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ANOTACIJA

Neskatoties uz to, ka parastais osis aiznem tikai 1-2% no kopéjas meza platibas
Eiropa un 0.3% Latvija, ta ir ekologiski nozimiga koku suga. Kops devindesmito gadu
sakuma Austrumeiropa un desmit gadus vélak art Centraleiropa un Rietumeiropa
novérota strauja oSa audzu kalSana. O3a kalSanas célonis — invaziva patogéna séne
Hymenoscyphus fraxineus (vélak precizéts zinatniskais nosaukums) — noteikts
2006. gada. Latvija intensiva oSa audZu kalSana novérota sakot ar 2000. gadu. Darba
mérkis bija noskaidrot parasta osa Fraxinus excelsior L. audzu kalSanas dinamiku un
faktorus, kas ietekmeé koku uznémibu pret patogénu; novertét slimibas skarto audzu
sukcesiju un atjaunos$anas potencialu.

0O3a jaunaudZu platiba laika no 2000. lidz 2015. gadam Latvija samazinajas
4.4 reizes. llglaicigas inventarizacijas dati liecina, ka Saja laika posma kopéja osa
mirstiba bijusi 6.9%, un osSa audZu kraja samazinajusies par 171 m®ha™. Veikto
pétljumu rezultata secinats, ka oSa dabiska atjaunoSanas jaunaudzés, ka arl
pieaugusas audzes, salidzinot ar laiku pirms oSa kalSanas, ir krasi pasliktinajusies.
Vitalas paaugas Tpatsvars ir apmeéram %, un, kokiem augot, tas turpina samazinaties.
Notiek oSa audZu parkrimosanas un oSa pakapeniska nomaina ar citam platlapju
sugam. Pétijuma noskaidrots, ka uznémibu pret patogénu ietekmé oSu un osa audzu
morfometriskie parametri, meza tips un meteorologiskie faktori.

Lai gan Latvija oSa kalSana novérota visu vecumu un dazadu sastavu audzém,
noteiktas individualas un regionalas atSkiribas. Augstaka vitalitate konstatéta
vecakiem/lielakiem kokiem; jauktas audzés; labi drenétas un sausas mineralaugsnés;
vairakkart koptas audzés; Latvijas austrumu dala.

Darba rezultati irizmantojami oSa audzu apsaimniekoSanas planosana, esoSo
0sa genétisko resursu meZaudZu novértésana un jaunu mezaudZu izveidosana, ka
ar1 pamatinformacijai turpmakajiem pétijumiem.

Sis promocijas darbs sastav no tematiski vienotam devindm zinatniskam
publikacijam.



ABSTRACT

The area of common ash forest is only 1-2% of the total forest area in Europe
and 0.3% in Latvia. Prior to dieback, ash was an economically and still is ecologically
highly important tree species. In Eastern Europe since the beginning of the 1990s,
and a decade later throughout Central and Western Europe, rapid dieback of ash
stands caused by an unknown reason was observed. In 2006 the causal agent of
ash dieback — an anamorphic fungus Hymenoscyphus fraxineus (species name
later refined) was determined. In Latvia, intensive dieback of ash stands has been
observed since 2000. The aim of the thesis was to assess the dieback dynamics of
common ash Fraxinus excelsior L. stands and determine the main factors affecting
susceptibility of the trees, as well as future succession and potential regeneration
of the affected common ash stands in Latvia.

In Latvia, the area of young ash stands decreased by 4.4 times during
2000-2015. The ten-year-inventory (2005-2015) revealed that the overall mortality
of ash was 6.9% and standing volume of ash stands decreased by 171 m® ha™.
The obtained results indicated that regeneration of ash saplings in ash young
stands as well as in mature stands was lower than in in the pre-dieback times, but
regeneration was still successful. Furthermore, survival and health condition of ash
saplings was relatively poor, as only ca. % of individuals were healthy, and the health
condition decreased with aging. Overgrowth of ash stands with shrub species
has begun, suggesting formation of broadleaved stands with a small admixture
of ash in the future. We found that, susceptibility to ash dieback is significantly
affected by morphometric parameters of ash trees and stands, site conditions and
meteorological factors.

In Latvia, ash dieback was present in ash stands of all ages and composition,
yet some individual and regional differences were observed. Lower susceptibility to
ash dieback was observed for older/larger dimensions trees, mixed stands on well-
drained and dry mineral soils, stands thinned more intensively, and in the eastern
part of Latvia.

The findings of the thesis are applicable for the planning of ash stand
management, assessment of the existing situation, for the designation of additional
genetic resource forests, as well as provide basic information for future studies.
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1. DARBA VISPARIGS RAKSTUROJUMS

1.1. Parasta osa visparigs raksturojums

Parastais osis Fraxinus excelsior L. (Oleaceae) ir viena no ¢etram vietéjam osu
sugam Eiropa (Thomas, 2016), kas sastopams 64% Eiropas teritorijas (Grime et al.,
2007). Osa dabiskais izplatibas areals pleSas no Fenoskandijas dienvidu dalas Iidz
Griekijai un no Spanijas zieme|u dalas lidz Volgas upei Krievijas rietumos (Thomas,
2016; 1.1. att.). Tas liela méra sakrit ar parasta ozola Quercus robur L. izplatibas arealu,
kas ir raksturiga suga Eiropas nemoralo meZu zonai (Dobrowolska et al., 2011). OSi
kalnu rajonos (Pireneji, Alpi) sasniedz 2200 mv.j.l. augstuma robezu (Beck et al., 2016).
Eiropa parastais osis ir sastopams plasas teritorijas dazadu vecumgrupu primarajos
un sekundarajos mezos. Tipiskas augtenes ir platlapju meZi, ieleju mezi, upju krasti
un plavas. Prastais osis Eiropas valstis aiznem 1-2% no kopéjas mezaudzu platibas
vai koksnes krajas (Fischer & Lorenz, 2011; Rozsypalek et al., 2017). Osa meZaudzu
platiba ta ziemelu izplatibas areala tuvuma ir daudz mazaka neka Centraleiropa un
Rietumeiropa (Cleary et al., 2017; Drenkhan et al., 2017; Heinze et al., 2017).

Pirms osa kalSanas Zviedrija (Dobrowolska et al., 2011) un Apvienotaja
Karalisté (Wardle, 1961), osis tika pieskaitits pioniersugam, bet Danija uzskatits ka
starpposms starp meZaudzes pionierstadiju un klimaksa stadiju (Ahlberg, 2014).

0w 10w o 10°E 20°E 30°E 0°E S0°E 60°E 0°E

T = 5 < 2
Zusammengestellt von Thomas Kirisitsim Zuge der EU-finanzierten Projekte ‘FORTHREATS’, ‘ISEFOR’ und der COST Aktion
FP 1103 ‘FRAXBACK’, basit aufLi und onli itteil von Experten (Stand: November 2015)

Das Verbreitungsgebiet der Europaischen Esche

‘ ‘ B\
__43 & \ ) _— 4 (Fraxinus excelsior) ist blau hinterlegt (© EUFORGEN) ||
5 2003 T =

\‘ 20077,’11 \ f;-;}///
. S \ 5 S _

T
40°N

Km
250 500 1,000
Sy

0

1.1. att. Parasta oSa Fraxinus excelsior dabiskas izplatibas areals (kosi zils)
Gadi norada patogéna Hymenoscyphus fraxineus izplatibu Eiropa (BFW, 2020).
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Centraleiropa un Ziemeleiropa osi pielidzinaja invazivajam sugam (Wagner, 1990),
un tika lietots termins “fraxinisation” (Fraxigen, 2005).

Parastais osis ir ekologiski plastiska suga, kas aug dazadas augsnés (iznemot
skabas) un dazados augsanas apstaklos (Wardle, 1961). Dabiska izplatibas areala
austrumu dala oSi dominé palienu meZos un mitrdas zemienés mala-smilSmala
augsnés (Dufour & Piegay, 2008) vai gravu mezos un sameéra sausas vietas akmenainas
kalnu nogazés (Weber-Blaschke et al., 2008). Tade| vésturiski izdaliti divi oSa ekotipi:
ta sauktais “Gdens osis”, kas piemeérojies mitriem augsanas apstakliem, un “kalka
osis” kas pielagojies sausam, kalkainam vietam (Minch & Dietrich, 1925). Eiropa
parastais osis lielakoties dominé vietas, kas ir mazak piemérotas dizskabarza Fagus
spp., ozola Quercus spp. un zinama méra ari alksnu Alnus spp. augsanai (Jahn, 1991,
Ellenberg, 1996). Lielakoties osis ir sastopams meZaudzu piemistrojuma (kopa ar
dazadam platlapu sugam); tiraudzes veido reti (Dobrowolska et al., 2011; Pautasso
et al., 2013).

