fig. 2) were observed, supporting linkage between fire activity and conditions in
the Atlantic via alterations in atmospheric circulations (Colman and Davey 1999; Drobyshev et
al. 2016). This was also supported by variation of AMO (Fig. 1). Teleconnections between North
Atlantic SST and fire activity in northern Sweden (above 60°N) has been related to inflow of cool
and dry arctic air masses in summer, which increase fire activity (Drobyshev et al. 2016). In our
study, similar, yet less pronounced pattern of correlations between North Atlantic SST and NF
in Estonia was observed (Fig. 2). This might be related to of N—S gradient of large-scale atmos-
pheric circulations (Drobyshev et al. 2016) and regional landscape specifics (Hellberg et al. 2004).
However, this teleconnection was not observed in Latvia (Fig. 2), probably due to more southern
location (around 57°N) (Drobyshev et al. 2016), explaining divergence of particularly NF varia-
tion patterns (Fig. 1).

Positive correlations between Baltic Sea SST and AF in both countries and NF in Latvia
(Fig. 2), might be related to regional atmospheric-sea interactions (Stramska and Bialogrodzka
2015). In summer in Baltic Sea region, meridional weather pattern prevails (Keevallik et al. 1999)
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Fig. 2. Correlation between the sea surface temperature and chronologies of number and area of forest fires in Latvia
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and, in combination with high pressure systems, promotes establishment of dry and fire-prone
weather conditions (Jaagus et al. 2010; Sutton and Hodson 2005). Effect of this atmospheric
circulation is supported by teleconnections with SST in Mediterranean and North Seas (Fig. 2)
related to large-scale oceanic-atmospheric interactions (lonita et al. 2017; Schubert et al. 2016).
Increased SST along the coastline of Europe reduce meridional gradient of temperatures, resulting
northward shifts of storm track, thus enhancing creation of large-scale drought periods in Europe
(Feudale and Shukla 2010). Co-occurrence of synchronous precipitation-evaporation and SST
patterns between Mediterranean, North and Baltic Seas have been also observed by Zveryaev and
Allan (2010) and Ionita et al. (2017).

5 Conclusions

Diverse mechanisms appeared to influence forest fire activity in Latvia and Estonia. The linkage
with the North Atlantic SST, which affects inflow of cool and dry air from Arctic (Drobyshev
et al. 2016), might be used to predict number of ignitions in Estonia, while magnitude (area) of
forest fires was more connected to the meridional atmospheric circulation and occurrence of warm
high pressure systems. These systems, apparently, were the main determinants of fire activity in
Latvia; and, although not clearly causal, such teleconnection might be applied to predict NF and
particularly AF. Although, many uncertainties about the mechanisms of North Atlantic SST and
European climate persists (lonita et al. 2017), further research at finer-scale is needed to reveal
nonstationary relationships between SST and other regional climatic variables (Ionita et al. 2017;
Schubert et al. 2016).
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ABSTRACT

Fire remains the main natural disturbance factor in the European boreal zone (EBZ), which
exhibits strong gradients in climate conditions, modern and historical patterns of forest use, and the
modern human infrastructure density. Understanding climatic forcing on fire activity is important for
projecting effects of climate change on multiple ecosystem services over this region. Here we analysed
available records of annually burned areas (ABA) in 16 administrative regions of EBZ (countries or sub-
country units) and fire weather variability to test for their spatio-temporal patterns over 1901-2017. To
define sub-regions of EBZ with similar fire activity we compiled 30-60 year long ABA chronologies and
clustered them in Euclidian space. We then reconstructed 100-year long ABA chronologies for each
cluster, using its member with the highest correlation between observational fire record and
climatological fire weather proxy (MDC, monthly drought code). The 100-year chronologies helped
obtain chronologies of large fire years (LFY), i.e. years with the ABA being above 10% of the long-term
distribution. The climatic forcing of these events was tested in superposed epoch analysis with 500 hPa
pressure fields. Finally, we tested trends in (a) synchrony of LFY's across clusters, (b) MDC values over
the EBZ, and (c) spatial variability in July MDC over the EBZ geographic domain over 1901-2017.

EBZ exhibits large variability in forest fire activity with the fire cycles varying from ~10*
(Scandinavia) to 3*10? years (Russian republic of Komi). Clustering of administrative units in respect to
their ABA suggested the presence of homogenous groups of units along W-E and S-N gradients. LFYs in
each of the cluster was associated with the development of the high pressure cell over the regions in
question in July, indicating climatic forcing of LFYs. However, contingency analysis indicated no long-
term trend in the synchrony of LFY's observed simultaneously in several administrative units.

We observed a trend towards higher values of MDC for the months of April and May in the
western section of EBZ (April) and southern-eastern sections of the Baltic sea region and North sections
of EBZ in Russia (May). Trends in MDC during the summer months were largely absent. Geographical
pattern of July MDC values, analyzed through principal component analysis over the entire EBZ,
indicated the presence of a dipole, i.e. alternative behaviour, of the July MDC values over the
Scandinavian peninsular and the eastern section of the EBZ. Comparison between results obtained on the
complete (1901-2017) and more recent data (1950-2017) indicate that the strength of this dipole increased.
The observed pattern would be indicative of a tendency towards the loss of synchrony in EBZ-wide fire
activity in the future, which would make the region-wide LFY's less likely.



INTRODUCTION

Forest fires have been the main natural disturbance force in the European boreal zone
(EBZ) over the Holocene (Pitkanen & Huttunen 1999; Carcaillet et al. 2007; Greisman &
Gaillard 2009; Ohlson et al. 2011; Clear et al. 2014). Since the 19th century, the EBZ has been
experiencing increasingly a pronounced west-east gradient in fire activity. In its western sections
the fires have been largely suppressed since late 19th century with the modern fire cycle reaching
10-20k years (Drobyshev et al. 2012). In contrast, eastern fringes of EBZ show the fire cycle of
about 300 years (Drobyshev et al. 2004), i.e. the levels reconstructed prior to the onset of
intensive forest use across Fennoscandia (Niklasson & Granstrom 2000). Variability in climate
conditions, modern and historical patterns of forest use, and the overall forest accessibility for
forest industry are likely the main drivers of this gradient. Although there is a general consensus
on the importance and the mechanisms of human impact on geographical variability across EBZ
(Granstrom & Niklasson 2008), the role of climate in shaping this and future geographical
gradients in fire activity remains poorly understood. Indeed, a vast majority of the studies
looking at climate-fire interactions in the boreal zone has been done in Fennoscandia
((Drobyshev et al. 2016; Aakala et al. 2018) and references inside), a region experiencing a much
stronger influence of North Atlantic climate as compared to more easterly located sections of
EBZ. The increase in climate continentality towards easterly section of EBZ is be of particular
interest in understanding the response of forest fire regimes to climate variability as previous
studies have pointed to higher sensitivity of more continental boreal forests to historic climate
changes (Drobyshev et al. 2014; Drobyshev et al. 2017).

Climatic forcing on fire activity affects multiple ecosystem services provided by boreal
forests (Gauthier et al. 2015). Recent years with large amount of burned area in the parts of the
EBZ where fire suppression has been effective in suppressing the forest fires (like in Sweden in
2018) and the heavy reliance of all regional economies in this part of the world on forest
resources both call for a systematic analysis of the modern patterns in fire activity and trends in
its climate predictors over the EBZ. Here we provide a synthesis of the observational records of
the annual burned areas resolved at the scale of EBZ large administrative regions to discuss
spatio-temporal patterns in fire activity, its association with climatic fire proxies, and the
synchrony of occurrence of years with large forest area burned (later referred to as large fire
years, LFYs). We put forward two hypotheses: (H1) over the 20th century there was a general or
region-specific trend towards increasing fire activity in EBZ; and (H2) over the 20th century
there is a trend towards higher synchrony of LFY's across the EBZ. To test these hypotheses, we
used cluster analyses to group the EBZ regions into clusters with temporally synchronous annual
fire activity. To widen the time horizon of the analyses we reconstructed 100-year long
chronologies of annually burned forest areas (ABAs) for members of the clusters with the
highest correlation between observational fire record and climatological proxy of fire weather.
Finally, we analysed association of LFYs with indices of atmospheric circulation to deduce the
large scale climatological controls of fire activity for each EBZ fire activity cluster.



METHODS

The region

EBZ is the area of relatively low tree canopy diversity with limited variability in the
canopy structures across its W-E extend. Scots pine (Pinus sylvestis L.), Norway spruce (Picea
abies (L.) H. Karst) dominate the mid- and late successional stages with a marginal increase in
Siberian larch (Larix sibirica Lebed.), while downy birch (Betula pubescens Ehrh.) and aspen
(Populus tremula L.) prevail in the early successional forests. Despite low canopy diversity,
variability in the types and abundances of forest fuels is high due to mosaic of forest patches
with contrasting growing conditions and times in the last disturbance. Mesic and compositionally
diverse forests with varying proportion of coniferous and deciduous species prevail in this biome.
Xeric forests, typically with abundant Scots pine and Cladonia spp. lichen on the forest floor are
common across EBZ with increased occurrence in its northern and eastern sections. Mires and
hydric sites with abundant yet typically wet fuels are common in the EBZ although they rarely
dominate at the regional scale.

Data sources

In this study we operated with the fire and climate data resolved at the scale of large
administrative units, ranging in size from 45-10° km? (Estonia) to 417 -10° km? (Russian Komi
republic) (Fig. 1). In the case of Sweden (450 -10° km?) the country was divided into Southern
and Northern sections, based on the earlier analyses of its modern fire activity (Drobyshev et al.
2012).
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Figure 1. The geographical scope of the study with the regions providing fire data.

Compilation of the modern fire records presented two main challenges: different temporal
resolution of available datasets (e.g. daily in Sweden and annual for the majority of the
administrative units analysed), and varying lengths of the records. We elected to conduct the
analyses on the annual scale to maximize their temporal coverage and to focus on the climate-
fire linkages extending over the whole fire season. We used two sources of data on annually
burned forest areas (ABA): official forest fire statistics maintained by respective state authorities
and the dataset on monthly burned areas from the Global Fire Emission Database (GFED)
resolved at 0.25 degrees (Giglio et al. 2013). Official fire statistics for Russia administrative
regions was not available since 2012 and GFED was used to extend these records to 2016. In
bridging the official and GFED data we tested for the correlation between official and satellite-
based records over the overlapping period (1997-2012). For several Russian administrative units,
we observed non-significant correlation between official data and GFED-based record. Two
possible contributors to low correlation values were the quality of the forest statistics which has
been previously reported to underestimate the levels of fire activity (Soja et al. 2004) and the
inclusion in the GFED estimates all land area (i.e. both forest and non-forest lands).

Climate data

To represent local fire climate we calculated monthly drought codes (MDC) for the
territory of each administrative unit by aggregating MDCs for the grid cells with their
geographical centres located within the respective units. MDC is the monthly version of the
Drought Code, which is a component of the Canadian Forest Fire Weather Index (Girardin &
Wotton 2009). DC was originally developed to capture moisture content of deep layers of the



forest floor (Turner 1972). The numerical value of MDC reflects a water holding capacity of 100
mm. Previous studies revealed a strong connection between MDC and regional fire activity
across the boreal zone of Northern Hemisphere (Girardin et al. 2009; Drobyshev et al. 2012).
MDC calculation used monthly precipitation total, minimum and maximum monthly
temperatures from the CRU TS v. 4.02, (Harris et al. 2014).

Statistical methods

We ran principal component analysis (PCA) on the centred and normalized MDC
chronologies of the best predictors of regional ABA and constructed data the distance matrix
based on the Euclidean distances, using functions prcomp and dist of the R package stats,
respectively (R Development Core Team 2018). We applied hierarchical clustering to identify
groups of administrative regions with similar fire weather behaviour over the period 1901-2017,
using the R function Aclust.

Selection of the "best" cluster members

Acknowledging variability in efficiency of fire suppression, maximum length of ABA
chronologies and data quality within the same cluster we elected to select a single administrative
unit as "the best" representative of each cluster for subsequent analyses. The primary criterion for
selection was the strongest correlation of ABA with the MDC predictors within the cluster in
question, and the secondary criterion was the longest length of the ABA chronology. Adopting
this approach allowed us to partially remove spatial correlation across regions and obtain a
subset dataset of the initial data with supposedly highest data quality. The ABA record of
selected administrative units was extended over the whole 20th century using its linear
relationship with one or a group of MDC variables (see next section).

Reconstruction of fire activity

To identify the most skilful predictor of the regional ABA we ran response function
analyses with the full range of combinations of the monthly, mean bi-monthly and seasonal
MDCs and assessed unique contributions of MDC variables into ABA dynamics for each regions.
Response function analysis is a combination of (a) principal component analysis, used to
generate a reduced number of orthogonal predictors (principal components, PCs) from highly
autocorrelated set of climate variables, and (b) regression analysis, which parameterizes the
relationship between PC and the predictand, in this case - ABA chronology. For this step we
used function dcc with the stationary bootstrapping option of the R package treeclim (Zang &
Biondi 2015). Identified set of variables was used to reconstruction the ABA outside the period
covered by the observational record. To this end we divided the observational ABA record into
equal calibration and verification subsets and assessed the quality of reconstruction by a



combination of three statistics: reduction of error (RE), coefficient of efficiency (CE), and the
Durban-Watson statistic (DW) (Cook et al. 1994) (Table 1). We considered reconstruction skilful
with CE above zero. We calculated the reconstruction statistics calculated with the function skills
in the R package treeclim (Zang & Biondi 2015).

Table 1. Reconstruction skill of monthly drought code (MDC) variables in respect to the annual
amount of burned areas for the administrative regions included in the study. A.CE and B.CE represent
values of coefficient of efficiency, indicating the reconstruction skill with split calibration-verification
scheme (A - early verification & late reconstruction, B - the opposite). R? indicates amount of variability
explained by MDC in linear regression with the amount of annually burned areas. Cluster identify refers
to cluster IDs on Fig. 2.

Country Cluster identity A.CE B.CE R?
Sweden North 4 0.336 0.331 0.369
Swede South 4 0.145 0.163 0.224
Norway 4 0.048 0.06 0.035
Finland 3 0.114 0.029 0.104
Lithuania 1 0.349 -0.559 0.391
Latvia 1 -0.35 0.013 0.13
Estonia 1 0.031 0.162 0.169
Belorussia 1 0.309 0.41 0.584
St Petersburg 3 -0.449 0.263 0.55
Karelia 3 0.169 0.592 0.571
Archangelsk 2 0.177 0.065 0.281
Komi 2 0.229 0.135 0.216
Murmansk 2 0.579 0.333 0.572
Pskov 1 0.32 -0.109 0.487
Tver 5 0.468 0.297 0.746
Novgorod 5 0.403 -0.082 0.695
Vologda 5 0.1 0.002 0.27
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Figure 2. Clustering of the composite (i.e. composed of both observational and reconstructed
data), chronologies of the region-specific amounts of burned forest area. Calculations were done on the
PCA-transformed data and used the first five PCs.

Contingency analyses

To test for the changes in synchrony in the occurrence of LFY over the 20th century (H3)
we used contingency analysis. This analysis was done on the composite (observational +
reconstructed) LFY chronology for the "best" representative of each cluster, i.e. administrative
region whose record had the highest correlation with MDC predictors among members of
respective cluster.

We assessed the theoretically expected frequencies of LFYs observed simultaneously in
different clusters we calculated joint probabilities of fire occurrence for LFY with up to the
maximum number of clusters exhibiting a LFY in the same year. We assumed the binominal
distribution of the LFYSs:

N!
XN -X)
where N was the total number of clusters in analysis; X — the number of clusters with LFY in a
single year; p — the probability of LFY in a cluster, and ¢ — inverse of this probability. The

p(X) = ",
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differences between expected and observed frequencies were estimated with the Chi-square test
(Sokal & Rolf 1995). Since Chi-test does not provide the means to assess the statistical
significance of the occurrence of a single combination of joint LFYs we bootstrapped the dataset
1000 times to obtain the distribution of LFY occurrences in a particular year and estimated the
frequency of the observed number of clusters with LFY under the assumption of a random
process. We considered that year as significantly departing from that assumption if its sum of
cluster-specific LFY occurrences exceeded 0.9 probability in the bootstrapped distribution.

Trends in fire weather

We used MDC chronologies to test for century long trends in fire weather. First, to test
for the temporal trends in fire weather conditions we regressed, cell-wise, monthly MDC
chronologies for the period April through September against time for the entire EBZ over 1901-
2017. We used principal component analysis to study the geographical variability in the
behaviour of July MDC, a common predictor of the ABA in sub-regions of EBZ, over the
complete (1901-2017) and the recent (1950-2017) periods, mapping the loadings of the principal
components over the study region.

Superimposed epoch analysis

We evaluated association of LFYs in the selected administrative units with 500 hPa
pressure fields, using the Hadley Centre Sea Level Pressure dataset (HadSLP2) (Allan & Ansell
2006). Superimposed epoch analysis (composite analysis) was used to study the geographic
pattern of pressure anomalies associated with LFYs with statistical significance estimated
through bootstrapping of the long-term (1901 through 2016) distribution of pressure mean values
respective months.

RESULTS AND DISCCUSION

Over 20th and 21st centuries EBZ exhibited large variability in forest fire activity with
the fire cycles varying from ~10* (Scandinavia) to 3*10° years (Russian republic of Komi).
Clustering of administrative units in respect to their ABA suggested the presence of homogenous
groups of units along S-N and W-E gradients (Fig. 2). We identified five clusters with the most
western cluster containing Baltic states, Belorussia and the Russian region of Pskov, and the
most eastern cluster - Russian regions of Arkhangelsk and Murmansk as well as the Republic of
Komi. Although our clustering exercise was aimed primarily at reducing the number of
chronologies for subsequent analyses, it is worth mentioning that in case of all clusters it



suggested grouping of neighbouring regions, pointing to the existence of sub-regional patterns of
fire activity.

LFYs in each of the cluster was associated with the development of the high pressure
cells over the regions in question in July, indicating climatic forcing of LFYs (Fig. 3). The
pattern indicates importance of North Atlantic Oscillation (NAO, (Hurrell & VanLoon 1997),
which is of critical importance for summer climate in Northern Europe. NAO affects the position
of the storm tracks in the region, which in turn influence precipitation, cloudiness, and radiation
and their variation in time and space (Bengtsson et al. 2006). Although NAO is generally
considered to be a winter season phenomenon, the similar mechanism operates also during the
summer months in the Northern Hemisphere, influencing regional forest fire hazard. The region
with positive and sustained 500 hPa pressure anomalies is generally precipitation-free, which
makes the forest fuels dry, increasing the fire hazard.

Norway Komi republic -

{L&%—M{f%
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Figure 3. Superimposed epoch analysis (composite analysis) of July SLP during the five large fire
years (LFY) in the cluster member with the longest observational chronology. Significant departures are
indicated with black dot.
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Contingency analysis indicated no long-term trend in the synchrony of LFYs observed
simultaneously in several administrative units (Fig. 4), although we observed decadal variability
in the synchrony levels. The general lack of trend indicated that the evolution of climate over the
EBZ did not lead to an increase in the geographical extend of positive pressure anomalies during
the warmer season.

Number of Stes
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Figure 4. Contingency analysis of large fire years (LFY) occurrences. Results are obtained on the two 58-
year long frames and at 0.95 confidence level. Red colour indicates years where in four years (1901, 1936,
1937, 1959) the number of regions with reconstructed LFY were above three.

The overall pattern in drought conditions, as approximated by MDC, suggested the most
of the changes in fire weather happening during the start and the end of the fire season. We
documented a trend towards higher values of MDC for the months of April and May in the
western section of EBZ (April) and southern-eastern sections of the Baltic sea region and North
sections of EBZ in Russia (May) (Fig. 5). Increase in the forest fire hazard during early part of
the fire season is well in agreement with the observation of the increase in the early season fires
in many countries of the region. Mid-season fire weather showed however no upward long-term
trend over the majority of EBZ. In fact, sections of Scandinavian peninsular appeared to show a
decreasing MDC trends, specifically - on the northern tip of Scandinavian peninsular during the
month of August. Upward trend in MDC values was also observed at the end of the fire season
(month of September) in the south-western section of the study area. Trends in MDC during the
summer months were largely absent, which would likely indicate the lack of climatically-driven
trend in fire severity. The actual dynamics of relative proportions of stand-replacing vs. surface
fires would be then largely controlled by non-climatic factors, such as amount, distribution and
type of forest fuels. All of them are influenced by the modern forest management, particularly -
in the western section of the study area.
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Figure 5. Trends in MDC over the 20th and the early 21st century. Significant departures are indicated
with black dot.

Geographical pattern of July MDC values, analyzed through principal component
analysis over the entire EBZ, indicated the presence of a dipole, i.e. the opposite behaviour, of
the July MDC values over the Scandinavian peninsular and the eastern section of the EBZ. This
patterns probably explains generally moderate levels of synchrony in forest fire activity over
EBZ (Fig. 4): while fire-prone conditions occur over the Scandinavian peninsular, wet conditions
dominate over the areas in vicinity of western slopes of Ural Mountains. The mechanistic
explanation of this pattern is unclear although we speculate that the jigsaw pattern of jet stream,
controlling the intrusions of cold and dry Arctic air into the EBZ from the Arctic region, may be
at play here.

Comparison between results obtained on the complete (1901-2017) and more recent data
(1950-2017) indicate that the strength of this dipole increased (Fig. 6). The observed pattern
would be indicative of a tendency towards the loss of synchrony in fire activity across EBZ in
the future, which would make the region-wide LFY's less likely. Similar to our speculation above,
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we propose that amplification of jet stream's jigsaw pattern acts towards increasing differences in
fire weather among sub-regions of EBZ during the fire season.

A. B.
PC1 (20.8%)

PC1(20.3%)

PC3 (12.9%) PC3 (15.2%)

X e N Ay
Figure 6. Loadings of the first three PCs of July MDC over the study region over 1901-2017 (A)
and over 1950-2017 (B).
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ABSTRACT

Fire has been shown to shape successional pathways and dynamics of forest vegetation. However, its role in
European hemiboreal forests remains poorly understood. Here we provide the first annually resolved re-
construction of fire history from the Eastern Baltic Sea region, developed in the pine-dominated landscape of
Slitere National Park (SNP), northwestern Latvia, over the last 250 years. Our results suggest that forest fires
have been a common disturbance factor in the studied landscape. In total, we dated 62 single fire years, with the
mean-point scale fire return interval of 46 years and the length of the fire cycle ranging from 45 to 80 years. We
identified periods of high (1750-1950) and low (1960-2000) fire activity, with the corresponding lengths of fire
cycles being 45-68 and 58-80 years, respectively. Although both long-term (century and decade-long) and
annual dynamics of fire activity in SNP was closely linked to socio-political changes in Latvia, fire activity in SNP
was also affected by climate, as indicated by the close positive association of years with increased area burned
and positive SST anomalies in the Baltic and North Seas. Future management of SNP should make fire an im-
portant element of natural forest dynamics and consider using prescribed fires of various spatial extent and

severity.

1. Introduction

Forest fires have been an integral part of the natural disturbance
regime in the European boreal (Granstrom, 2001; Drobyshev et al.,
2014), hemi-boreal (Olsson et al., 2010), temperate (Zin et al., 2015)
and meditteranen forests (Fulé et al., 2008; Christopoulou et al., 2013).
Fires drive forest ecosystem dynamics (Granstrom, 2001; Bowman
et al., 2009) and define the contribution of boreal forests to biogeo-
chemical cycles through their control of C storage and the release of
aerosols. This is particularly true for Scots pine (Pinus sylvestris L.),
which has adapted to survive low- to moderate severity fires and suc-
cessfully regenerate after them (Keeley, 2012; Zin et al., 2015). Scots
pine dominated forests are widespread across European boreal and
hemiboreal forest zones (Angelstam and Kuuluvainen, 2004; Niklasson
et al., 2010b). Fires there have been shown to heavily influence tree
cohort dynamics (Angelstam and Kuuluvainen, 2004; Kuuluvainen and
Aakala, 2011), vegetation succession and biodiversity patterns
(Niklasson and Drakenberg, 2001; Granstrém, 2001).
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E-mail address: mara.kitenberga@gmail.com (M. Kitenberga).
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Fire regime is a result of abiotic and biotic factors operating at
multiple spatial and temporal scales. Synoptic climatic patterns exercise
the main control over regional fire regimes in boreal forests (Fauria and
Johnson, 2008; Drobyshev et al., 2016). On the scale of single land-
scapes or watersheds, the fire regime is influenced by complex inter-
actions among climate, topography (Hellberg et al., 2004; Drobyshev
et al., 2008), fuels (Zin et al., 2015) and anthropogenic factors (Groven
and Niklasson, 2005), all of which vary considerably across geo-
graphical gradients (Groven and Niklasson, 2005; Niklasson et al.,
2010b; Drobyshev et al., 2016).

The majority of dendrochronological fire reconstructions in Europe
have been carried out in Scots pine-dominated stands in the northern
part of the subcontinent (Niklasson and Granstrom, 2000; Niklasson
and Drakenberg, 2001; Drobyshev et al., 2014). In contrast, the
knowledge of historical forest fire regimes of the European hemiboreal
forest is limited. In the eastern Baltic Sea region, the long and intensive
land-use history and the lack of intact natural forests in this region are
the primary reasons for this pattern (Brumelis et al., 2005; Terauds
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Fig. 1. Location of the fire history reconstruction area in Slitere National Park. A: locations of sampled trees and burned area in 1992 fire; B — the study site location

within Latvia; C - location of Latvia in Europe.

etal., 2011). The only study of annually-resolved fire histories from this
region has been focused on the Bialowieza Forest in Poland and Belarus
(Niklasson et al., 2010b; Zin et al., 2015).

Slitere National Park (SNP), located in coastal lowland in the
northern part of Kurzeme peninsula (Fig. 1B), is a rare example of the
pine-dominated forests in the southern Baltic Sea region, which has
preserved evidence of fire driven cohort dynamics and, therefore,
provides an opportunity to get insight into past disturbance histories of
that region (Brumelis et al., 2005). Pine-dominated forests grow on
sandy dune ridges, which are parts of the SNP landscape, encompassing
a mosaic of mostly treeless transitional wetlands and mires. The land-
scape has been formed in the coastal zone of the Baltic Sea during the
regression of the Littorina Sea about 7500-4000 BP (Kalnina et al.,
2015). The sandy dune ridges stretch parallel to the Baltic Sea coastline.
The largest of the dunes extend 15km in length and up to 50 m in
width. The poor soil nutrient conditions and a large proportion of
wetlands have hindered expansion of slash-and-burn agriculture in this
area in the past (Dumpe, 1999). Challenging topography has also re-
stricted access to the area by the timber industry during the 18th and
19th centuries (Slitere protection plan, 2010). Fire-scarred trees
growing on sandy dune ridges in SNP and the presence of well-defined
pine cohorts, point to fire activity as an important driver of vegetation
dynamics (Brumelis et al., 2005). SNP is one of the few areas in the
Baltic states with availability of old fire-scarred wood, which provides
an opportunity to explore the historical range of spatio-temporal
variability of the fire regime in this part of the European hemiboreal
zone.