Parasta osa populacijai Eiropa raksturigs zems polimorfisma [imenis: kopuma
no 201 osa populacijas izdaliti 12 hloroplastu haplotipi, bet, analizéjot 62 populacijas,
konstatéti divi kodola haplotipi (Heuertz et al., 2004a). Salidzinajumam — Eiropas
platlapju koku sugu izpété 22 populacijas atklati 15 haplotipi, ieskaitot septinus
haplotipus no 24 osa populacijam (Petit et al., 2003). Pécleduslaikmeta vegetacijas
rekolonizacijas rezultata ir radusas genétiski atSkirigas parasta osa linijas, uz ko
norada mates parmantotie hloroplastu haplotipi, kuru izplatiba ir heterogéna
(Heuertz et al., 2004a). Augstaka haplotipu daudzveidiba konstatéta Centraleiropa
un Dienvideiropa, turpreti Ziemeleiropa un Austrumeiropa dominé viens haplotips
(HO1) (Tollefsrud et al., 2016), noradot uz genétiskas daudzveidibas geografiskam
atskiribam. Rietumeiropa un Centraleiropa starp populacijam novérota saméra
augsta homogenitate, alélu bagatiba un genétiska daudzveidiba (Heuertz et
al., 2004b), turpreti osa ziemelu izplatibas areala tuvuma novérota populaciju
fragmentacija un zema alélu daudzveidiba (Heuertz et al., 2004a; Tollefsrud et al.,
2016; Bgrja et al., 2017; Cleary et al., 2017). Osi apputeksné véjs, tadé| populaciju
fragmentacijas samazinasanu ziemelu izplatibas areala tuvuma varétu veicinat
ziedputeksnu plisma starp populacijam (Bacles et al., 2005).

Osis pirms kalSanas bija ekonomiski nozimiga koku suga (Dobrowolska et
al., 2011; Pratt, 2017; Enderle et al., 2019 un atsauces taja). Osis ir atraudzigs, ar
izturigu un elastigu koksni, kas piemérota augstas kvalitates kokmaterialu raZzoSanai,
pieméram, mébelém, finierim, gridas segumam, sporta aprikojumam un citiem
meérkiem (Fraxigen, 2005; Enderle et al., 2017; Rozsypalek et al., 2017). Vairakas
Eiropas valstis osim ir liela ainaviska nozime, tas ir galvena sastavdala darzu, parku
un dzivZogu veidoSana (Pautasso et al., 2013; McCracken et al., 2017). Tapat osis
ir ekologiski nozimiga suga, kas nodrosSina augstu biologisko daudzveidibu, Tpasi
ar to saistitam sugam (L6hmus & Runnel, 2014; Mitchell et al., 2014). Pieméram,
Lielbritanija 953 sugas ir cieSi saistitas ar parasto osi, bet 44 no tam ir pilniba
atkarigas no osa (Mitchell et al., 2014).
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Latvija osis atrodas tuvu ta ziemelu izplatibas areala robezai, kas nosaka
sugas augsto jutigumu pret apkartéjas vides faktoriem un saistas ar audzu izplatibas
nevienmérigumu. OSa audzes ir sastopamas visa valsti, tacu galvenokart tas
koncentréjas Latvijas centralaja un rietumu dala (l'dz 10.9% no kopé&jas meZzaudzu
platibas), kur augsnes ir augligakas un klimats maigaks. Vismazakais osa audzu
Ipatsvars ir kontinentalaja Latvijas austrumu dala, kur ziemas ir skarbakas un
pavasaros bieZi novérojamas vélas salnas (Nikodemus et al., 2009; Kenigsvalde
et al., 2010). Latvija osis lielakoties aug jauktos mezos eitrofas augsnés (97% no
kopé€jas audzu platibas) mistrojuma ar citam sugam (piem., apsi Populus spp., bérzu
Betula spp., alksni u.c.) vai parasto egli Picea abies (L.) H. Karst., tiraudzes veido reti.

1.2. Parasta osa audzu kalSana

Pirmas defoliacijas pazimes un vainagu aug$€jo zaru kalSana novérota Polijas
zieme)austrumos 1990-to gadu sakuma (Przybyt, 2002). Osa kalSanas (ADB) apjomi
tiek aprékinati, izmantojot dazadus lielumus: nokaltuSso koku skaitu, ikgad€jo
mirstibas koeficientu, oSa mezu platibu samazinasanos, nokaltusas koksnes kraju
u.c. (Chira et al., 2017; PliGra et al., 2017; Timmermann et al., 2017). Lidz ar to
nav precizi salidzinamu datu par oSa meZaudZu samazinasanos Eiropa; viens no
viennozimigajiem ADB raksturlielumiem ir koku mirstiba jeb miruso koku Tpatsvars
konkréta laika posma (Coker et al., 2019), kas izmantota daudzos pétijumos. Kopé€ja
o3a mirstiba Eiropa svarstas no 6.9 [1dz 10.1% gada (Lenz et al., 2016; Matisone et al.,
2018), bet maksimala stadito, ka ari dabiski atjaunoto mezaudzu mirstiba parsniedz
70% (Coker et al., 2019). Diemzél sadrumstalotie publicétie dati par osa mezaudzu
stavokli nelauj izdarit visaptveroSus secinajumus par ADB apjomiem Eiropa, tapéc
standartizéts parskats bitu Joti noderigs.

Talaka ADB izplatiba bija strauja, dazos gados sasniedzot kaiminos esoSo
Lietuvu un Latviju, tomér oficiali ADB Latvija apstiprinata tikai 2000. gada
(Timmermann et al., 2011). Vélak ta izplatijas visa Centraleiropa un Ziemeleirop3;
2012. gada (iesp€jams, ar inficétu stadmaterialu) sasniedzot geografiski izoléto
Lielbritaniju (Orton et al., 2018; 1.1. att.). Detalu hronologisko sarakstu ar ADB
pirmajiem novérojumiem Eiropas valstis izstradaja McKinney et al. (2014).

Vislielaka oSa mezaudZu platiba Latvija bija 1998. gada, sasniedzot 21905.3 ha
jeb0.8% no kopéjas mezaudzu platibas (Laivinsetal., 2016), tacu, sakot ar 2000. gadu,
ta strauji samazinajas (Liepin$, 2003). Sobrid o$a mezaud?u platiba ir tikai 9354 ha
(0.3% no kopéjas mezaudzu platibas), no kuras 5% (470 ha) ir jaunaudzes (<40 gadi)
(Valsts meza dienests, 2019).

1.3. Parasta oSa kalSanas izraisitaji un inficésanas mehanismi

Balstoties uz pirmajiem novérojumiem, sakotnéji uzskatija, ka ADB izraisa sals
vai sausuma radttais stress (Pukacki & Przybyl, 2005). Bojatajiem kokiem raksturigi
simptomi: nekrotiski plankumi uz lapam vai lapu katiniem (Skovsgaard et al., 2010),
brani plankumi uz pumpuriem (Bengtsson et al., 2014), ka arT lapu un galotnu visana
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(Schumacher et al., 2009). Siem simptomiem seko nekrotisku bojajumu veidoanas,
kas no lapam izplatas uz dzinumiem, zariem un stumbriem, ka rezultata bojatas
koka dalas nokalst (Bakys et al., 2009a; Skovsgaard et al., 2010; Bengtsson et al.,
2014). Zaru kalSana veicina Gdenszaru augsanu, lidz ar to — krimveida vainagu
veidosanos (Gross et al., 2014). llgaki simptomu novérojumi rosinaja izvértét ari
citus osa kalSanas célonus, pieméram, patogénu izraisitu slimibu.

OsakalSanas célona noteiksanailga vairakus gadus (Przybyt, 2002). 2006. gada
T. Kowalski no inficétiem parasta oSa dzinumiem, zariem un stumbriem izoléja un
aprakstija anamorfu séni Chalara fraxinea T. Kowalski, kas tika uzskatita par ADB
izraisttaju (Kowalski, 2006). Sénes patogenitati vélak savos pétijumos apstiprinaja
Kowalski & Holdenrieder (2009a) un Bakys et al. (2009a,b). 2009. gada Kowalski &
Holdenrieder (2009b) atklaja ka C. fraxinea teleomorfa stadija ir Hymenoscyphus
albidus (Gillet) W. Phillips, kas agrak Eiropa bija zinams ka nobiru saprofits. Queloz
et al. (2011) pieradija, ka ir divas morfologiski praktiski identiskas, bet genétiski
atskirigas Hymenoscyphus sugas: H. albidus, kas bija pazistama jau ieprieks, un jauna
suga — H. pseudoalbidus V. Queloz, C.R. Griinig, R. Berndt, T. Kowalski, T.N. Sieber
& 0. Holdenrieder, kas izraisa ADB. Gadu vélak noskaidrots, ka H. pseudoalbidus
Eiropa ticis introducéts no Azijas (Zhao et al., 2012). Vél tris gadus vélak Baral et
al. (2014) precizéja sénes nosaukumu péc pasaulé pienemtas nomenklatiras,
nomainot to uz Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz & Hosoya
ar anamorfas stadijas nosaukumu Chalara fraxinea un taksonomisko sinonimu
Hymenoscyphus pseudoalbidus.

Balstoties uzliteratlras datiem, Grossetal. (2012,2014) aprakstija H. fraxineus
dzives ciklu (1.2. att.). Viss dzives cikls ilgst vienu gadu. Askusporas veidojas lapu
nobiras no apotécijiem, kas vasara veidojas uz iepriekséja gada nokrituso osu lapu

)
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1.2. att. Hymenoscyphus fraxineus dzives cikla shematisks attélojums

(péc Gross et al., 2012)
Sarkana un zila sporu un micélija krasa attélo divus H. fraxineus parosanas veidus.
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katiniem. Askusporas izplatas ar véju. Saimniekauga tas, izmantojot aprosorijas,
iekllst caur lapam. lek|Tstot lapa, séne izplatas lapu katina (viens lapu katins var
bat kolonizéts ar vairakiem H. fraxineus genotipiem). Péc lapu nobirSanas uz lapu
katiniem veidojas sénes anamorfa stadija, kura izdala spermacijas. Apauglosanas
notiek caur konidijam, kas rudeni, kad temperatiira pazeminas, liela skaita veidojas
uz nobiruso lapu katiniem. Jaunie apotéciji uz osu lapu katiniem veidojas nakamas
augsanas sezonas vasara, uzsakot jaunu infekcijas ciklu.

Galvenais slimibas izplatitajs ir véjs, kas parnes askusporas no lapu nobiram
uz veselam oSu lapam. Aprékinats, ka slimibu ierosinoSo askusporu izplatisanas
atrums Eiropa ir no 30 Iidz 70 km gada (Luchi et al., 2012; Solheim et al., 2012; Bgrja
etal., 2017).

Patogéns H. fraxineus tiek uzskatits par primaro ADB ierosinataju, bet
slimibas novajinato koku bojaeju biezi izraisa sekundarie patogéni, pieméram,
celmenes Armillaria spp. (Skovsgaard et al., 2010; Bakys et al., 2011; Enderle et
al., 2013; Chandelier et al., 2016). Celmenes strauji kolonizé koksni pie saknu kakla
H. fraxineus bojajumu vietas (Husson et al., 2012), tapéc inficétiem oSiem bieZi
tiek novérota saknu trupe. Latvija 2007. gada ADB izraisoSo H. fraxineus klatbatni
laboratoriski apstiprinaja Austrijas zinatnieks T. Kirisits (Kenigsvalde et al., 2010).

1.4. Parasta o$a uznémiba un rezistence pret Hymenoscyphus fraxineus

Ne visiem kokiem, pat augot vietas ar augstu infekcijas fonu, tiek konstatéti
slimibas simptomi, kas liecina par dabisko noturibu pret patogénu un/vai Tpasiem
ekologiskiem faktoriem, kas ierobezo patogénu (Stener, 2013; Enderle et al., 2015).
Tapéc rezistence un metodes tas uzlaboSanai ir visbieZak pétitie ADB aspekti
(Kjaer et al., 2012; McKinney et al., 2014). Lielakaja dala pétijumu secinats, ka
apméram 1% no kokiem varétu bat ar paaugstinatu rezistenci (McKinney et al.,
2011a; Plidra et al., 2011; Kjaer et al., 2012; Lobo et al., 2014; Mufioz et al., 2016;
Stener, 2018). Tomér Plilira et al. (2015) norada, ka nevienai no parbauditajam osa
proveniencém vai oSa pécnacéjiem nav bijusi pilniga rezistence pret patogénu.
McKinney et al. (2014) secinajusi, ka slimiba Eiropa ir parak 1su laiku, lai attistitos
dabiska rezistence pret H. fraxineus, kamér Carlsson-Graner & Thrall (2015)
norada uz risku, ka patogéna evolicija varétu bit straujaka neka saimniekaugam.
Neskatoties uz to, proveniencu eksperimentu un osa selekciju programmu nozime
Eiropa joprojam palielinas (Plilira et al., 2011; Enderle et al., 2015; Havrdova et
al., 2016). Rezistence pret ADB uzradija viduvéju iedzimstamibu Eiropa (h? = 0.20-
0.40), noradot uz ierobeZotu selekcijas potencialu nakamo osa paaudzZu veselibas
stavokla uzlaboSana (Plidra et al., 2011; Kjaer et al., 2012; Stener, 2013; Lobo et
al., 2014; McKinney et al., 2014; Enderle et al., 2015; Mufoz et al., 2016; Stener,
2018). Vairakos in vitro pétijumos ir novérota dazu sénu endofitu antagonistiska
aktivitate pret H. fraxineus (Schlegel et al., 2016; Hanackova et al., 2017; Kosawang
et al., 2018). Tomér pozitiva endofitisko mikrobiomu ietekme uz osa jutigumu
pret ADB in situ nav novérota (Hanackova et al.,, 2017; Hietala et al., 2018;
Schlegel et al., 2018).
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Vairakos pétijumos ir analizéti faktori, kas ietekmé infekcijas pakapi audze,
pieméram, infekcijas klatbdtnes laiks, oSa vecums un dimensijas, augSanas
apstakli, audzes sastavs u.c. Pétljumu rezultati lielakoties ir vienpratigi, tacu ir
noraditas daZas regionalas atskiribas. Lielakaja dala pétijumu konstatéts, ka jaunako
(Enderle et al., 2017; Rozsypalek et al., 2017; Enderle et al., 2018) un mazako koku
(Bengtsson & Senstrom, 2017; Cleary et al., 2017; Marcais et al., 2017; Plilira et
al., 2017; Enderle et al., 2018) vitalitate ir zemaka. Tas, iespéjams, skaidrojams ar
palielinatu H. fraxineus askosporu daudzumu nobiras, kas mazakos/zemakos kokus
var vieglak inficét (Timmermann et al., 2011; Hietala et al., 2013; Chandelier et al.,
2014). Papildus tam, Timmermann et al. (2017), secinaja, ka atseviska nekroze uz
stumbra mazam kokam var izraisit galotnes vai par visa koka atru nokalSanu. Turklat
paaugas oSi ir paklauti lielakai konkurencei ar paréjo vegetaciju, kas tos var novajinat
(Cech, 2008). Vecakos kokos slimiba attistas Ienak (McKinney et al., 2011a; Lenz et
al., 2016), kas saistams ar lielaku lapotni un lidz ar to pakapenisku vainaga kalsanu
(Timmermann et al., 2017).