We provide a 250-year long reconstruction of the forest fire regime,
based on the dating of fire-scarred trees of Scots pine, and evaluate the
climatic and human forcing on the fire regime over this period.
Considering the low levels of past management activities and the strong
influence of westerlies on the regional climate (Dravniece, 2003), we
hypothesized that the historical fire regime was strongly influenced by
large-scale patterns of atmospheric circulations. To test this hypothesis,
we evaluated the relationships between the SNP forest fire regime and
North Atlantic sea surface temperatures (SST), which have been shown
to be closely linked to weather states at a sub-continental scale (Sutton
and Hodson, 2005) and forest fire activity in Northern Scandinavia
(Drobyshev et al., 2016). Since the fire legacies shape fuel load and
distribution, both of which are related to fire severity (Schimmel and
Granstrom, 1997), we also hypothesized that parts of SNP with more
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frequent fires, would have a lower fire severity, i.e. a stand-replacing
fire being less common. To this end, we assessed the relationship be-
tween fire frequency and the severity of the last large fire in 1992 in
SNP. Our study provides baseline information on the role of fires in the
SNP landscape and contributes towards the development of nature-
based management guidelines for European hemi-boreal forests. To the
best of our knowledge, the current study presents the first spatially
explicit fire history reconstruction in the Baltic States.

2. Methods
2.1. Study area

The inter-dune peatland complex of Slitere National Park (SNP) is
situated in the hemiboreal forest zone (Ahti et al., 1968) in the north-
western part of Latvia (57°68-57°70" N, 22°46’-22°52’ E) (Fig. 1).
Climate conditions are mild and strongly influenced by westerlies
which bring moist maritime air masses from the Baltic Sea and Atlantic
Ocean (Dravniece, 2003; Avotniece et al., 2017). The long-term
(1961-2010) mean annual temperature is + 6.4 °C, with February being
the coldest month (mean temperature —2.8 °C) and July — the warmest
(+16.5°C). The mean annual precipitation is 606 mm. The length of
the vegetation period when the mean diurnal temperature exceeds >
5°C, is up to 190 days (Avotniece et al., 2017).

The studied pine stands grow on nutrient-poor, sandy dunes in the
Cladinoso-callunosa and Vacciniosa forests (Buss, 1976). The ground
vegetation is dominated by ericaceous dwarf shrubs (Calluna vulgaris L.,
Vaccinium myrtillus L., Vaccinium vitis-idaea L., Empetrum nigrum L.).
Dicranum spp. and Cladonia spp. prevail on drier sites (Seile and Rériha,
1983). Dry and forested sites occupy 33%, while peatlands and wet-
lands occur on 66% of the study area. The peat formation process
started in ridge depressions 5000 years ago (Pakalne and Kalnina,
2005). The peatlands were formed following the overgrowing of ridge
depressions by peat. Bazi mire is the largest raised bog of coastal type in
the SNP, dominated by Sphagnum-Eriophorum vaginatum communities.
Smaller inter-dune mires are mainly of fen or transitional types
(Pakalne and Kalnina, 2005). In the beginning of the 19th century, the
Bazi mire was drained. Although the ditches were never renovated, a
few of them are still partially functioning, modulating the natural hy-
drological regime of Bazi mire (Slitere protection plan, 2010).

The close proximity to the Baltic Sea and local geomorphological
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characteristics has shaped the patterns of human activities in the area of
SNP. The fishery has been the main occupation for local communities,
whereas large-scale agriculture has not been developed, due to un-
suitable soil conditions and challenging topography. Some of the inter-
dune depressions was used as meadows or pastures for small-scale
cattle farming until the 1920s. Areas south of Bazi mire were still used
as pastures at the beginning of the 20th century (Abaja, 2011). In July
1992, a large fire occurred within SNP, burning 3000 ha, of which 1022
were forested (Fig. 1). Archives have preserved dates of two earlier
large fires in this region, which took place in 1834 (Sloka, 1930) and
1905 (Waitjen, 1994).

2.2. Field data collection

We inventoried the area of 2000 ha within the SNP (Fig. 1A), in-
cluding both forested and peatland parts of the landscape. We sys-
tematically surveyed all forested inland dunes for fire-scarred material.
The relatively small study area allowed us to make a comprehensive
inventory of the scared wood. We sampled only deadwood (stumps,
snags, logs), since SNP regulations prohibited us from collecting partial
cross sections from living fire-scarred pines. We collected full or partial
cross-sections of deadwood, following the procedure described by Arno
and Sneck (1977) and McBride (1983). Out of 350 deadwood samples
collected, we dated 287 trees (82%), including 44 deadwood samples
with no fire scars. Wood decay was the primary reason for our failure to
date remaining samples.

2.3. Sample preparation and fire-scar dating

Wood samples were glued, mounted on boards and sanded with up
to 400 grit sandpaper to obtain clear view of the annual tree-rings and
fire scars. We scanned samples at 1200-2400 dpi resolution and mea-
sured ring widths, using Cybis AB CooRecorder/CDendro 7.7 program
package (Larsson, 2013). We used a combination of local pointer years
and a newly developed pine chronology to cross-date deadwood sam-
ples. The cross-dating accuracy was verified by the t-test value, which
was calculated using the CDendro program. We assigned the calendar
year and, when possible, the fire season to each past fire, as indicated
by the scar position within the annual rings. Fire scars located within
the earlywood were classified into three groups, based on the early-
wood development phase at the time of scar formation including: early
earlywood, middle earlywood, late earlywood fires. Similarly, we
classified latewood fire scars as early latewood, middle latewood, and
late latewood scars. Scars which occurried between the latewood and
earlywood formation periods were regarded as indicators of dormant-
season fires (Baisan and Swetnam, 1990).

2.4. Reconstruction of burned area and fire cycle

To reconstruct the spatial extent of area burned, we used a regular
spatial grid, which encompassed the whole study area. The grid cell was
considered as recording for a year, i.e. providing information about fire
activity, when that cell contributed with at least one sample which had
a ring representing the year in question (with or without a fire scar). A
grid cell was considered as non-recording in a year, when no samples
from that cell covered the year in question. The grid cell was considered
as burned in a year, when at least one sample within that cell had fire
scar recorded the year in question. For spatial reconstruction, we used
only fire scars. This might lead to the underestimation of past fire ac-
tivity in SNP, since not all fires scar trees (Swetnam et al., 1999; Piha
et al., 2013). The total area burned in a fire year was equivalent to the
area of burned cells in the year in question. We used four different grid-
cell sizes (100 x 100m® 300 x 300m? 500 x 500m> and
700 x 700 m?). The use of different cell sizes in spatial reconstruction
analysis, allowed us to assess the sensitivity of the algorithm to varia-
tion in grid cell sizes. To assess the accuracy of the spatial
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reconstruction and to identify the optimal size of the grid cells to be
used in historical analyses, we compared the total area burned, as es-
timated by our protocol with the actual area of 1992 fire, available
through direct observations (Peterhofs, 2005).

Extending our reconstruction back in time resulted in a decline of
replication, i.e. decline in the number of recording grid cells which, in
turn, led to a decrease in the fire detection probability. To adjust for the
time-related decrease in detection probability, we assumed that the
proportion of non-recording grid cells which burned, was equal to the
proportion of burned recording grid cells in that year. We adjusted
burned areas for fire years, for which at least 30% of all grid cells were
recording the year in question. Using this procedure, we extended the
reconstruction of the burned area and the fire cycle (FC) from 1750 to
2014. FC is a period (in years) needed to burn the area equal to the total
study area (Van Wagner, 1978). FC confidence limits were estimated
through a bootstrap method.

We calculated FC separately for forested areas (sandy dunes) and for
the whole study area, including both forested dunes and wetlands.
Peatlands and mires do burn, particularly following a prolonged period
of drought (Hellberg et al., 2004), although they commonly did not
yield samples to evaluate the frequency of such events, which in-
troduces uncertainty in FC estimates. To account for that uncertainy,
we provided two versions of FC estimates, based on forested area only
within grid cells and, altrenatively, on the total area of the grid cells
(Fig. S1).

To calculate point-scale fire return interval (FRI), we estimated the
number of years between two successive fire scars recorded by a single
tree. The FRI mean and standard deviation were calculated for the
entire study period.

2.5. Identification of fire regime shifts

We assessed regime shifts in FC by using a sequential t-test algo-
rithm (Rodionov, 2004). This method has been used earlier to assess
regime shifts in marine ecosystems (Rodionov, 2015), climate (Jaagus
et al.,, 2016) and forest fire activity (Taylor et al., 2016; Drobyshev
et al., 2016). We identified shifts as statistically significant changes in
the cumulative sum of normalized deviations of the mean value be-
tween the “current” and “new” regime, moving along a time axis in an
incremental fashion. The thresholds indicative of changes in the re-
gimes are set by (a) cut-off length, which is the minimal interval of
constant regime magnitude, (b) significance level and (c) the Hubert’s
weight function, which handles outliers as deviations from the expected
mean value of a “new” normalized regime. We used the cut-off length of
10 years, significance level of p = 0.1 and 1 as the Hubert weight
parameter. For each defined FC epoch, we calculated the fire frequency
and survivorship function, representing the probability for a cell to
burn at a certain age, i.e. the time since the last fire in that cell (Fig. S3).

2.6. Analysis of fire history effect on fire severity

Availability of data on fire impact in 1992 allowed us to assess the
role of historical fire activity on fire severity during a large fire event.
We used a post-fire age class of stand as a measure of 1992 fire severity.
High-severity stand-replacing fires kill most of the canopy trees and are
usually followed by major tree regeneration waves (Agee, 1993; Zin
et al.,, 2015). Low to moderate-severity fires cause partial (if any)
mortality of the main canopy and initiate development of multiple-aged
pine stands (Ostlund et al., 1997; Kuuluvainen et al., 2002). We con-
sidered stand age, as recorded by the 1996 forest inventory (Dundagas
virsmeznieciba, 1996), as a binary proxy of 1992 fire severity. Forest
inventory data provided information about the mean age of the domi-
nant tree species in each stand. Stands with a mean age of “0” (ac-
cording to inventory records) were considered as patches where stand-
replacing fires took place. A stand with all other age classes was re-
garded as a stand with a non-stand replacing fire. We expected a
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negative correlation between the 1992 fire severity, as expressed by
1996 stand age data, and dendrochronologically reconstructed fire
frequency expressed as the mean number of years between fires within
the respective grid cell. To test this hypothesis, we used a generalized
least squares model with a spatial correlation structure (Zuur et al.,
2009) from R package nlme (Pinheiro et al., 2018). We tested four
spatial correlation structures — exponential, Gaussian, linear, rational
quadratics and spherical. The best fitting model was chosen based on
the lowest AIC value.

2.7. Climate influence on fire activity

We used superimposed epoch analysis (SEA) to assess the relation-
ships between fire activity in SNP and SST dynamics in the subpolar
North Atlantic. SEA is a method used in analyses of event-based and
non-normally distributed time series data, where the significance of
departures of continuous chronology during event years, is tested
through bootstrapping. In the analysis, we correlated fire data with SST
in the subpolar North Atlantic (40-70°N; 60°W-40°E) averaged over the
May-September period. The climate of that region is dominated by
large-scale weather systems controlling climate in northwest Europe
(Sutton and Hodson, 2005; Moffa-Sanchez and Hall, 2017). For the
analysis, we selected fire years with reconstructed burned area ex-
ceeding 1 km?, which corresponded to ~30% of the studied area (Fig.
S2). Previous studies have shown that the climatic forcing upon fire
activity increases, with the size of the fire episodes (Drobyshev et al.,
2015). The significance of anomalies in SST was verified by a two-sided
Student t-test. Field significance, which illustrates the strength of
anomalies, was calculated for each composite map (Wilks, 2006). In the
analysis, we used SST data set starting in 1870 that was provided by
Met Office Hadley Centre (Rayner et al., 2003). The analysis was car-
ried out using KNMI Climate Explorer (Trouet and van Oldenborgh,
2013).

3. Results
3.1. Reconstruction of the burned areas

We dated 329 fire scars and identified 62 single fire years, of which
27 were recorded by more than one tree (Fig. S2). The mean number of
tree rings per sample was 122 (minimum 30, maximum 327) and only
one sample had more than 300 tree rings. The earliest fire scar was
dated to 1558 and the latest fire occurred in 1992. The number of re-
coding trees per fire year varied between 1 (1558) and 180 (1890).
During 1558-1750, we dated 11 single fire years (1558, 1585, 1646,
1664, 1678, 1689, 1710, 1713, 1721, 1734, 1746) using a sample of 16
trees. For this period, we did not reconstruct the burned area, due to the
low sampling coverage.

For the whole study period (1558-1992), the mean point-scale FRI
was 46 and the standard deviation was + 33.5years. The shortest
point-tree FRI was six years, recorded by a single tree, which was scared
during 1791 and 1797 fires. The seasonal distribution of fires revealed
the dominance of early season fires. In the 1750-1992 period, 51 fire
events were recorded, of which 33 (65%) formed scars in earlywood
and 18 (28%) in the latewood.

For the 1750 to 2000 period, the burned area was reconstructed for
the whole study area and for its forested areas. Over this period, 51
single fire years were recorded. The amount of burned area slowly in-
creased between the 1750s and the early 1800s. It then increased
sharply during 1800-1850 period (Fig. 2). The total burned area varied
considerably, depending on the defined grid cell size and ranged for the
whole study area from 5.1 km? (100 x 100m?) to 114.4km?
(700 x 700 m?) and for the forested portion of the area — from 1.6 km?
(100 x 100 m?) to 33.3km?® (700 x 700 m?).

The reconstructed total forested area burned during the 1992 fire,
ranged from 0.2 km? to 3.5 km?, depending on the grid cell size (Fig. 3).
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These estimates were below the value obtained through direct ob-
servations by 16% (the grids with cell size of 500 x 500 m?) to 94%
(the grid of 100 x 100 m?), while the grid of 700 x 700 m? over-
estimated the actual burned area by 16%. For the analyses of fire cycle
and survival analysis, we used two cell grid sizes, 500 x 500 m?* and
700 x 700 m*.

3.2. Dynamics of the fire cycle and the effect of past fires on fire severity

Over the 1750-2000 period, we assessed the regime shifts sepa-
rately for the forested and the whole study area, using two different
grid-cell sizes (500 x 500 m? and 700 x 700 m?). The shifts in fire re-
gime were identified in the 1950s, by both grids based on forested areas
(p-value = 0.1) and the whole grid area (p-value = 0.2) (Fig. 4). The
earlier epoch (1750-2000) had shorter FC than the last epoch
(1960-2000) (Table 1). By analysing the whole area, we obtained
generally shorter FC than by using forested areas, irrespectively of the
grid size. However, the differences in FC length between the whole grid
areas and forested areas for the same epoch did not differ substantially.
The largest difference was 14 years for the later epoch (1960-2000)
using a 500 x 500 m? grid, while the smallest difference was five years
for the earlier epoch (1750-1950) using a 700 x 700 m? grid.

Fire frequency showed a large variation across the studied land-
scape, ranging between 22 and 197 years for the 500 x 500 m? cells
and between 20 and 180 years for the 700 x 700 m? cells (Fig. 5). The
spatial pattern of fire frequency was similar in both analyses, only ex-
ception being the southern part of the study area where larger grid size
was associated with shorter intervals.

During the 1992 fire, the highest fire severity was observed in the
northeastern and eastern side of the study area, while the lower fire
severity was found in the western and southern parts (Fig. 6). The
model with exponential spatial correlation structures provided the best
fit of the empirical data, according to its AIC value. We used that model
to evaluate association between 1992 burn severity and fire frequency
at the grid cell scale. Past fire intervals did not have a significant effect
on the spatial severity pattern of the 1992 fire either using the
500 x 500m? grid (estimate = —0.04; t-value = —1.08; p-
value = 0.28) or the 700 x 700m? grid (estimate = —0.007; t-
value = —0.16; p-value = 0.86). Similar results were obtained using
spatial survival analysis, which is presented in the Supplementary
Material (Fig. S3).

3.3. Climate influence on fire activity

Superimposed epoch analysis operated with four large fire years:
1905, 1914, 1921, and 1992 (Fig. S2). Fire activity in SNP was linked to
SST in the North Atlantic, Baltic and North Seas (Fig. 7). The fires in
SNP were associated with positive SST anomalies in the Baltic Sea from
May to July. Similar associations were also observed in the North Sea in
May and July. The large fires were also associated with negative SST
anomalies in the Central North Atlantic region (50-60°N, 20-30°W) in
May and northern North Atlantic region (40-60°N, 30-50°W) in June
and July. The fires were positively associated with SST anomalies in the
Grand Banks region (40-50°N, 50-40°W) in June.

4. Discussion

For the past 250 years, the forest fire has been a common dis-
turbance agent in the Scots pine dominated forests of Slitere National
Park (SNP). Long-term changes in the fire cycle revealed strong syn-
chrony with changes in socio-political settings in Latvia and suggested
strong human forcing upon fire regime. In particular, a dramatic decline
in fire activity in the middle of 20th century followed a shift in the land
use patterns of the region which was not synchronized with dynamics of
climatic proxies of fire hazard. However, a positive correlation between
annual fire record with summer SSTs in the Baltic and North Seas
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Fig. 2. Cumulative sum of forested area burned (km?) at the grid-cell size 100 x 100 m?, 300 x 300 m?, 500 x 500 m?, 700 x 700 m? in Slitere National Park. The
broken lines represent 10th and 90th percentiles of the respective mean distribution. Fire events are marked as empty circles. Note the difference in the y-axis scales.
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Fig. 3. Observed and reconstructed burned forest area the 1992 fire, using the
grid cells of several sizes in Slitere National Park. The horizontal dashed line
represents the actual burned area during the 1992 fire, as estimated through the
forest inventory.

implied a degree of climate forcing upon fire activity in SNP at the
annual scale. Despite a human-related decline in fire during the 20th
century, the major fire event of 1992 has helped to maintain the fire-
driven stand dynamics in SNP to the present day.

To the best of our knowledge, this is the first spatially explicit
dendrochronological fire history reconstruction in hemiboreal forests in
the eastern Baltic Sea region, which generally lacks large, semi-natural
forests with a potential for fire scar-based analyses. In this context, fire
history reconstruction of Slitere National Park is of immediate value for
understanding the dynamics and developing conservation policies for
Scots pine dominated forests in the Baltic region and, in a broader
perspective, the European hemiboreal forests.

4.1. Dynamics of fire return interval and fire cycle in SNP

Over the period from 1558 to 2014, the mean point-scale interval in
SNP was 46 years, slightly longer than that observed in the Bialowieza
forest (35 years) over generally the same time period (Zin et al., 2015).
The shortest point-scale fire interval, in SNP (6 years) was longer than
that recorded in southern Sweden in Norra Kvills Park (5 years)
(Niklasson and Drakenberg, 2001) and Biatowieza forest (2 years) (Zin
et al., 2015). The lower limit of fire return interval at the point scale, is
controlled by the rate of fuel build-up, which varies along gradients in
climate and fuel properties (Schimmel and Granstrom, 1997). In the
pine forests of SNP, the dominating component of the shrub layer is

196

45
254 500x500 m? :
i F a0
2.0 O ]
154 30
: it i oboes
L : C b 2
® o5 - i PR : 3
© /o \ Cor1s g
1) » ) s )
0.0 4 OO | =
T>‘ T T T T T — 10 =
o 1750 1800 1850 1900 1950 2000 o
= <
[0}
o Qo
S €
= : 35 2
© 4 700x700 m® : =
1) i
a P '9
o 37 _8
2 s
= 2 [0)
> o
m
14
0 -
T T T T T T
1750 1800 1850 1900 1950 2000
Years, AD

Fig. 4. Shifts in FC of Slitere National Park, calculated using fire prone areas
only and for two grid cell sizes over 1750-2000. The dashed lines represent
burned area in km? per decade. The red line represents periods with a specific
fire cycle (i.e. fire epochs in respect to the dynamics of fire cycle), as identified
by the Rodionov shift detection method. The solid black line represents sample
depth, i.e. the number of recording grid cells. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

Calluna vulgaris (Seile and Rériha, 1983), which recovers after five to six
years following a fire (Marozas et al., 2007). This estimate coincides
well with the minimum fire return interval of six years observed in this
study. In contrast, the ground vegetation in Bialowieza is dominated by
grasses (Zin et al., 2015), likely speeding up fuel recovery and reducing
the minimum fire return interval. Relatively slow fuel recovery might
explain why the year 1834, with an exceptionally large fire in the
northwestern part of the Kurzeme peninsula (Fig. 1) (Sloka, 1930;
Cimermanis, 1998), was missing in our fire record (only one tree in our
dataset had a scar dated to that year), despite the fact that aprox-
imatetly 70% of all grid cells were recording during the1830s. The
previous large fire in SNP was recorded just eight years earlier, in 1826
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Table 1

Fire cycles of FC epochs, as identified by the regime shift analysis, with cor-
responding confidence intervals for fire prone areas and the whole area of
Slitere National Park.

Grid size Epoch (from-to) Fire Cycle Lower Upper
(m?) bound limit (95%
(5% quantile)
quantile)
Fire prone 500 x 500 1750-1950 68 52.5 93.4
area 1960-2000 80 39.6 inf
700 x 700 1750-1950 50 38.8 67.5
1960-2000 69 34.5 inf
Whole 500 x 500 1750-1950 60 46.0 84.0
study 1960-2000 66 221 inf
area 700 x 700 1750-1950 45 34.1 62.5
1960-2000 58 19.4 inf

500x500 m’

Fire frequency, years

=(22,66] ®(66,110] ®™(110,153]  ®(153,197]

700x700 m?

Fire frequency, years
®(20,60] ™(60,100] ¥(140,180]

Fig. 5. Fire frequency for each recording grid-cell in Slitere National Park for
the grids with the cell size of 500 x 500 and 700 x 700 m?. Red colour in-
dicates a shorter fire frequency while blue colour indicates a longer fire fre-
quency. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

®(100,140]

and might have removed fuels to support the 1834 event.

Past fires likely removed considerable amounts of deadwood, as
suggested by the rare presence of old deadwood (only one sample had
more than 300 rings). As a result, the reconstructed period of burned
areas was rather short (250 years), as compared to northern Sweden
and south-central Norway, where well-replicated fire records often go
back to 14th and 15th centuries (Niklasson and Granstrom, 2000;
Drobyshev et al., 2014; Rolstad et al., 2017).

In the earlier epoch (1750-1950), a wide adoption of slash-and-burn
agriculture in Latvia likely promoted forest fire activity (Dumpe, 1999).
Slash-and-burn agriculture has been one of the main reasons for forest
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Fig. 6. A map of the 1992 fire severity in Slitere National Park for the grids with
the cell size of 500 x 500 and 700 x 700 m>. Colours indicate an area of dead
forested areas within a grid cell. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

destruction over recent centuries. Forest burnings have illegal since the
early 17th century. However, due to the unstable political situation and
poor state governance, fire remained a common forest disturbance
factor, until the middle of 19th century (Strods, 1999). Similar trends
have been observed in Fennoscandia and Bialowieza, where an increase
in fire activity during the 17th century and its subsequent decline in
the1l8th and 19th centuries have been linked to the human use of fire to
improve grazing conditions and/or tar production. Both of these ac-
tivities have declined due to the increasing economic value of timber
and the introduction of fire suppression policies (Niklasson and
Granstrom, 2000; Niklasson et al., 2010a; Rolstad et al., 2017).

The shift from high to literally non-existent fire activity (with the
exception of the large fire year of 1992) occurred in the middle of 20th
century (Fig. 4). These dynamics are a likely result of a drastic change
in the land-use, employment and agriculture systems in Latvia, which
took place during the Soviet Union period (Hiden and Salmon, 2013).
After the Second World War, the western coastline zone of the Baltic
Sea was designated exclusively for military purposes. The coastal
fishery was prohibited, except for the inhabitants of a few coastal vil-
lages (e.g. Sikrags, Kolka). In parallel, agricultural production experi-
enced a transition from private to collective farming, which led to the
abandonment of many remote and less productive fields and meadows,
due to decline in their economic value (RZepicka and Ziemelniece,
2017). Consequently, a considerable proportion of the local population
had lost their main income source and migrated away from this region.
A similar decline in fire activity has been reported in a region of Russian
Karelia, near the Lake Venehjarvi, in the 1950s (Lampainen et al.,
2004).

The 20th century decline in fire activity in SNP mirrored a broader
trend of decreasing fire activity in Latvia (Donis et al., 2017). At the
country scale, the length of FC has increased from 1.1 x 10° years at
the beginning of the 20th century to 3.2 x 10° years at the beginning of
the 21st century (Donis et al., 2017). Similarly, in SNP, the length of FC
increased from 45 to 68 years (1750-1950) to 58-80 years (1960-2000)
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depending on the grid size and the type of area included in the calcu-
lation (fire prone section only or the entire area). Observed differences
in FC length between the two periods in SNP appear minor, in com-
parison to Russian Karelia, where the FC increased from 75 years during
the 1551-1850 period to ~400years betweenl851 and 1950
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(Wallenius et al., 2004). Socio-economic changes in Latvia during the
20th century has likely hindered the development of efficient forest
governance and fire suppression systems (King and Mcnabb, 2015).
This has made the decline in fire activity less dramatic, compared to
other parts of Northern Europe and Bialowieza.

We observed high spatial variability in the frequency of fires in the
SNP (Fig. 6). The highest risk of fire was observed in the northern and
western parts of the study area. Several inter-dune depressions are lo-
cated north and south of the study area, which were meadows until the
1920s (Abaja, 2011). We assume that the higher fire frequency might
be a result of fires escaping from grassland burnings, which were a
common soil fertility improvement practice, until the early 20th cen-
tury (Strods, 1999; Gustina, 2016). Similarly, in southern Scandinavia,
humans have been shown to facilitate fire activity through intentional
burnings prior to the 19th century (Groven and Niklasson, 2005).

Correspondence between socio-economic changes and fire activity
observed in the SNP over the centuries and decades extended to the
annual scale, with the timing of a single fire which appeared to coincide
with socio-political events. A 1905 fire occurred in the year of Russian
revolution, when manors, including those of Baltic German landlords,
were commonly destroyed by arson fire (Raun, 2006). In that year,
many forest fires were recorded in Dundaga parish (Fig. 1B), which
included the area of SNP at that time (Watjen, 1994). Fires during
the1940s (during 1940, 1941, 1945) might be related to warfare during
the Second World War. Finally, the last fire in 1992 was a result of
arson, as reported by J. Jansons, a former inspector in SNP (personal
communication).

A large proportion of early season fires in the study area also points
to human influence on fire activity. Spring and early summer forest fires
are linked to field burning, which has been regularly carried out to
improve soil fertility at the beginning of the vegetation period (Groven
and Niklasson, 2005). In Latvia, grassland burning was a common
practice until the early 20th century (Gustina, 2016) and fire safely
regulations adopted in 1765, indicated that fire escaping from grassland
burnings was a common source of forest fires (Strods, 1999). The im-
portance of human-related ignitions during early-season fires is in-
directly supported by the analysis of lightning patterns in the area. In
coastal regions, lightning activity in the spring and first half of summer
is low, because the Baltic Sea surface is cold and upward moving air-
flows are weak, hindering the formation of thunderstorms (Enno et al.,
2013). This suggests that lightning-initiated forest fires in the coastal
area at the beginning of the vegetation season were rare, if not im-
plausible.

A climatic explanation of fire regime shifts in the middle of the 20th
century appears unlikely, since this period lacks significant changes in
precipitation or mean temperature, as well as in the frequency of ex-
treme weather events (Lizuma et al., 2010; Tammets and Jaagus, 2013;
Jaagus et al., 2014; Briede, 2016). However, years with fire activity in
Latvia have been shown to be closely associated with atmospheric
drought and high fire danger indices (Donis et al., 2017), which points
to the climate as an important factor influencing fire activity in the
study region. Exceptional conditions have been also recorded in 1826
and 1914, which are two large fire years in SNP. The summer of 1826
has been reported as being extremely hot and dry, with many large
forest and peatland fires being common in Latvia (Ebenhards, 2016).
July 1914 has been recorded as one of the warmest months in the
country during the 20th and 21st centuries (Briede, 2016). The last
large fire event in SNP in 1992 occurred after a prolonged drought
period (21 days without rain, Latvijas vides, 1992). This was a promi-
nent fire year in all three Baltic countries (Schmuck et al., 2015), ex-
emplifying the effect of climatic forcing on regional fire activity
(Drobyshev et al., 2014; Aakala et al., 2017).