Osa kalSana notiek visos biotopos un augsanas apstaklos, tomér konstatéts,
ka mitrakas vietas mirstiba ir augstaka (Ghelardini et al., 2017; Heinze et al., 2017;
Timmermann et al., 2017). Nosusinasanai var b{t pozitiva ietekme uz osa vitalitati,
jo parak mitras vietas koki var bt mazak izturigi pret slimibam (Dobrowolska et
al.,, 2011; Schumacher, 2011; Ahlberg, 2014). Ari stress, ko rada konkurence ar
citam sugam, it ipasi dabiskajai atjaunoSanai planotajiem jauniem kokiem, novajina
osus un palielina to uznémibu pret H. fraxineus (Keer, 1998; Givnish, 2002; Royo &
Carson, 2006; Skovsgaard et al., 2010).

Osu vitalitate un nokaltuso koku apjomi starp audzém atskiras, retak
sastopamas oSa tiraudzes slimo visspécigak (Dobrowolska et al., 2011), kas,
iespéjams, saistams ar augstu patogéna un saimniekaugu blivumu. No slimibas
mazak cies$ jauktas audzes (Schumacher, 2011; Stener, 2013), kuras kimisko, fizisko un
biologisko barjeru klatbltne ierobeZo primaro un sekundaro patogénu izplatisanos
(Loreau et al., 2001; Jactel et al., 2005; Pautasso et al., 2005; Kosawang et al., 2018).
Margais et al. (2017) un Coker et al. (2019) aprakstijusi infekcijas cikliskumu, kad
6—8 gadus péc spécigas infekcijas, strauji samazinoties oSa biezumam audzé, to
mirstibas radttaji uzlabojas (Enderle et al., 2018). Neskatoties uz to, detali pétijumi
par patogéna izplatiSanos norada, ka atlikusajos dzivajos kokos slimiba |énam
progresé (Bengtsson et al., 2014).

Pieaugot slimibas apmériem, infekcijas izplatibas samazinasanai izméginatas
dazadas apsaimniekoSanas metodes. Tacu, pieméram, bojato zaru apgrieSana
(Marciulyniene et al.,, 2017), bojato koku sadedzinasana un celmu apstrade
ar herbicidiem (McCracken et al., 2017) infekcijas izplatibu neierobezoja.
Tomér joprojam turpinas diskusijas par atsevisku mezkopibas aktivitasu
lietderigumu, pieméram, kopsanu, kuras ietekmé var mainities mikroklimats un
infekcijas apstak|i, tadéjadi samazinot slimibas ietekmi (Bakys et al., 2013; Ahlberg,
2014; Cleary et al., 2017). Danija vienvecuma jaunaudzés vissliktaka osa vitalitate
konstatéta nekoptos parauglaukumos, tacu ta nebija saistita ar audzes biezumu
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(Bakys et al., 2013). Tapéc dazadi faktori, pieméram, oSa un citu sugu biezums,
sugu sastavs, augsnes un mitruma rezims, ka art mijiedarbiba starp Siem faktoriem
norada, ka ADB gaitu nosaka vides faktoru komplekss.

Meteorologiskie apstakli ietekmé gan osa, gan patogéna veiksmigu augsanu
(Wardle, 1961; Kowalski & Bartnik, 2010; Maresi, 2014). Pieméram, zemas gaisa
temperatiras, vélas pavasara salnas, sausums un nelabveéligi mitruma apstakli
novajina kokus un rada tiem stresu, tadejadi uzlabojot apstaklus infekcijas
izplatibai (Thomsen & Skovsgaard, 2006; La Porta et al., 2008; Pautasso et al.,
2010; Tulik et al., 2010). Vairaki zinatnieki ir nonakusi pie secinajuma, ka sausais
klimats un sezonals sausums ir nelabvéligi ADB (Chira et al., 2017; Grosdidier et
al. 2018). Pieméram, Italija H. fraxineus izplatiba tiek saistita gan ar augsto gaisa
temperatiru, gan bagatigajiem nokriSniem visas augSanas sezonas laika (Maresi,
2014). Tomer regionalajam un lokalajam klimatiskajam atskirtbam ir liela ietekme
uz osa vitalitati (Maresi, 2014). Raugoties globali, klimata parmainas ir ticamakais
faktors, kas slimibas izplatibu nakotné varétu dabiski ierobeZot, jo paaugstinata
temperatira un sausums ir nelabveéligi ADB, un tiek uzskatits, ka Dienvideiropas
siltakajos apgabalos slimibas risks ir zemaks (Goberville et al., 2016; Grosdidier et
al., 2018). Neskatoties uz to, parasta osa eksistenci nakotné Eiropa var apdraudét ari
smaragdzala krasnvabole Agrilus planipennis Fairmare, kas iznicina oSa populacijas
Ziemelamerikas austrumu dala un Sobrid strauji izplatas Krievijas Eiropas dala
(Liebhold, 2012; Valenta et al., 2015).

1.5. Patogéna Hymenoscyphus fraxineus skarto parasta osa
audzu transformésanas

Osa dabiska atjaunoSanas pirms ADB bija plasi pétita, ieskaitot tadus aspekts
ka osa biezums dazados mezZa tipos (Sakss, 1958; Tabari & Lust, 1999; Laivins &
Mangale, 2004), audzes struktlra (Ellenberg, 1996; Tabari et al., 1999; Gotmark
et al., 2005; Dufour & Piegay, 2008), produktivitate (Wardle, 1961; Jaworski, 1995;
Strestil & Sammonil, 2006), konkurence ar zemsedzi un citiem kokaugiem (Wardle,
1961; de la Cretaz & Kelty, 2002) u.c. Mitchell (2014) ir modeléjusi gaidamas
izmainas mezaudzu vaskularo augu sabiedribas, kas saistitas ar ADB Lielbritanija,
tacu lidziga veida in situ pétijumu péc ADB trikst.

Slimibas skartas oSa audzes Eiropa pastavigi transforméjas, dazas no tam
tiek atjaunotas ar citam koku sugam, jo osSa stadiSana ekonomisku apsvérumu dé|
ir partraukta (Kirisits et al., 2011; Bakys, 2013). Tomér dala no nocirstajam osa
audzém tiek planota dabiska atjaunosana, jo $adas audzés labi atjaunojas citas koku
sugas, kas auga mistrojuma ar osi (Lygis et al., 2014). Lidz ar to audzu floristiskais
sastavs saglabajas lidzigs ka pirms ADB. Pieméram, Lietuva augligas un mitras
vietas galvenokart atjaunojas sukcesijas sakumstadijas vai pioniersugas, pieméram,
baltalksnis Alnus incana (L.) Moench., ara bérzs Betula pendula Roth un parasta
apse Populus tremula L. (Lygis et al., 2014).

Dabiski atjaunojuSos o3a individu skaits péc ADB krasi samazinas, tomeér
atjaunos$anas intensitatei novérotas regionalas atSkiribas. Jaunas oSa paaugas
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biezums jaunaudzés Austrumeiropa ir lielaks neka Centraleiropa. Pieméram,
Lietuva 2011. gada dabiski atjaunojas 599 osiha™ (Lygis et al., 2014), lgaunija
2015. gada — 3500 osi ha™ (Drenkhan et al., 2017), bet Vacija 2015. gada atjaunojas
653 osi ha™ (Enderle et al., 2018). Osa atjaunosanas varétu bt saistita ar séklu koku
vitalitati konkrétaja audzé vai regiona. Semizer-Cuming et al. (2019) konstatéja, ka
kokiem ar zemu jutibu pret ADB ir augstaka reproduktiva spéja, salidzinot ar |oti
jutigiem kokiem, kas var uzlabot dabisko atjaunosanos. Jauno osu vitalitate Eiropa
ir apméram lidziga, jo vitalo koku Tpatsvars svarstas no 32 lidz 41% (Lygis et al., 2014;
Drenkhan et al., 2017; Giongo et al., 2017; Enderle et al., 2018), noradot uz lokalo
apstaklu ietekmi.