4.2. Relationship between fire severity and historical fire occurrence

A substantial spatial variability of the 1992 burn severity (Fig. 6)
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was not correlated to the fire frequency at the grid cell level. Low
correlation between posterior mean spatial frailties and 1992 burn se-
verity (Suppl. section A) supported the notion of a more complex re-
lationship between disturbance legacies and burn severity. A study from
northern Sweden has suggested that the lack of suitable surface fuels
can limit fire spread up to 20years following the previous fire
(Schimmel and Granstrom, 1997). The 1992 fire occurred in SNP after
an almost 50-year period with no fires. We speculate that the recovery
of ground fuels over this period removed the potential effect of past fire
frequency on fuel amounts. The shortest point-scale estimates of fire
return interval suggested that fuel build-up in SNP is closely linked to
the shrub layer composition, which can sustain fire spread for six years
following the previous fire.

4.3. Relationships of fire regime and SST

We observed a positive relationship between fire activity in SNP and
the average SST in the Baltic Sea and North Sea during June and July
(Fig. 7). The Baltic Sea is a relatively shallow, semi-enclosed brackish
sea, with limited water exchange with the Atlantic Ocean. Conse-
quently, the Baltic Sea SST is strongly influenced by regional air-sea
interactions, especially in the summer (Stramska and Bialogrodzka,
2015; Hgyer and Karagali, 2016; Jakobson et al., 2017). There is a
strong correlation between mean air temperature and the Baltic SST
(Stramska and Bialogrodzka, 2015). The positive correlation between
fire activity and mean monthly SST of the Baltic and the North Seas
likely reflects dependence of both processes on the presence of a high-
pressure cell developing during the summer time and leading to the
drying of the forest fuels and warming up of the SST (Hgyer and
Karagali, 2016). The weather pattern in the Baltic Sea region is strongly
influenced by westerlies in the autumn and winter. However, in the
summer their strength weakens, and the meridional circulation systems
become increasingly more important (Jaagus et al., 2010; Helama et al.,
2018). High pressure systems and meridional circulation with northerly
airflow have been linked to dry weather conditions in the Baltic Sea
region (Jaagus et al., 2010; Klavins and Rodinov, 2010) that dry fuels
and increase the forest fire hazard (Donis et al., 2017). High pressure
systems are also related to atmospheric blocking episodes, which can
last from few days up to few weeks and have been suggested as one of
the main factors affecting precipitation distribution in Europe during
summer (Ionita et al., 2015). In areas of the direct influence of atmo-
spheric blocking, precipitation amounts can decrease more than two
times (Sousa et al., 2017). Our results indicate that both fire activity in
SNP and the SST of the Baltic and the North Seas are strongly influenced
by the position and persistence of high-pressure systems in Northern
Europe during the summer.

We also observed a significant, yet spatially varying, negative as-
sociation between SNP fire activity and the North Atlantic SST (Fig. 7),
indicating a similar teleconnectivity pattern observed in an earlier
study of Northern Scandinavian fire activity (Drobyshev et al., 2016).
The cooling of the western North Atlantic has been suggested as moving
westerly wind tracks into more southerly positions, ultimately making
Northern Europe drier during the summer season. The less strong spa-
tial pattern observed in this study is likely due to the fact that this
analysis was based on a single site, rather than a region-wide synthesis
(Drobyshev et al., 2016).

4.4. Management implications

A knowledge of the SNP fire history is valuable in a larger geo-
graphical context, since it helps to define the long-term goals of nature-
based management guidelines in the hemiboreal zone in Europe. In
SNP, frequent fires were the dominating disturbance feature over the
past 250years, shaping stand dynamics, structure and species dis-
tribution. Strong human influence on past fire regime suggests, how-
ever, that the estimates of historical fire cycles and fire return intervals
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over that period cannot be viewed as a reference representing natural
(human-free) variability in disturbance extend and frequency.

Future management of SNP may consider using prescribed burnings
with their frequency, spatial extent and severity, depending on the set
goals of the nature protection policy. Prescribed surface burns can be a
valuable management tools to promote pine regeneration (Kuuluvainen
and Rouvinen, 2000; Marozas et al., 2007). Encroachment of spruce
currently occurs in more mesic section of SNP, which escaped the 1992
fire (Brumelis et al., 2005). This pattern implies that a prolonged ab-
sence of fire leads to changes in forest species composition towards
more shade-dominant vegetation, as observed in Fennoscandia and
Belowieza (Niklasson and Drakenberg, 2001; Niklasson et al., 2010a,
2010b; Zin et al., 2015). Without fire intervention, long-term pine
stands can probably dominate only on dry and nutrient-poor soils,
where spruce establishment is obstructed by unsuitable soil conditions
(Sutinen et al., 2005; Wallenius et al., 2010). Prescribed burns can also
be important to create fresh deadwood, which is an important habitat
for fugal (Olsson and Jonsson, 2010) and saproxylic beetles (Hyvérinen
et al., 2006).

Potential trade-offs associated with prescribed burns include the
loss of valuable pre-fire existing deadwood (Eriksson et al., 2013) and a
loss of threatened epiphytic lichens species (Hamaéldinen et al., 2014).
Careful consideration of these trade-offs is definitely warranted, —
particularly due to a limited knowledge of the long-term effects of
conservation burns on stand structure and their successional trajec-
tories (Eales et al., 2018).

In addition to their ecological importance, prescribed fires can help
minimize the risk of uncontrolled large-scale fire spread, by reducing
the amount and continuity of fuels (Angelstam and Kuuluvainen, 2004;
Drobyshev et al., 2008). Implementing these conservation and fire risk
reduction tools, will require communication among different stake-
holders, government and nature protection organisations as well as the
engagement of local communities (Eales et al., 2018).
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HEIGHT-GROWTH DYNAMICS OF SCOTS PINE (PINUS SYLVESTRIS L.)
IN BURNED AND CLEARCUT AREAS IN HEMIBOREAL FORESTS, LATVIA

Mara Zadina', Liga Purina', Agris Pobiarzens', Juris Katrevics'
Janis Jansonsz, Aris Jansons'

T atvian State Forest Research Institute “Silava”, Rigas 111, Salaspils, Latvia; aris.jansons@silava.lv
Forest Competence Centre, Dzerbenes str. 27, Riga, Latvia

The aim of this study was to compare medium-term growth dynamics of Scots pine (Pinus sylvestris
L.) in areas after forest fire and clearcut in different forest types to improve the understanding of
post-fire growth of trees in hemiboreal forest zone. The data were collected at four Scots pine
dominated forest stands located in northern and central parts of Latvia (56°45" - 57°40'N; 22°32'-
24°98E) burned or clearcut in 1992, 2004 and 2006; forest types Vacciniosa, Vacciniosa mel and
Mpyrtillosa mel. In each study site 100m® and 25 m” circular plots were placed systematically and
height increment of Scots pine were measured. The average height of Scots pine at the age of 8 years
was 167+54.2 cm Vacciniosa and 230+90.3 cm Myrtillosa mel. At the age of 10 years 184+71.1 cm
Vacciniosa mel, and at the age of 22 years 360+214.1 cm Vacciniosa. Our results demonstrated that 8
years after the forest fire mean height of Scots pine was significantly lower in burned areas in
comparison to clearcut, but there were no significant differences in mean height of trees 10 and 19
years after forest fire. It indicates, that impact of forest fire on tree growth diminishes over time and
in forest types on more fertile soil its effect is more limited than on poor soil. Tree height was notably
more variable in all the burned areas in comparison to the control areas.

Keywords: forest fire, forest type, height increment.

Parole chiave: incendi boschivi, tipo di foresta, altezza incremento.
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1.Introduction

Latvia is located in hemiboreal forest zone and its
forests cover, according to National forest inventory is
52%. During last decade forestland has been expanding
gradually due to afforestation of less fertile and
abandoned agriculture land. In 2013 forest sector
generated around 6% of country’s GDP according to
Ministry of Agriculture statistics. There are different
kinds of natural disturbances in hemiboreal forests, like
forest fires, windthrows, insects and disease outbreaks
which are essential elements of ecosystem dynamics.
In order to improve post-disturbance silviculture
practices it is important to understand how to mitigate
negative and use positive effects of these disturbances.
Historically forest fires have been a component of the
forest ecosystem dynamics, but at least for the last 3
millenniums main cause of them is human activity.
Nowadays forest fire occurrence in hemiboreal forest
zone in Europe has declined due to the effective forest
fire protection systems.

The number of forest fires varies every year. In last 24
years the total forest area burned per year in Latvia
vary from 90 ha in year 2012 to 8412 ha in 1992, on
average every year in Latvia fire affects 1083 ha of
forest land according to Latvian State Forest statistics.
In year 2013 93% of all forest fires were human
caused. Moreover notably more fires occur around
urban areas, for example, 22% of all forest fires in
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2013 occurred close to capital city Riga (Leisavnieks,
2013). Similar situation has been observed across
northwest Europe: the majority of forest fires is caused
by humans and located in vicinity of cities (Hille and
den Ouden, 2004). According to the climate-change
scenarios, a rise of the mean temperature 2.5 °C in the
territory of Latvia until the end of the century is
expected, meanwhile the increase of rainfall will be
minimal, causing prolonged periods of drought (Aigars
et al., 2009). This situation will inevitably lead to
increase in frequency of years with very high fire risk
(calculated based on Nesterov index and Canadian
Forest Fire Weather Index) as well as in days per year
with very high fire risk. Very high fire risk indicates
both high flammability of organic material (litter, duff
etc.) as well as high temperatures during the fire, thus
increasing fire likelihood of forest fire to initiate as
well as its severity. In future in Latvia higher forest fire
risk are mainly expected in forest types on poor and
dry soils where the dominant tree species mostly is
Scots pine. Scots pine is categorized to withstand
moderate severity fire (Granstroem, 2001). It is impor-
tant to understand post-disturbance stand development
dynamics in order to find most suitable stand
regeneration methods in future.

Therefore aim of this study was to compare medium-
term growth dynamics of Scots pine (Pinus sylvestris
L.) in areas after forest fire and clearcut in different
forest types.
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2.Materials and methods

2.1 The study area

The study area is located in northern and central parts of
Latvia (56°45'- 57°40'N, 22°32"-24°98 'E). The average
annual temperature in territory of Latvia is +5.9 °C, on
average July is the warmest month with the average
temperature is +17.0 °C, the coldest months of the year
are January and February with the average temperature
from — 4.6 to — 4.7 °C. The mean amount of preci-
pitation annually is 667 mm. The months with the most
of precipitation on average 78 mm are July and August.
The months with the lowest amount of precipitation on
average 33 mm are February and March according to
Latvian Environment, Geology and Meteorology Centre
statistics.

2.2 Data sampling and data analysis

The data were collected in four Scots pine (Pinus
sylvestris L.) dominated forest stands in summer and
autumn in 2014. In all sites has been recorded high
severity- stand replacing forest fire, followed by salvage
clearcutting. Sites were regenerated by planting in year
1992 (Slitere, Vacciniosa forest type), 2004 (Ugale,
Vacciniosa mel. forest type) and 2006 (Jaunjelgava and
Dalbe, Vacciniosa and Myrtillosa mel. respectively).
Clearcut area of the same year and forest type,
regenerated by Scots pine, located close to the respective
site were chosen as comparison.

At each study site 100 m” and 25 m® circular plots were
placed systematically and height increment of Scots
pine, Silver birch (Bentula pendula Roth.), Norway
spruce (Picea abies L.) and Trembling aspen (Populus
tremuloides) was measured. Student’s T-test was used
to assess significant differences between areas after
forest fire (further in text referred as burned) and
control areas.

3.Results

The average height of Scots pine at the age of 8 years
was 167+54.2 cm (mean+SD) in Vacciniosa forest type
and 230.4+90.3 cm in Myrtillosa mel forest type. At both
sites mean height of Scots pine was significantly higher
(p=0.001) in the control areas than in the burned areas
(Tab. 1). The difference between burned and control
areas was from 25 to 36 cm, higher height difference
were found in forest type on poorest soil (Vacciniosa).
At these sites also the Scots pine height increment of the
last 3 years demonstrated similar tendency i.e. gradual
increase of height difference between burned and control
areas (Fig.1. A, B). At age of 10 years in Vacciniosa mel
forest type no significant (p>0.1, a=0.05) height diffe-
rences between control and burned areas was observed,
however, it is a results of changes during last years,
since at the age 7 years pines were significantly higher in
the burned areas than in control (Fig. 1 C).

At the age of 19 years in Vacciniosa forest type no
significant height differences between burned and
control areas (p=0.76, a=0.05) was observed (Fig. 2).
Moreover there was no significant height differences
between burned and control areas in the last two years.
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Scots pine height was clearly more variable in all the
burned areas compared to control areas. At burned areas
variation coefficient ranged from 32-59%, but in control
areas from 29-50 % respectively (Tab. 2).

The highest Scots pine height variability observed in
Vacciniosa forest type at age of 19 years in burned area
was 59% but in control —50%. The most even distributed
height of Scots pine is observed in Vacciniosa forest type
at age of 8 years in burned areas 32 % but in control areas
29%. Density of Scots pines was notably and significantly
higher in burned areas in comparison to clearcuded in
both sites in Vacciniosa forest type and lower in Vacci-
niosa mel. forest type; density of other tree species (birch,
aspen, spruce) was significantly higher in clearcuted sites
only in tow oldest areas (Ugale and Slitere). Plot-mean
level correlation between density of other tree species and
density Scots pine varied widely, but was not significant
in any of the sites (Tab. 2).