O3a stadisanai tuvakaja nakotné perspektivu nav. Vacija visi iestadttie osi bija
inficéti, un to mirstiba laika no 2013. [idz 2014. gadam sasniedza 73% (Enderle et
al.,, 2017). Tapéc mezu atjaunoSana rekomendé izmantot alternativas sugas, kas
dabiskos apstaklos aug kopa ar osi. Chira et al. (2017) ierosinaja, ka Rumanija osa
mezus varétu aizstat ar hibrido papeli Populus x canadensis Moench, dazadam
ozolu sugam vai Pensilvanijas osi Fraxinus pennsylvanica Marshall, kas Sobrid ir
neuznémigs pret ADB. Vacija slimibas skartas osa audzes tiek papildinatas ar apsu
hibridiem (Enderle et al., 2017). Upmalas un kalkainas augsnés tiek rekomendétas
citas alternativas sugas (vitols Salix spp., apse, ozols, klava Acer spp., goba Ulmus
spp., alksnis, liepa Tilia spp., saldais kirsis Prunus avium L., parastais skabardis
Carpinus betulus L. u.c. (Sioen et al., 2017). Osa kalSana atstaj negativu ietekmi uz
sugam, kas saistitas ar osa meziem (putni, ziditaji, siinas, sénes, bezmugurkaulnieki
un kérpji), samazinot to daudzumu vai pat apdraudot to eksistenci (L6hmus &
Runnel, 2014; Mitchell et al., 2014; Mitchell, 2014). Noskaidrots, ka Lielbritanija
tikai 69% no sugam, kas saistitas ar parasto osi var atrast alternativu koku sugu
(Mitchell et al., 2014). Eksperimentalajos parauglaukumos Igaunija piecu gadu
laika viena epifitu suga — askomicéte Pyrenula laevigata (Pers.) Arnold — izzuda un
vél tris sugas tuvakaja nakotné varétu lokali izzust, ja pilntba zaudés savu dzivotni
uz oSa. Tikai viens epifitiskais kérpis Lobaria pulmonaria (L.) Hoffm saraZoja
<20 laponus uz alternativa saimniekauga gobas, klavas vai liepas (L6hmus & Runnel,
2014), noradot, ka parastais osis, salidzinot ar citam Eiropas lapkoku sugam, ar
vidi mijiedarbojas unikala veida, kas 1pasi attiecas uz baribas vielu apriti (Mitchell
et al., 2014). Latvija vislielaka epifitu bagatiba novérota uz osiem, lielaka dala so
sugu sastopamas arl uz parastas gobas Ulmus glabra Huds (Gerra-Inohosa, 2018).
Tomér abas Sis koku sugas ir slimibu apdraudétas, kas var negativi ietekmét epifitu
daudzveidibu nakotné.

1.6. Promocijas darba merkis

Promocijas darba mérkis bija noskaidrot parasta oSa Fraxinus excelsior L.
audzu kalSanas dinamiku un faktorus, kas ietekmé koku uznémibu pret patogénu;
noveértét slimibas skarto audzu sukcesiju un atjaunosanas potencialu.

17



1.7. Promocijas darba uzdevumi

Promocijas darba izvirziti ¢etri uzdevumi:

1. noskaidrot o$a audzu kalSanas dinamikas regionalas atskiribas un tas saistibu
ar meteorologiskajiem faktoriem;

2. noteikt parasta osa genétisko daudzveidibu un populacijas struktdru;

3. raksturot osa atjaunoSanos un sukcesiju slimibas skartajas pieaugusajas osa
audzés un jaunaudzes;

4, novértét augSanas apstaklu un saimnieciskas darbibas ietekmi uz oSa paaugas

atjaunosanos un vitalitati.

1.8. Promocijas darba tézes

Promocijas darba izvirzitas tris tézes:

1. intensivas oSa audZu destrukcijas apstaklos Latvija joprojam pastav augsts
sugas saglabasanas potencials, un nakotné osis bis sastopams jauktas audzés
ka piemistrojuma suga salidzinosi neliela daudzuma;

2. osi ir vitalaki intensivi apsaimniekotas (koptas, nosusinatas utt.) jauktas
audzeés, savukart piemistrojuma sugam var bat atskiriga ietekme uz osa
fitosanitaro stavokli;

3. oSa pieauguma jutibai pret meteorologiskajiem faktoriem ir neizteikta
saistiba ar oSa kalSanu, bet batisko faktoru kopums norada uz pieaugosu
stresu klimata parmainu rezultata, kas var samazinat koku rezistenci.

1.9. Pétijuma novitate

Promocijas darba pirmo reizi Latvija detalizéti analizéta invaziva patogéna
izraisita masveida vietéjas koku sugas, parasta oSa, mezaudzu kalSana. Pirmo reizi
vistuvak oSa audzu izplatibas dabiska areala ziemelu robezai novértéta slimibas
skarto audzu transformacija un oSa dabiska atjaunoSanas dazados meza tipos.
Pirmo reizi Baltijas valstis novértéta augsanas apstaklu un saimnieciskas darbibas
ietekme uz oSa paaugas atjaunos$anas intensitati un vitalitati. Novértéta osa
radiala pieauguma gaitas un jutibas pret meteorologiskajiem faktoriem saistiba ar
osa kalsanu.

1.10. Promocijas darba uzbuve

Promocijas darbs sastav no devinam publikacijam. Pirmas divas publikacijas
(I un 1l publikacija) raksturo ADB gaitu un apjomus. Patogéna H. fraxineus vienas
sezonas attistibas dinamika aprakstita Ill publikacija. Osa radiala pieauguma gaita
un jutiba pret meteorologiskajiem faktoriem saistiba ar ADB pétita IV publikacija.
Parasta oSa genétiska daudzveidiba un populaciju struktira Latvija raksturota
V publikacija. Nakamajas divas publikacijas (VI un VII) analizéta kokaugu sukcesija
ADB skartajas audzés. Parasta oSa dabiska atjaunoSanas jaunaudzés atkariba no
augsSanas apstakliem un saimnieciskas darbibas analizéta VIl un IX publikacija.
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1.11. Promocijas darba aprobacija

Zinojumi par pétijuma rezultatiem prezentéti 15 starptautiskas konferenceés:

Burnevica N., Matisone I., Zaluma A., Brlina L., Laivin$ M., Gaitnieks T. (2019).
Ash dieback and other actual diseases in Latvia. Consolidating approaches to
mitigate the ash dieback disease in Baltic States and Germany, October 16,
2019, Kaunas — October 17, 2019, Vilnius, Lithuania. Referats.

Matisone I. (2017). Ash dieback in Latvia: causes, consequences, lessons
for forest management. Forestry doctoral school. June 19-22, 2017,
Jaunkalsnava, Latvia. Referats.

Puspure*l., Zaluma A., Gaitnieks T., Burnevica N., Matisons R. (2017).
Seasonal development of lesions of young common ash in Latvia. Invasive
Forest Pathogens & Implications for Biology & Policy, IUFRO Working Party
7.02.02, May 7-11, 2017, Niagara Falls, Ontario. Stenda referats.

Puspure*l., Matisons R., Laivins M., Libiete Z. (2016). Influence of stand
structure on resistance of common ash young stands to ash dieback.
Integrating Scientific Knowledge in Mixed Forests EuMIXFOR Final
Conference COST Action FP 1206, October 5-7, 2016, Prague, Czech Republic.
Stenda referats.

Puspure*l., Matisons R., Laivin$ M., Gaitnieks T. (2016). Natural regeneration
of common ash in young stands in Latvia 3. COST Action FP1103. Fraxinus
dieback in Europe: elaborating guidelines and strategies for sustainable
management, March 1-3, 2016, Bratislava, Slovakia. Referats.

Puspure*l., Gerra-Inohosa L., Matisons R., Laivins M. (2016). Tree-ring width
of European ash differing by crown condition and its relationship with climatic
factors in Latvia. Cost action FP1103. Fraxinus dieback in Europe: elaborating
guidelines and strategies for sustainable management, March 29-April 3,
2016, Riga, Latvia. Referats.

Puspure*l., Matisons R., Laivins M., Burnevi¢a N., Gaitnieks T. (2016).
Natural regeneration of common ash in young stands in Latvia 2. COST Action
FP1103. Fraxinus dieback in Europe: elaborating guidelines and strategies for
sustainable management, March 29-April 3, 2016, Riga, Latvia. Referats.

Puspure*l. (2015). Natural regeneration of common ash Fraxinus excelsior
L. stands in Latvia 1. COST Action FP1103. Fraxinus dieback in Europe:
elaborating guidelines and strategies for sustainable management,
April 12-16, 2015, Dubrovnik, Croatia. Referats.

Puspure*l. (2015). Quality assessment of European ash Fraxinus excelsior
L. genetic resource forests in Latvia. 21 Annual International Scientific

* maintts uzvards no Puspure uz Matisone.
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10.

11.

12.

13.

14.

15.

Conference Research for Rural Development 2015, May 13-15, 2015. Jelgava,
Latvia. Referats.

Puspure*l. (2015). Comparison of species diversity in two Fraxinus excelsior
L. woodland key habitat regions of Latvia. 8" International Conference on
Biodiversity Research, April 28-30, 2015, Daugavpils, Latvia. Stenda referats.

Laivins M., Puspure*l. (2015). The destruction and transformation of Fraxinus
excelsior forest stands in Latvia. Scientific Conference of the Forest Sector:
Knowledge based forest sector, November 4—6, 2015, Riga, Latvia. Referats.

Laivins M., PusSpure*l., Gerra-lnohosa L. (2015). The destruction and
transformation of Fraxinus excelsior L. forest stands in Latvia. Scientific
Conference of the Forest Sector: Knowledge based forest sector,
November 4—6, 2015, Riga, Latvia. Stenda referats.

Laivins M., Gerra-Inohosa L., Puspure*l. (2015). Monitoring of Fraxinus
excelsior L. forest stands in Latvia. Scientific Conference of the Forest
Sector: Knowledge based forest sector, November 4-6, 2015, Riga, Latvia.
Stenda referats.

Puspure*l., Laivins M., Gerra-Inohosa L. (2015). The dynamic of shrub layer
in Fraxinus excelsior L. forest stands in response to ash dieback in Latvia.
Scientific Conference of the Forest Sector: Knowledge based forest sector,
November 4-6, 2015, Riga, Latvia. Stenda referats.

Puspure*l., Gerra-Inohosa L., Laivin§ M. (2015). Natural regeneration and
vitality of common ash Fraxinus excelsior L. forest stands in Latvia. Nordic-
Baltic Forest Conference “Wise Use of Improved Forest Reproductive
Material”, September 15-16, 2015, Riga, Latvia. Stenda referats.
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2. MATERIALI UN METODES

2.1. Pétijuma objekti, lauka un laboratorijas darbi

2.1.1. Osa kalSanas dinamika

OSa audzu kalSanas dinamika pétita 15 ilglaicigajos parauglaukumos (PSP),
kas 2005. gada ierikoti visa Latvijas teritorija (Il publikacija, 2.1. att.). Parauglaukumi
iertkoti dazada vecuma (51-138 gadi) audzés, kur vismaz sakotnéji dominéjis
osis. Parauglaukumi (iznemot divus sezonali mitros PSP netdlu no Kemeriem un
AinaZiem) ierikoti lidzenas normala mitruma eitrofas augsnés, kas atbilst garsas
Aegopodiosa, slapjas garSas Dryopteriosa, lieknas Filipendulosa un platlapju
kGdrena Oxalidosa turf. mel. meza tipiem (cf. Buss, 1976). Katra audzé ierikots
viens aplveida parauglaukums (R =15m; S =ca. 706 m?). Katra PSP uzmertti visi
koki (ieskaitot kritalas un stumbenus) ar stumbra caurméru krisaugstuma (DBH)
>6 cm, noteikts to stavoklis (dzivs vai nokaltis), ka art uzmérits DBH, augstums (H) un
kritalas garums. Mérijumi katra PSP veikti 2005., 2010., un 2015. gada.

Ilglaicigais parauglaukums

Gadskartu platumu paraugi

Genetisko resursu mezs . -
¥ Patogéna monitorings

9 Jaunaidze, uzmetita 2015 A Qengtiskas daudzveidibas paraugi

+  Jaunaudze, pétita vecumstruktira . Proveniencu regioni (saskana ar Ramans (1994) un

X Jaunaudze, uzmérita 2017 Matisons et al. (2012))

2.1. att. Pétito parasta osa audzu izvietojums un koku proveniencu
regioni Latvija
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2.1.2. Hymenoscyphus fraxineus izraisito bojajumu dinamika sezonas laika

Patogéna H. fraxineus radito bojajumu attistibas dinamika pétita tris
(2.1. att.) dabiski atjaunojusas parasta osa audzés vecuma no 5—-8 gadiem, kuras
iepriek$éjas rotacijas perioda domingjis osis (lll publikacija). Novérojumi veikti
ik ménesi no 2015. gada junija lidz septembrim, kad siltajos vasaras ménesos
sagaidama visaugstaka patogéna aktivitate (Timmermann et al., 2011; Bengtsson et
al., 2014). Parauglaukumi reprezenté garsas meza tipu Aegopodiosa (Buss, 1976) un
atrodas lidzena reljefa labi drenétas augligas mineralaugsnés. Bauskas, Aizpurves un
LimbaZu audzu biezums atbilstosi bija 5000, 1500 un 1500 koki ha™?. Visas audzés
osis bija valdosa suga ar parastas apses Populus tremula L., bligznas Salix caprea L.
un parastas klavas Acer platanoides L. (Iidz 1500 koki ha™) piemistrojumu.

Katra audzé izraudziti 10 dominantie osi (augstuma 2.5-3.0 m) ar vienu lidz
tris nelieliem stumbra bojajumiem — nekrozém (maksimalais bojajumu laukums
kokam bija 223.4 cm?). Reizi ménesi—no jlnija lidz septembrim — katram izveélétajam
kokam izmérits H, DBH un atbilstosi piecu klasu skalai raksturota koka vitalitate
(2.1. tabula). Janija uz caurspidiga papira apvilkta kontira visiem redzamajiem
bojajumiem wuz stumbriem, zariem un galotném. Kontdra (virs ieprieksgja
meérijuma) parziméta katru ménesi, pievienojot art jaunos bojajumus. Péc pédéjas
apsekosanas septembrt ievakti bojato koku daju paraugi (stumbriem un lielakajiem
zariem), kas laboratorija nomizoti, péc tam uz caurspidiga papira uzziméta
slimibas rezultata iekrasotas koksnes kontiira. VElak Sie koksnes paraugi izmantoti
patogéna H. fraxineus izdaliSanai. No papira péc iezimétajam kontdram, izmantojot
TAMAYA digitalo planimetru PLANIX 10S “Marble”, uzmérits katra bojajuma
ikménesa laukums.

2.1. tabula
Osa vitalitates vértéjums un ta skaidrojums
H. fraxineus
Klase | bojajumu pakape Koka vizualais raksturojums
(%)
1 0-10 Koks izskatas vesels vai nedaudz bojatas atseviskas lapas
11-25 Bojatas vairakas lapas, atseviskas nekrozes uz mizas

3 26-60 Pilniba bojats/atmiris atsevisks zars, bojata dala
lapojuma, nekroze uz mizas lielos laukumos

4 61-99 Pilniba bojata lidz atmirusi dala vainaga, dzivi atseviski
udenszari

5 100 Koks pilnigi nokaltis

Patogéna H. fraxineus izdaliSanai no 17 ieprieks ievaktiem paraugiem no
koksnes nekrozes robezas (mizas kopa ar veselo/bojato koksni) ar skalpeli izgrieza
nelielus ca. 8x8 mm gabalinus (Schumacher et al., 2009). Katru ieglto paraugu
sterilizéja 30 sekundes, turot 35% Udenraza peroksida, péc tam nomazgajot divas
reizes vienu minati sterilizéta destiléta Gdent. Péc izzavésanas paraugus ievietoja

22



iesala agara barotné un Cetras nedélas inkubé&ja tumsa 20°C temperatira. Visas citas
no paraugiem izaugusas sénes vienreiz tris dienas mehaniski atdalitas. Patogéns
H. fraxineus mikroskopiski identificéts, pamatojoties uz Kowalski (2006).