4.Discussion

Number of studies has analyzed post-fire regeneration
and short-term growth trends. For example, positive
effect of forest fire on Scots pine regeneration is reported
by Hille and den Ouden (2004): they found that Scots
pine recruitment in Oxalio-Myrtillo-Cultopinetum sylve-
stris forest sites was more successful and height signi-
ficantly higher after medium severity fires than after soil
scarification in clearcut areas in Germany. Similarly, in
Lithuania regeneration of Scots pine in first 4 years after
low intensity fire in Vaccinium forest type was more
successful than in control areas, although height incre-
ment wasn’t measured in this study (Marozas et al.,
2007). However, there is very limited number of studies
covering medium-term impact of forest fire on tree
growth that is the object of our study. Our results
demonstrate that after the fire growth of Scots pine is
significantly slower at age of 8 years in Vacciniosa and
Myrtillosa mel forest types, but at age of 10 and 19 years
no significant mean height differences were observed at
burned and clearcut areas in Vacciniosa mel and
Vacciniosa forest types. In Canada study results shows
that in black spruce stand height differences between
burned and clearcut area disappear at age 50 years on
sandy loam soils (Ruel et al., 2004). Negative effect of
forest fire on tree growth, decreasing over time, is linked
to its impact on soil. During high severity forest fire
large part of organic matter is consumed, soil characte-
ristics i.e. porosity and structure are degraded (Certini,
2005) and root system and mycorrhizas are damaged
(Hille, 2006). Also significant loses from forest floor of
K and N have been observed at young stands after forest
fire, while no significant loss of soil nutrients were
observed after clearcut harvesting (Simard et al., 2001).
The higher height difference between burned and control
areas was found in Vacciniosa forest type at age of 8
years. On average in non-disturbed Vacciniosa (poor
sandy soil) forest floor humus layer is 5 cm thick, while
in Myrtillosa mel (sandy loam soil) humus layer is
around 20 cm. It could explain the higher absolute and
relative tree height differences between burned and
clearcut areas observed in Vacciniosa in comparison to
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Myrtillosa mel.. effect of forest fire on thinner humus
layer could be more degrading and soil nutrient leakage
is more intense from sandy soils than from sandy loam
soils. In Vacciniosa mel forest type with relative thick
humus layer (20 cm on average) all organic material
may not be consumed also during high intensity forest
fire and could therefore explain, why no significant
height differences are observed for Scots pine at the age
of 10 years between burned and clearcut areas in this
forest type. Negative effect of forest fire on soil (total
mass of organic carbon, extractable Ca, P and pH),
lasting longer than the age of trees of in our study (for 21
years) was found in boreal forest zone (Simard et al.,
2001). Sooner disappearing impact of forest fire in our
study could be explained by differences of climatic
conditions (as the nutrient cycling and accumulation of
organic matter is faster in hemiboreal or nemoral, than in
boreal zone) or forest type. Scots pine and other tree
species density in our study varied significantly between
treatments and sites; moreover we did not find
significant correlation between Scots pine density and
other tree species densities. Tree densities at commercial
stands are mainly influenced by timing and intensity of
thinning (not known in our study sites) therefore we
cannot attribute observed differences to influence of
forest fire. Stand-development following fire disturbance
primarily depends on the fire severity and the scale of
damage to the ecosystem (Hille, 2006). Scots pine height
variation was higher at burned sites compared to control

Table 1. Tree height in stands after forest fire and clearcut.

areas. Similar results have been observed by Taylor et
al. (2013) in boreal forests and these differences can be
explained by different spatial heterogeneity of forest fire
severity which is affected by stand composition and fuel
load (Kafka et al., 2001) weather conditions and topo-
graphy (Taylor et al., 2013).

This heterogeneity affects humidity, soil moisture and
temperature, crucial for early development stages of
trees (Hille and den Ouden, 2004) as well as nutrient
availability, important to boost tree growth. Patches of
lower fore intensity might even have had a positive
influence on availability of soil minerals and eliminate
plant competition (Certini, 2005), therefore boosting
growth of particular trees.

Therefore further studies shall include soil- analysis to
improve the understanding of the causes of observed
Scots pine height differences and cover higher number
of sites and sample plots to address the impact of
heterogenity and better reveal the medium-term impact
of forest fire.
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Site Mean height of Mean height of birch,
Forest type Treatment Scots pine (cm) SD (cm) aspen, spruce tree SD (cm)
species (cm)

Jaunjelgava Burned 167 54.2 147 833
Vacciniosa Control 202 57.9 165 151.6
Dalbe Burned 230 90.3 146 64.2
Myrtillosa mel Control 254 85.9 125 52.1
Ugale Burned 184 71.1 78 44.8
Vacciniosa mel Control 192 69.4 117 64.9
Slitere Burned 360 214.1 75 53.8
Vacciniosa Control 356 179.1 119 71.9
SD - standard deviation

*differences between burned and clearcuted sites statistically significant

Table 2. Variation of Scots pine height at burned and control sites.
Sites Treatment Coefﬁtcignt of S COtS. 1 Birch, aspen, ip e Correlation
variation pine ha trees ha

Jaunjelgava Burned 32% 2829* 2800 0.10
Vacciniosa Control 29% 3815 5070 0.21
Dalbe Burned 39% 3174 3076 -0.06
Myrtillosa mel Control 34% 2995 2633 -0.16
Ugale Burned 39% 2820* 565* -0.34
Vacciniosa mel Control 36% 2008 3602 -0.29
Slitere Burned 59% 1918%* 1362%* 0.09
Vacciniosa Control 50% 4457 6811 0.64

Correlation-plot mean correlation between density of Scots pine and density of other tree species

445 -



PROCEEDINGS OF THE SECOND INTERNATIONAL CONGRESS OF SILVICULTURE
Florence, November 26" - 29" 2014

o0 = Dalbe A
00 £l i —?— .
00 - i i — *
El o= I
ik ; | - ]
100 i _'_ H EE EE
i - -~ -~ 1 A, A
E 00 Jaunjelgava B
© a0 -
= T e
300 : -
2 B il 1
L= Sy E B i -
2 B B =5 L1
g Wy L i E e
o - + - + A
w0 Ugale c
400 e
300 P e 2K
200 4 E P g :
| p— S O
ol ;E BE om tg
i T T T =t Figure 1. Average height of Scots pine at the
2014 2013 2012 2011 . .
Yaar age of 5 to 8 years in Myrtillosa mel (A) and
Vacciniosa (B) forest type and at age of 7 to 10
o Control areas = Burned areas years in Vacciniosa mel (C) forest type.
o
x|
=] H
T ]
. e ; -
=T 1 I H
w ! : H
E [ | i
o e B i :
Pl | X i - 1
-— O — 1 1 i | :
L © : ! I ER 1
Rzl i o
] | : .
L 8 ! i
i -
E =
|_
D ]
L= : - 7
N - | i | i T
. . P
_ k- i < 4
T T T
2013 2012 2011
Figure 2. Average height of Scots pine at the age of Year
17 to 19 years in Vacciniosa forest type. o Conlrol areas B Bumed areas

RIASSUNTO

La dinamica della crescita in altezza
del pino silvestre (Pinus sylvestris L.) nelle aree
bruciate e in quelle disboscate a taglio raso
delle foreste emiboreali, Lettonia

L’obiettivo di questo studio era quello di comparare la
dinamica di rigenerazione e crescita di lungo periodo
del pino silvestre (Pinus sylvestris L.) nelle aree
bruciate e in quelle disboscate a taglio raso per miglio-
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rare la comprensione delle conseguenze a lungo
termine dell’incendio boschivo nella zona delle foreste
emiboreali.

I dati sono stati raccolti in quattro soprassuoli forestali
dominati da pino silvestre situati nelle parti setten-
trionali e centrali della Lettonia (56°45" - 57°40°N;
22°32°-24°98'E), bruciati o disboscati a taglio raso nel
1992, 2004 e 2006; tipi forestali: Vacciniosa, Vacci-
niosa mel e Myrtillosa mel.

In ogni area di studio sono stati localizzati in modo
sistematico i plot circolari di 100 m” e di 25 m* ed ¢
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stata misurata la crescita in altezza del pino silvestre. Il
test T ¢ stato usato per stimare differenze significative
tra le aree bruciate e quelle di controllo. L’altezza
media del pino silvestre all’eta di 8 anni era 167+£54.2
cm (media + DS) — Vacciniosa e 230£90.3 cm —
Myrtillosa mel. All’eta di 10 anni: 184+71.1 cm —
Vacciniosa mel, e all’eta di 22 anni: 360+214.1 cm —
Vacciniosa. 1 nostri risultati hanno dimostrato che 8
anni dopo I’incendio boschivo I’altezza media del pino
silvestre era significativamente piu bassa nelle aree
bruciate rispetto a quelle disboscate a taglio raso.
Comunque 10 e 19 anni dopo I’incendio boschivo non
abbiamo constatato differenze significative dell’altezza
media del pino silvestre tra le aree bruciate e quelle di
controllo. Cio potrebbe indicare che I’importanza delle
conseguenze dell’incendio col passare del tempo sta
cambiando. Inoltre 1’altezza dell’albero era notevol-
mente piu variabile in tutte le aree bruciate che nelle
aree di controllo.

BIBLIOGRAPHY

Aigars J., Apsite E., Bethers U., Bruniniece I.,
Ebenhards G., 2009 — Climate change in Latvia:
highlights and adaptation measures. Riga, pp. 64.

Certini G., 2005 — Effects of fire on properties of forest
soils: a review. Oecologia, 143 (1): 1-10.
http://dx.doi.org/10.1007/s00442-004-1788-8

Granstrom A., 2001 — Fire Management for Biodi-
versity in the European Boreal Forest. Scandinavian,
J. Forest Res. Suppl., 3: 62-69.
http://dx.doi.org/10.1080/028275801300090627

Hille M., 2006 — Fire ecology of Scots pine in North-
west Europe. PhD thesis, Wageningen University,
Wageningen.

Hille M., den Ouden J., 2004 — Improved recruitment

447 -

and early growth of Scots pine (Pinus sylvestris L.)
seedlings after fire and soil scarifycation. European
Journal of Forest Research, 123: 213-218.
http://dx.doi.org/10.1007/s10342-004-0036-4

Kafka V., Gauthier S., Bergeron Y., 2001 — Fire im-
pacts and crowning in the boreal forest: study of a
large wildfire in western Quebec. International Jour-
nal of Wildland Fire, 10: 119-127.
http://dx.doi.org/10.1071/WF01012

Leisavnieks E., 2013 — Parskats par meza ugunsgrekiem
un to nodaritajiem zaudejumiem 2013. Gada, Valsts
meza dienesta Gada parskati, Report of forest fire
damages in Latvia. Available at:
http://www.vmd.gov.lv/valsts-meza-dienests/statiskas-
lapas/publikacijas-un-statistika/statistikas-
parskati?nid=1050#jump, 20 October 2014

Marozas V., Racinskas J., Bartkevicius E., 2007 — Dy-
namics of ground vegetation after surface fires in
hemiboreal Pinus sylvestris forests. Forest Ecology
and Management, 250(1-2): 47-55.
http://dx.doi.org/10.1016/j.foreco.2007.03.008

Ruel J.C., Horvath R., Ung C.H., Munson A., 2004 —
Comparing height growth and biomass production of
black spruce trees in logged and burned stands.
Forest Ecology and Management, 193(3): 371-384.
http://dx.doi.org/10.1016/j.foreco.2004.02.007

Simard D.G., Fyles J.W., Paré D., Nguyen T., 2001 —
Impacts of clearcut harvesting and wildfire on soil
nutrient status in the Quebec boreal forest. Canadian
Journal of Soil Science, 81 (2): 229-237.
http://dx.doi.org/10.4141/S00-028

Taylor A.R., Hart T., Chen H.Y.H., 2013 — Tree
community structural development in young boreal
forests: A comparison of fire and harvesting di-
sturbance. Forest Ecology and Management, 310:
19-26.
http://dx.doi.org/10.1016/j.foreco.2013.08.017



Effect of salvage logging and forest type on the post-fire regeneration

of Scots pine in hemiboreal forests

Mara Kitenberga!®, Didzis Elferts'?, Andis Adamovics!, Juris Katrevics!, Janis Donis!,
Endijs Baders', Aris Jansons!

1 — Latvian State Forest Research Institute “Silava”, Rigas street 111, Salaspils, Latvia, LV-2169
2 — Faculty of Biology, University of Latvia, Jelgavas street 1, LV-1004 Riga, Latvia

*— corresponding author: mara.kitenberga@gmail.com

ABSTRACT

In post-disturbance areas, salvage logging is a common management practice that can negatively affect
ecosystem services and alter successional pathways of natural regeneration. In this study, we aim to
investigate the effects of salvage logging in post-fire areas on the regeneration and height of Scots pine
(Pinus sylvestris L.) on dry-poor, wet-poor, and peat soils. We used the Poisson generalised linear
mixed-effects model and linear mixed-effect model to assess the effects of salvage logging on the
abundance and height of Scots pine. In all forest types in post-fire areas, Scots pine and birch (Betula
pendula Roth and Betula pubescens Ehrh.) were the most common tree species, accounting for 70% to
100% of the total regeneration abundance. Salvage logging resulted in significantly higher abundance
of Scots pine only on mesic-peat soil. Mean height of Scots pine was significantly lower in stands with
larger abundance of remnant living trees. In our study, we did not find conclusive evidence of negative
effects of salvage logging on the abundance and height of Scots pine.