2.1.3. Osa vitalitate un jutiba pret meteorologiskajiem faktoriem

Lai raksturotu oSa vitalitates saistibu ar pieauguma jutibu pret
meteorologiskajiem faktoriem (IV publikacija), analizétas Cetras pieaugusas osa
audzes, divas Latvijas austrumu un divas rietumu dala (cf. Baumanis et al., 2001,
Matisons et al., 2012; 2.1. att.). Koku vainagu stavoklis audzés bija atskirigs (no
veseliem lidz stipri bojatiem). Katra audzé izvéléti 10 dominantie oSi ar vizuali
veseliem (vainaga atmirums <10%) un 10 oSi ar bojatiem vainagiem (vainaga
atmirums 30-60%). Ar Preslera svarpstu katram kokam no pretéjam stumbra pusém
krGsu augstuma ievakti divi koksnes paraugi. levaktie koksnes paraugi laboratorija
frakciju smilSpapiru (no 120 Iidz 400 graudi uz collu). Lai labak atpazitu gadskartas
un uzlabotu kontrastu starp agrino un vélino koksni, noslipéto paraugu virsmas
apstradatas ar baltu kritu. Gadskartu platumi (TRW) uzmeértti, izmantojot mérisanas
sistému Lintab 5 (RinnTECH, Heidelberg, Germany).

2.1.4. Parasta oSa populdciju struktira un genétiska daudzveidiba

Parasta oSa populaciju struktira un genétiskda daudzveidiba analizéta
16 audzés visa Latvija (2.1. att.) (V publikacija). Divas no Sim audzém izraudzitas ka
o$a genetisko resursu mezi (GRF). Katra audzé (apméram 2500 m? platiba) nejausi
izvéléti 24 dabiski atjaunojusies 08i, no kuriem 1-2 m augstuma ievaktas vairakas
lapas. Kopa analizéti 372 osa individi.

Izmantojot uz CTAB balstitu metodi, no lapam izdalita DNS (Porebski et al.,
1997). Genotipésana veikta, izmantojot seSus kodola SSR markierus (Femsatl4,
Femsatl10, Femsatl11, Femsatl16, Femsatl19) (Lefort et al., 1999) un M2-30 (Brachet
et al., 1999), ka arT seSus hloroplastu markierus ccmp2, ccmp4, ccmp6, ccmpl0,
ccmp? un ccmp3 (Weising et al., 1999). Polimerazes kédes reakcija (PCR) veikta
Eppendorf Mastercycler ep gradienta termalaja cilindra. Amplifikacijas fragmenti
tika izdaliti ar ABI Prism 3130x| Genetic Analyzer (Applied Biosystems) iekartu.

2.1.5. Parasta oSa audZu sukcesija

OsSa meZaudZu sukcesija analizéta 15 PSP (2.1. att.). Katra PSP paaugas un
pameza raksturosanai (VI publikacija) septinu metru attaluma no parauglaukuma
centra ierikoti tris mazaki aplveida parauglaukumi (R=5m, S=ca.78.5 m?).
Parauglaukumos uzmérits visu pameza un paaugas individu (kuriem DBH <6 cm)
augstums. Meérijumi veikti 2005., 2010. un 2015. gada. Papildus tam os$a audzu
sukcesija novértéta divos GRF netalu no Skriveriem un Bérvircavas (2.1. att.)
(VI publikacija). Kopuma analizétas 28 GRF audzes (nogabali) Skriveros un 73 GRF
audzes Beérvircava. Audiu vecums svarstijas no 20-126 gadiem; osis tajas bija
(joprojam vai pirms ADB) dominéjosa suga ar parastas gobas, parastas apses,
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melnalkSna Alnus glutinosa L., ara bérza u.c. sugu piemistrojumu. Audzém raksturigi
augligi augsanas apstakli (garsas, slapjas garsas vai platlapju arena Mercurialiosa
mel. meZa tipos). Katra audzé péc nejausibas principa iertkots viens 20x20 m
parauglaukums, kura noteikts katras | stava sugas projektivais segums (%). Pa
parauglaukuma vienu diagonaliierikots viens 25x1 m parauglaukums, kur uzskaititas
visas paaugas un pameza sugas (H < 7.0 m), oSu vitalitate novértéta piecu klasu
skala (2.1. tabula).

2.1.6. Osa dabiska atjaunosands un vitalitate jaunaudzes

Osa dabiska atjaunosanas analizéta 90 jaunaudzeés visa Latvijas teritorija
(2.1. att.) (VI publikacija). Pétito audzu vecums bija no 5-40 gadiem, nogabalu
platiba parsniedza vienu ha, un osis iepriek$eja rotacija veidoja 240% no audzes
krajas. Parauglaukumi lielakoties ierikoti garsas, slapjas garsas, platlapju kiidrena un
platlapju arena Mercurialiosa mel. meza tipos (cf. Buss, 1976). Katra audzé (nogabala)
pa garako diagonaliierikots viens 100x2 m parauglaukums, kur uzskaitTti visi paaugas
un pameza individi Ildz 7 m augstumam un nomérits to augstums. Vitalitate katram
osim raksturota piecu klasu skala (2.1. tabula). OSu vecuma noteikSanai ¢etras no
$Tm 90 audzém (divas sesus gadus un divas astonus gadus vecas; 2.1. att.), nozagéjot
visus parauglaukuma esosos osus, virs saknu kakla ievakti stumbra paraugi (ripas).
Nozagétajiem oSiem uzmeérits augstums un stumbra caurmérs virs saknu kakla, ka
ari noteikta vitalitate. Augstuma analizei no visiem oSiem katra audze nejausi izvéléti
10 koki katra augstumklasé (7 klases; koka augstums 0-3 m ar 0.5 m intervalu).
levaktie paraugi laboratorija noslipéti, mikroskopa uzskaititas gadskartas. Audzes
uzmeéritas 2015. gada.

Osa vitalitates vertéjumam atkariba no jaunaudzes sastava (IX publikacija)
no 90 audzém (VIII publikacija) izvélétas 35 dazadu dominéjoso sugu jaunaudzes
vecuma no 26 [idz 36 gadiem. Atlase veidota ta, lai audzes, kuras dominé melnalksnis,
baltalksnis, ara bérzs, osis un parasta egle, Latvijas rietumu un austrumu dala
bltu vienadas proporcijas (2.1. att.). Audzes apsekotas 2017.gada, 100x2 m
parauglaukuma uzmeérits paaugas un pameZa augstums (atbilstosi 2015. gada
metodikai, tikai bez stumbra paraugu ievaksanas).

2.2. Datu analize un papildu$S datu avoti

Jaunaudzu (<41 gads) platibu dinamika (relativas izmainas) Latvija analizéta
tris gadu periodos no 2000.-2009. gadam (lidz 2015. gadam kopéjai platibai)
(I publikacija), balstoties uz Valsts meza dienesta datu bazes datiem (Valsts meza
dienests, 2019). Rajons izmantots ka statistikas vieniba, analizé rajoni sagrupéti
Ramana (1994) definétajos fiziogeografiskajos dabas rajonos. Dabas rajoni, kuros
oSa audZu platiba 2000. gada bija <200 ha, no analizes izslégti. Telpiska analize
veikta, izmantojot Arc View 9.1 programmatiru (ESRI, 2006).

Dazadi audzZu raksturlielumi—meZa tipi, vecums, kopsanas reizu skaits, audzes
kraja, iepriekséjas rotacijas un pasreizéjais audzes sastavs (formula) — kas izmantoti
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I, 1, IV, VII, VIl un IX publikacija, ieglti no Valsts meZa dienesta datu bazes (Valsts
meza dienests, 2019).

Paru t-tests (izmantojot Bonferroni transformaciju p-vértibam) veikts,
lai novertétu bojajumu laukuma pieaugumu starp secigajiem novérojumiem
(I publikacija). Dispersijas analize (ANOVA) lietota, lai noteiktu paaugas osa
biezumu atkariba no | stava domingéjosas sugas (VI un VIl publikacija), ka art, lai
noteiktu kopéjo un katras sugas atjaunosanas biezumu dazados novérojumu
periodos (VI publikacija). ST pati analize izmantota, lai novértétu odu diametra,
augstuma un vecuma atskiribas starp audzém un vitalitates klasém (VIIl publikacija),
ka ari atSkirtbu noteikSanai starp bojajumu lielumu un to izpleSanas atrumu
(kokam) saistiba ar to izvietojumu uz koka un vecumu (eksistéjosais (EL) vai jaunais
(NL) bojajums); osSa vitalitati starp audzém (Il publikacija). Saistibas starp osu
diametru, vecumu un augstumu novértétas ar linearo modeli (VIIl publikacija). Ar
So modeli analizéta ar1 osa vitalitate atkariba no | stava projektiva seguma un | stava
dominéjosas sugas (VI publikacija). Ar x*testu salidzinats paaugas un pameza (kopa
un atseviski) sastavs starp novérojumu periodiem (VI publikacija).