KEYWORDS: Scots pine, natural regeneration, salvage logging, fire disturbance



INTRODUCTION

In Europe, forest fires have been an integral part of Scots pine (Pinus sylvestris L.)
dominated forests, altering successional pathways and stand dynamics (Granstrom 2001;
Bowman et al. 2009). The majority of forest fires in European temperate, hemiboreal, and
boreal forests have low- to moderate-severity (Gromtsev 2002; Wallenius et al. 2002; Zin et
al. 2015;), causing partial mortality of the canopy layer (Ostlund et al. 1997; Kuuluvainen et
al. 2002). In post-fire areas, biological legacies (remnant living/dead trees) are a vital part of
forest ecosystem resilience, as they facilitate ecological recovery (Seidl et al. 2014; Jogiste et
al. 2017). In post-fire areas, living remnant trees provide seeds and create a favourable
microclimate for seedling establishment (Vanha-Majamaa et al. 1996; Moser et al. 2010), but
can compete with regenerating trees for light and nutrient resources, causing a negative effect
on their abundance and height growth (Kuuluvainen et al. 1993; Parro et al. 2015). Dead
retained trees can reduce evaporation (Moser et al., 2010) and create suitable microsites for
regeneration (Vanha-Majamaa et al. 1996; Kuuluvainen and Kalmari 2003).

Salvage logging (SL) is a silvicultural practice when damaged trees are removed from
disturbed forest areas. The key motivation of SL may vary from case to case depending on the
disturbance type and forest protection regime, but there are several reasons for its use:
economic reasons, pest control, safety issues, fuel reduction, and restoration (Nieuwenhuis and
Fitzpatrick 2002; Fraver et al. 2011; Havasova et al. 2017; Bodaghi et al. 2018; Kérhi et al.
2018; Miiller et al. 2019). Moreover, SL in post-disturbance areas creates interactions between
effects of two consecutive disturbances in a short period, which can have negative ecological
effects (Thorn et al. 2017; Leverkus et al. 2018). In addition, SL alters the ground
microtopography (Waldron et al. 2013), nutrient cycling (Smith et al. 2012), and successional
pathways of natural regeneration (Beghin et al. 2010). Studies have shown that SL can have a
negative effect on water quality (Smith et al. 2012), soil (Page-Dumroese et al. 2006; Garcia-
Orenes et al. 2017; Malvar et al. 2017;), natural regeneration (Beghin et al. 2010; Boucher et
al. 2014; Parro et al. 2015), and biodiversity (Thorn et al. 2017; Leverkus et al. 2018).
Similarly, SL can negatively affect ecosystem services (Lindenmayer and Noss 2006) and
increases carbon dioxide (CO2) emissions (Serrano-Ortiz et al. 2011).

In dry areas, forest fires occur more frequently than on wet or peat soils; however, after
prolonged periods of drought, many waterlogged areas dry out and become fire-prone
environments (Granstrom 2001; Hellberg et al. 2004; Gustafsson et al. 2019). In Northern
Europe, the effects of fire have been studied in poor and dry growth conditions (Lampainen et
al. 2004; Castro et al. 2004; Parro et al. 2015), but information on natural regeneration after
fire on wet and peat soils is limited. Therefore, the aim of the study was to assess the influence
of post-fire management type (no intervention and SL) on natural generation of Scots pine and
other tree species in five different forest types (Cladinoso-callunosa, Vacciniosa, Vaccinoso-
sphagnosa, Sphagnosa, and Caricoso-phragmitosa). Considering the negative effects of SL on
soil compaction and erosion (Garcia-Orenes et al. 2017; Malvar et al. 2017) and the
regeneration of Scots pine on poor and dry soils (Vaccinium uliginosum, Calluna sites types)
and entisols in the Alps (Beghin et al. 2010; Parro et al. 2015), we hypothesised that abundance



and height of Scots pine would be lower on all types of soil after SL, in comparison with
regeneration in non-intervention areas.

METHODS

Study Area

The study area is located in Slitere National Park (SNP) in the north-western part of
Latvia in the hemiboreal forest zone (Ahti et al. 1968) (Fig.1). The landscape of SNP is a unique
inter-dune peatland complex of the coastal area of the Baltic Sea, which began to form from
7500—4000 BP when the sea level decreased (Kalnina et al. 2015). The sandy dunes stretch
parallel to the coastline of the Baltic Sea, and the largest of the sandy dunes reaches up to 15 km
in length and 50 m in width. The sandy dunes are predominantly covered by Scots pine-
dominated forests (Seile and Reriha 1983). Old forest inventory plans from the 1970s show
that the studied landscape was mainly dominated by pine (more than 90% of the stands). Over
the last 5000 years, peat has accumulated in depressions between sandy dune ridges, creating
transitional mires and raised bogs (Pakalne and Kalnina 2005). On sandy dune ridges, the
ground vegetation layer is dominated by ericaceous dwarf shrubs (Calluna vulgaris L.), but in
drier sites, lichens (Cladonia spp.) or mosses (Dicranum spp.) dominate (Seile and Reriha
1983).
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Figure 1. A -location of sample plots in Slitere National Park. Each sample plot character shows a forest
compartment where 10 sample plots were placed.

Over the last 250 years, fire has been a common disturbance in pine-dominated forests
in SNP, with a relatively short fire cycle of 45 to 80 years, which has been strongly influenced
by the socio-political situation in this region (Kitenberga et al. 2019). Presumably, the high
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frequency of forest fires in the past has maintained the dominance of pine in this landscape
(Brumelis et al. 2005; Kitenberga et al. 2019).

The last large fire in the SNP area occurred at the beginning of July in 1992 after a
prolonged period of drought, when a total of 3100 ha burned, of which 1032 ha were forested
(Donis 1995). The fire severity was high in the northern and eastern sides of the burned area,
where tree mortality in the canopy layer reached 80% to 100%, compared to 0% to 40% on the
western and southern sides (Kitenberga et al. 2019). The largest part of the burned area (~95%)
remained without any silvicultural management due to the nature protection status of SNP.
Economic reasons were the main motivation for SL in a part of the stands, which was conducted
in autumn of 1992. Several places with a mean size of 3.7 ha, ranging from 0.2 to 10 ha were
salvage logged in burned areas nearby roads (Fig. 1). In the two largest SL areas (approximately
10 ha), 5 to 10 retention trees were left per hectare. The shape of the SL areas was largely
determined by the topography of the sandy dunes; hence, the majority of SL areas were rather
long (200 to 1500 m) and narrow (width 20 to 160 m) (Fig. 1). The trees were cut using
chainsaws, and logging slash was retained. The logs were skidded using rubber-tyre tractors,
which could pull one to two logs at the same time.

Two studies with the aim to investigate the natural regeneration pattern were previously

conducted in the 1992 burned areas of SNP, respectively two years (Donis 1995) and seven
years following the fire (Zadina et al. 2014). The sampling plot coordinates of these two studies
have not been preserved, prohibiting the opportunity to carry out repeated measurements.
The climate conditions in the study area are strongly influenced by the Baltic Sea. The long-
term (1960-2010) mean annual air temperature is +6.4°C. The coldest month is February
(mean temperature is -2.9°C), and the warmest months are July and August (+16.5°C and
+16.2°C, respectively). The mean precipitation is 606 mm. Length of the vegetation period
(diurnal temperature exceeds 5°C ) is approximately 194 days (Avotniece et al. 2017).

Sampling Design

In the area affected by the 1992 fire, we randomly selected non-intervention areas in the pool
of stands having basal area of undamaged trees < 6 m? ha'!. We similarly selected SL areas.
For both management types, we placed sampling plots along the longest axis of the selected
areas. The studied plots included five forest site types (Buss 1976): (1) dry and poor mineral
soil Cladionoso-callunosa (CCT), (2) dry and less poor mineral soil Vacciniosa (VT), (3) wet
and poor mineral soil Vaccinoso-sphagnosa (VST), (4) poor peat Sphagnosa (ST), and (5)
medium-fertility peat Caricoso-phragmitosa (CPT) (Table 1). The size of the sampling plots
was 25 m? (r = 2.82 m). The sampling was performed in the summer of 2014. In total, we
placed 196 plots in SL and 323 plots in non-intervention areas (Fig. 1, Table 2). In sampling
plots, all trees (height > 30 cm) were identified by tree species, and the height was measured
using a survey-grade rod. Large living trees within a 10-m radius from the outer margin of the
sampling plot were identified.



Table 1. Description of forest site types according to the Latvian forest classification (Buss 1976).
Notes: * I: highest bonity site index (the most productive sites); V: lowest site index (the poorest sites)

Soil
compositi  Soil moisture Dominant tree Site index* Dominant ground
Forest site types on regime species (bonity class) vegetation
poor Calluna vulgaris;
podzol Vaccinium vitis-
Cladinoso- quartz idaea; Cladina
callunosa (CCT) sand dry Scots pine v-v spp;
Vaccinium vitis-
idaea; Vaccinium
poor myrtillus;
podzol Calluna vulgaris,
quartz Pleurozium
Vacciniosa (VT) sand dry Scots pine 1 schreberi
Sphagnum;
Vaccinium vitis-
poor idaea; Vaccinium
podzol seasonally uliginosum,
Vaccinoso- quartz saturated Vaccinium
sphagnosa (VST)  sand with water Scots pine v myrtillus
poor Sphagnum;
Eriophoru Calluna vulgaris;
m- Oxycoccus
sphagnum Scots pine, rarely palustris;
Sphagnosa (ST) peat wet silver birch \% Eriophorum spp
Sphagnum; Carex
medium spp, Phragmites
Caricoso- rich Scots pine, silver spp;
phragmitosa Carex- birch, and downy Calamagrostis
(CPT) wood peat  wet birch 111 Spp

Table 2. Number of sampling plots per management type and forest site type, and number of
regenerating trees according to forest site type, management type, and species.

Forest site type

Number of plots per soil type

Tree species

Number of trees

No Salvage No Salvage
intervention logging intervention logging
Scots pine
Cladionoso- 109 40 . 1336 >48
callunosa birch 158 81
Norway spruce 16 1
Scots pine 979 1691
birch 344 877
Vacciniosa 50 100 Norway spruce 10 43
trembling aspen 3 5
black alder 36 33
64 36 Scots pine 1345 903




birch 620 890

Vaccinoso- Norway spruce

sphagnosa P 33 ™
black alder 4 43
Scots pine 1565 204
birch

Sphagnosa 70 10 e 1260 32
Norway spruce 6
black alder 1
Scots pine 54 136

Caricoso- 30 10 birch 355 298

phragmitosa Norway spruce 6
black alder 157
Statistical Analysis

To assess the effects of the stand parameters and post-fire management type on the
abundance of naturally regenerating Scots pine, we employed a Poisson generalised linear
mixed-effects model (GLMM). The initial GLMM model was Number of Scots pine = Forest
site type + Management type + Number of remnant trees + Remnant pines + Spatial covariate
+ Forest site type: Management type + Forest site type:Number of remnant trees + Forest site
type:Remnant pines + (1|Compartment/Sampling plot/Tree ID). We used a linear mixed-effect
model (LME) to assess the effect of different variables on the mean height of Scots pine. Tree
height was log-transformed to minimise the heteroscedasticity effects. The initial LME model
was log(height of Scots pine) = Forest site type + Management type + Number of remnant trees
+ Remnant pines + Spatial covariate + Forest site type: Management type + Forest site
type:Number of remnant trees + Forest site type:Remnant pines + (1/Compartment/Sampling
plot). The tested interaction between the factors are identified using colon (:) in both models.
Sampling plots were nested in compartments, both of which were used as random effects in the
both models to account for possible correlation of observations from the same sampling unit.
The observation-level random effect (Tree ID) was added to the GLMM model to cope with
overdispersion (Harrison 2014). To account for spatial dependence, we added a distance-
weighted spatial autocovariate as a variable in the models. After removing non-significant
interaction terms, the final model was chosen using the Akaike information criterion
(McGullagh and Nelder 1989). We used the Tukey HSD multiple-comparison test to assess the
differences between the levels of significant factors. We used Analysis of Similarity
(ANOSIM), which is non-parametric ANOVA-like analysis, to determine significant
differences in species composition between natural regeneration under different post-fire
managements. The significance of the differences was obtained by performing 999
permutations (Clarke 1993). All calculations were performed in R v.3.5.0 (R Core Team 2018),
using the package Ime4 (Bates et al. 2015) for the LME and GLMM, the package multcomp
(Hothorn et al. 2008) for the Tukey multiple comparisons, the package spdep for the spatial
autocovariates (Bivand et al. 2013), and the package vegan (Oksanen et al. 2019) for the
ANOSIM.



RESULTS

Regeneration Abundance of Scots Pine and Other Tree Species

Scots pine and birch (Betula pendula Roth and Betula pubescens Ehrh.) were the most
common tree species in all sampled forest site types and together accounted for 70% to 100%
of the total abundance of regenerating tree species (Table 3). Common aspen (Populus tremula
L.), Norway spruce (Picea Abies (L.) H. Karst.) and black alder (4/nus glutinosa (L.) Gaertn.)
established in low proportion of total abundance, ranging from 0.1% to 6%, except in one non-
intervention Caricoso-phragmitosa site where black alder constituted 27% of the natural
regeneration. Scots pine was the most abundant tree species under both management types in
forests on sandy soils (Cladinoso-callunosa, Vacciniosa, Vaccinoso-sphagnosa) (Table 2).

Table 3. Regeneration abundance per ha under the two management types in the post-fire area in Slitere

National Park. SD - standard deviation

No-intervention

Salvage-logging

Forest site type /

Tree species Mean SD Mean SD
Cladionoso-callunosa

Scots pine 4902 4483 5480 4595
birch 579 1373 810 1168
Norway spruce 58 384 10 63
Vacciniosa

Scots pine 7832 5664 6764 4322
birch 2752 3721 3508 3537
Norway spruce 80 255 172 444
black alder 288 1241 132 601
trembling aspen 24 125 20 104
Vaccinoso-sphagnosa

Scots pine 8406 5236 10033 5850
birch 3875 4775 9888 5725
Norway spruce 218 821 822 1331
black alder 25 157 477 875
Sphagnosa

Scots pine 8942 5321 8160 8456
birch 7200 6669 17280 6015
Norway spruce 34 131 0 0
black alder 5 47 0 0
Caricoso-phragmitosa

Scots pine 720 745 5440 1740
birch 4733 4095 11920 3616
Norway spruce 80 244 0 0



black alder 2093 3049 0 0

GLMM showed that post-fire regeneration abundance of Scots pine was significantly
affected by site type, spatial covariance, and interactions between site type and management
type (Table 4). The highest abundance of Scots pine was observed in SL Vaccinoso-sphagnosa
(10033 + 5850 standard deviation (SD)), and the lowest in non-intervention Caricoso-
phragmitosa (720 + 745 SD) (Table 3). When we comparted the levels of interaction factor
(site type* management type) the only significant (p < 0.05) difference between management
types was observed in the Caricoso-phragmitosa forest site type (Fig. 2).

Table 4. The main effects of explanatory variables and their interaction (*) on the regeneration
abundance of Scots pine (Poisson generalised linear mixed-effects model).

Explanatory Variable Likelihood Ratio Chi-square Degrees of Freedom p-value
Forest site type 50.5 4 <0.001
Management type 1.4 1 0.233
Number of remnant trees 1.2 1 0.267
Remnant pines 2.8 1 0.09
Spatial covariate 13.2 1 <0.001
Site type * Management type 16.3 4 0.002
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Figure 2. Total regeneration abundance per ha (and standard deviation) under the two management types in a post-
fire area in Slitere National Park. Forest site types: (1) CCT: Cladinoso-callunosa, (2) VT: Vacciniosa, (3) VST:
Vaccinoso-sphagnosa, (4) ST: Sphagnosa, and (5) CPT: Caricoso-phragmitosa.

ANOSIM showed that species composition of the naturally regenerated trees
significantly differed between post-fire management types in Vaccinoso-sphagnosa (stat. R =



0.13, sig =0.001) and Caricoso-phragmitosa (stat. R = 0.29, sig = 0.006) sites. In Vaccinoso-
sphagnosa sites, the proportion of birch and black alder was considerably higher in SL areas
than in non-intervention areas. In Caricoso-phragmitosa sites, the proportion of Scots pine
regeneration was considerably higher in SL than in non-intervention areas, while the proportion
of black alder was considerably higher in non-intervention than in SL areas. For the other forest
site types (Cladinoso-callunosa, Vacciniosa, and Sphagnosa), the differences between
management types were not significant.

Mean Height of Scots Pine and Other Tree Species

LME showed that the mean height of Scots pine was significantly (p < 0.05) affected
by the management type, site type, number of remnant trees, presence of remnant pines, spatial
covariance, and interactions between factors (site type® number of retained trees and site type*
presence of remnant pines (Table 5)). The largest mean height of Scots pine was observed in
the Vacciniosa forest site type without remnant living pines (3.5 m), and the lowest in the
Sphagnosa forest site type with remnant living pines (2.1 m) (Fig. 3, Table 6). When we
compared the levels of interaction factor site type* presence of remnant pines, the effect of
presence of old remnant pines significantly negatively affected the mean height of Scots pine
only in Cladionoso-callunosa and Vaccinoso-sphagnosa site types.

Table 5. The main effects of explanatory variables and their interaction (*) on the log height of Scots
pine (Linear mixed-effects model). numDF: numerator degrees of freedom; denDF: denominator
degrees of freedom

Explanatory Variable Sum of Squares numDF denDF F-value p-value
Management type 23 1 42.1 12.5 0.01
Forest site type 1.8 4 127.7 2.5 0.04
Number of remnant trees 4.6 1 475.0 25.4 <0.001
Remnant pine 1.1 1 463.3 6 0.02
Spatial covariate 2.4 1 51.3 13 <0.001
Site type * Number of remnant trees 3.1 4 465.7 43 0.01
Site type* Remnant pine 2.5 4 464.3 35 0.01
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Figure 3. The mean height of Scots pine (log transformed) and 95% confidence interval with and
without living remnant pines in a post-fire area in Slitere National Park. * - statistically significant (p <
0.05) difference between with/without remnant pines. Forest site types: (1) CCT: Cladinoso-callunosa,
(2) VT: Vacciniosa, (3) VST: Vaccinoso-sphagnosa, (4) ST: Sphagnosa, and (5) CPT: Caricoso-

phragmitosa.

Table 6. The mean height of Scots pine and other tree species under the two management types in the
post-fire area in Slitere National Park. SD- standard deviation

Forest site types /

No intervention

Salvage logging

Tree species Mean SD Mean SD
Cladinoso-callunosa
Scots pine 1.7 1.4 33 22
birch 1.5 1.1 1.8 1.4
Norway spruce 0.7 0.4 0.3
Vacciniosa
Scots pine 2.7 1.4 35 1.9
birch 2.2 18 2 1.5
Norway spruce 1.8 1.9 1.1 0.9
trembling aspen 1 0.2 1.3 0.9
black alder 2.5 1.9 1.8 1.4
Vaccinoso-sphagnosa
Scots pine 1.6 1.1 32 1.8
birch 1.2 0.8 1.9 1.3
Norway spruce 0.9 0.5 1.9 1.7
black alder 1.2 0.2 4.3 2.6
Sphagnosa
Scots pine 1.3 0.8 2.5 0.9
birch 1.3 0.7 2 1
Norway spruce 0.9 0.5
black alder 1.4
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Caricoso-phragmitosa

Scots pine 1 0.8 2.6 1.1
birch 1.3 0.7 1.6 0.9
Norway spruce 0.8 04
black alder 22 14

Mean height of Scots pine was significantly lower in plots with large numbers of
retained trees only for the Cladinoso-callunosa (Linear mixed-effects model, slope -0.46,
confidence interval (CI) -0.60 to -0.32) and Caricoso-phragmitosa (slope -0.40, CI -0.59 to -
0.21) site types (Fig. 4). In the model, besides interaction effects, the main effect of
management type was also significant (Table 5), in SL areas the mean height of Scots pine was
significantly higher than in non-intervention areas.
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Figure 4. The relationship between the number of remnant trees and the mean height of Scots pine (log

transformed) in post-fire area in Slitere National Park (£95% confidence interval (grey area)). Forest site types:
(1) CCT: Cladinoso-callunosa, (2) VT: Vacciniosa, (3) VST: Vaccinoso-sphagnosa, (4) ST: Sphagnosa, and (5)
CPT: Caricoso-phragmitosa.

In all forest types in SL areas, mean height of Scots pine exceeded height of birch,
whereas in the non-intervention areas the mean height of Scots pine exceeded mean height of
birch only in forest types on sandy soils (Cladinoso-callunosa, Vacciniosa, and Vaccinoso-
sphagnosa). In Sphagnosa sites, these tree species had similar mean height.

4. DISCUSSION

The light-demanding tree species, Scots pine and birch, were the most common tree
species in post-fire regeneration areas in our study (Table 3). Both tree species rapidly and
abundantly regenerate in open areas following natural or human-made disturbances (Beghin et
al. 2010; Hynynen et al. 2009; Parro et al. 2015). The establishment of light-demanding tree
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species in a post-fire area requires sun-lit conditions and exposed bare mineral soil following
the partial or complete mortality of the canopy layer and ground vegetation (Karlsson et al.
1998; Nilsson et al. 2002; Castro et al. 2004; Hille and den Ouden 2004; Claessens et al. 2010;
Kitenberga et al. 2019).

The distance from a seed source is a significant factor influencing the regeneration

abundance (Vanha-Majamaa et al. 1996; Beghin et al. 2010; Vacchiano et al. 2014).
Presumably, the majority of seeds in the upper soil layers were likely destroyed by fire (Vanha-
Majamaa et al. 1996; Habrouk et al. 1999); hence, the regeneration of trees depended on
unburned patches within the burned area or the nearest seed sources outside the burned area.
Studies have shown that Scots pine can survive several low-to medium severity forest fires
(Zin et al., 2015). The dispersal distance of Scots pine seeds is limited, < 60 m from the tree
(Debain et al., 2007). Hence, the most probable seed sources for Scots pine were individual
living remnant trees that survived the fire and the surrounding unburned pine-dominated
forests. In contrast, birch seeds are light and can be easily carried long distances by wind
(Eriksson et al. 2003; Hynynen et al. 2009). We observed only three living birch trees in the
post-fire area, which suggests that the majority of the birch seeds came from nearby forest
stands. Although birch can also regenerate naturally from coppice (Perala and Alm 1990), we
did not observe such cases in our study area. The fire of 1992 occurred shortly before the seed
release of birch (July-September; Suchockas 2002) and hence the birch seeds likely arrived
from sources outside of the fire-affected areas.
In the studied landscape, frequent fires have shaped the dynamics of Scots pine-dominated
stands over the last 250 years (Kitenberga et al. 2019) by promoting fire-resistant and
eliminating fire-sensitive tree species (Brumelis et al. 2005). In particular, the abundance of
Scots pine in the post-fire area might have been driven by a high proportion of Scots pine in
the pre-fire forest. The direct re-growth of pre-disturbance dominant tree species has also been
observed for late-successional tree species (Kramer et al. 2014; Baders et al. 2017).

The post-fire management type did not have a significant influence on the abundance
of Scots pine. In contrast, Parro et al. (2015) and Beghin et al. (2010) reported delayed natural
regeneration of Scots pine in SL post-fire areas compared to that in non-intervention areas. The
effect of fire and SL on tree regeneration depends on various factors like the timing and
techniques of SL operations (Keyser et al. 2009) and the fire characteristics (Vacchiano et al.
2014; Dzwonko et al. 2015). We assume that soil scarification created by log skidding may
have created suitable microsites for tree species germination (Saursaunet et al. 2018). In our
study, SL areas were narrow in shape (width 20—160 m) and surrounded by post-fire areas with
living remnant trees or unburned forest, both of which could have served as seed sources (Fig.
1). In addition, in the two largest SL areas, several remnant living pine trees were left as seed
trees. Possibly, the positive influence of soil scarification and nearby seed sources can explain
why we did not observe effects of SL caused by soil compaction (Malvar et al. 2017) and
removal of remnant trees (Seidl et al. 2014).

Salvage logging did not affect the tree species composition on poor and dry soils
(Cladinoso-callunosa and Vacciniosa forest types) and poor peat soil (Sphagnosa). In these
site types, nutrient deficiency is the main limiting factor for the natural regeneration and
survival of tree species (Pretzsch and Dieler 2011; Mellert and Ewald 2014), explaining lack
of effect of SL. The growth of birch, trembling aspen, and Norway spruce trees is not optimal
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on dry and poor sandy soils due to low fertility (Karlsson 1996; Karlsson et al. 1998; Hynynen
et al. 2009; Myking et al. 2011). Scots pine, which is adapted to growth in fire-prone
environments with a limited amount of available nutrients (Keeley 2012), is the most
competitive tree species in these growth conditions, suggested by its large abundance and
height under both management types (Table 2; 5). Similarly, on poor peat soil (Sphagnosa),
the post-fire management did not affect the tree species composition. Scots pine is a common
tree species on peat soil, but with a significantly lower growth rate than on mineral soils
(Dauskane and Elferts 2011; Edvardsson et al. 2015). On peat and waterlogged mineral soils,
the regeneration and growth of trees is hindered by the low availability of nutrients and high
water saturation (Ohlson and Zackrisson 1992; Sundstrém and Hanell 1999; Repo et al. 2017).
Downy birch is another tree species that has adapted to the harsh growth conditions on wet
peatlands (Hynynen et al. 2009) and is the main competitor for Scots pine in these growth
conditions (Table 3).

SL significantly positively affected the abundance of Scots pine only on medium rich
peat soil (Caricoso-phragmitosa). Among the site types in non-intervention areas, the lowest
abundance of Scots pine was observed in the Caricoso-phragmitosa site type (Fig. 2). In this
forest type, the natural regeneration of Scots pine might be constrained by the strong
competition from ground vegetation, especially Polytrichum spp., which was a common
species especially on slightly burned peat soils following the 1992 burn in SNP (Donis 1995).
The study that was conducted two years following the 1992 burn in SNP revealed that the
spatial variation of the fire severity was highly variable on peat soils (Donis 1995). A similar
pattern was observed in Poland, where the regeneration of trees was hindered by the surviving
herbaceous plants on slightly burned muck-peat soil (Dzwonko et al. 2015). We suggest that
the positive effect of SL on the abundance of Scots pine in this forest type could be related to
soil disturbance and improved light conditions. Partial removal of ground vegetation and
mineral soil mixing the with the forest floor could have created favourable conditions for
germination and establishment of Scots pine (Kramer et al. 2014; Poirier et al. 2014).

The living remnant trees had a negative effect on the mean height of Scots pine (Fig. 3,
4). On the one hand, in post-disturbance areas, remnant living trees serve as a seed source and
help to maintain a favourable microclimate for seedling establishment (Vanha-Majamaa et al.
1996; Lampainen et al. 2004). However, remnant living trees create competition for
aboveground and belowground resources (Kuuluvainen et al. 1993; Lundqvist and Fridman
1996; Craine and Dybzinski 2013). The study conducted 7 years following the fire in SNP
showed that the mean height of Scots pine was greater in SL than in non-intervention areas
(Zadina et al. 2014), as observed in our study. It is likely that height growth of Scots pine in
close proximity to remnant trees was hindered by shade and competition for soil nutrients.
Other studies have shown that after SL, Scots pine become the dominant tree species earlier
than in non-intervention areas (Parro et al., 2015), which most likely is linked to the ability of
Scots pine to efficiently acclimate to changes in light conditions with morphological
modifications. Under better light conditions, the potential of photosynthesis and the growth
rate is promoted by increased needle length (de Chantal et al. 2003; Erefur et al. 2011).
Interactions between the studied factors showed that the effect of remnant trees on the height
of Scots pine differed between forest site types (Fig. 4), which might be due to differences in
distances between the sampling plots and closest remnant trees.
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CONCLUSIONS

In this study, we examined the effect of salvage logging on regeneration and height
growth of Scots pine. Salvage logging had an effect on the abundance of Scots pine only on
mesic-peat soil (Caricoso-phragmitosa). We found that remnant living trees in post-fire areas
have a negative effect on height of the regenerating Scots pines. In our study, we did not find
conclusive evidence of the negative influence of salvage logging on abundance and height of
Scots pine. Further studies need to assess effect of retention tree density on the abundance of
regenerating trees.
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