Ar Pirsona korelacijas analizi novértétas sakaribas starp osa paaugas biezumu
un kokaugu skaitu pameza/paauga (VII un VIl publikacija), ka arl saistiba starp
paaugas/pameza (un abu kopa) un nokaltuso osu biezumu | stava (VI publikacija).
St analize izmantota, lai novértétu oa vitalitati atkaribd no koka augstuma,
vecuma (VIII publikacija), ka art starp bojajumu laukumu zem un virs mizas
(I publikacija). Neparametriska Kendala korelacijas analize izmantota linearas
sakaribas starp oSa atjaunosanas biezumu un sugu bagatibu audzé noteikSanai
(VI publikacija), ka ari koku morfometrisko parametru (H, D) ietekmes uz to vitalitati
novértésanai (1l publikacija).

Visparinatais linearais modelis, izmantojot Gausa regresiju, lietots, lai analizétu
regionu un sugu kompozicijas (paauga un | stava dominéjosa suga) ietekmi uz osa
atjaunosanos (VIII publikacija). Ar visparinato linearo modeli, izmantojot Puasona
regresiju, analizétas atskiribas starp aktivo/neaktivo/latento bojajumu skaitu uz
koka, ka art atskiribas starp NL un EL skaitu atkariba no to izvietojuma uz koka,
apsekosanas datuma, osa vitalitates un parauglaukuma (lll publikacija). Atskiribas
starp paaugas o$a biezumu atkariba no meza tipa, audzes vecuma (klasés), sugu
sastava (paauga dominéjosa suga) analizétas ar visparinato linearo jaukta efekta
modeli (VIIl publikacija). Jaukto modelu batiskums novértéts, izmantojot Likelihood
ratio testu (West et al., 2006). Datu kopu un mode]|u atlikumu atbilstiba normalajam
sadalijumam parbaudita, izmantojot grafisko analizi (Elferts, 2013).

Jaukta tipa ranzéta binomiala regresija izmantota, lai novértétu paaugas
augstuma un pameZa biezuma ietekmi uz oSa vitalitati starp regioniem
(VI publikacija). Ar So metodi analizéts arT osa vitalitates (klasu) izmainas saistiba
ar audzes struktlru un sastavu (IX publikacija). Koks izmantots ka novérojums,
bet parauglaukums ka nejausibas efekts (random intercept). Modela izstrades
laika, balstoties uz arbitraras atlases principiem, parbauditi dazadi regresori un
to kombinacijas. Vienlaicigi kopa testéti lidz pat astoniem regresoriem. Labakais
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modelis atlasits, balstoties uz Akaikes informacijas kritériju (AIC), ka arT modeu
atbilstibu priekSnosacijumiem. Bitiskajiem regresoriem parbaudita kolinearitate
(Fox & Weisberg, 2011).

Detrendéta korespondentanalize lietota, lai noteiktu sugu kompoziciju
izmainas laika (VI publikacija).

AugsSanas gaita un tas jutiba pret meteorologiskajiem faktoriem oSiem ar
daZzadu vitalitati novértéta ar dendrohronologijas metodém (IV publikacija). Visas
nomeéritas gadskartu platumu rindas Skérsdatétas, un parbaudita to kvalitate.
Datu kopu raksturosanai aprékinats populacijas signala izpausmes indekss (EPS),
troksna limenis (Wigley et al.,, 1984), sinhronitate (Gleichldufigkeit), starprindu
korelacijas un pirmas kartas autokorelacijas koeficients. Katrai audzei/grupai (bojati
un veseli) no Skérsdatétajam koku gadskartu platumu rindam izveidotas atlikumu
hronologijas. Izmantota dubultd detrendésana ar negativo eksponencialo un
tresas pakapes ltkném. Meteorologisko signalu noteikSanai hronologijas izmantota
bltstrepa Pirsona korelacijas analize. Meteorologiskajiem faktoriem, kas uzradija
batisku korelaciju ar TRW, parbaudita kolinearitate. Tikloti meteorologiskie dati —
vidéja gaisa temperatiira, nokriSnu summa un standartizéti nokrisSnu-iztvaikoSanas
indeksi pa ménesSiem — iegliti no Austrumanglijas Universitates tieSsaistes datu
kratuves (Harris et al., 2014).

Osa populaciju struktlra noteikta, izmantojot molekularas genétikas
analizes (V publikacija). Amplificétie DNA fragmenti vizualizéti, izmantojot
GeneMapper 3.5. Hloroplastu markieru dati apvienoti haplotipos. Kodolu SSR
dati analizéti ar Fstat 2.9.3.2 (Goudet, 2001) un GenAlEx 6.5 (Peakall & Smouse,
2012) programmatiram. Osa genétiska daudzveidiba analizéta ar dendrogrammu
palidzibu, kas veidotas programmatira MEGA 5.2 (Tamura et al.,, 2011). Baja
klasteranalize ar STRUCTURE 2.1 (Pritchard et al., 2000) izmantota, lai novértétu
iespéjamo nSSR genotipu klasteru skaitu. lespéjamais klasteru skaits raksturots ar
delta K kritériju (Evanno et al., 2005), izmantojot STRUCTURE HARVESTER 0.6.93
programmataru (Earl & vonHoldt, 2012).

Datu apstrade veikta pie batiskuma limena a =0.05 programma Rv. 3.6.1
(R Core Team, 2019), izmantojot paketes “Imed” (Bates et al., 2015), “ordinal”
(Christensen, 2018), “car” (Fox & Weisberg, 2011), “ImerTest” (Kuznetsova et al.,
2015), “dpIR” (Bunn, 2008) un “multcomp” (Hothorn et al., 2008).
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3. REZULTATI UN DISKUSIJA

3.1. Parasta oSa audZu kalSanas raksturojums

Osa kalSana izraisija strauju oSa audZu platibu un krajas samazinasanos
(Il publikacija), kas bija izteikts tieSi jaunaudzés (I publikacija). Osa jaunaudZu
platiba laika posma no 2000.-2015. gadam samazinajas 4.4 reizes. Tas ietekméja
arl oSa audzu vecumstruktdru Latvija, jo jaunaudZu (<40 gadi) proporcija no
kopéjas oSa mezaudzu platibas samazinajas no 43% 2000. gada uz 17% 2015. gada.
Novérojumu sakumposma no 2000.—2006. gadam platibu samazinasanas bija
straujaka (vidéji 805 ha gada), tacu velak (2007.-2015. gads) ta samazinajas lénak
(videji 279 ha gada), noradot uz procesiem, kas atkarigi no biezibas. Lidzigi rezultati
publicéti ari citas valstis. Pieméram, Lietuva laika posma no 2001.—2015. gadam osa
audzu platiba samazinajas par 2043 ha gada (Plitra et al., 2017), bet Rumanija no
2001.-2010. gadam par 415 ha gada (Chira et al., 2017).

Osa jaunaudzu kalSana sakotnéji — 2000. gada — konstatéta Latvijas dienvidu
dala (Zemgales lidzenuma), kas robezojas ar Lietuvu, kur ADB jau bija konstatéta
(Juodvalkis & Vasilauskas, 2002). No 2001. gada, iespéjams, ka migracijas koridorus
izmantojot zemienes un upju ielejas, ADB strauji izplatijas ziemelu virziena (3.1. att.).
Centraleiropa tiesi upes tiek uzskatitas par galveno ADB izplatibas ceju (Chira et al.,
2017). Lidz 2006. gadam ADB bija masveidigi izplatijusies pa visu Latvijas teritoriju.
Patogéna H. fraxineus izplatibas atrums bija apm. 40 km gada, kameér Italijas
zieme)u dala tas bija 50-60 km gada (Luchi et al., 2012), bet Norvégija svarstijas no

Parasti oSa jaunaudzu platiba 2000. gada, ha
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3.1. att. Hipotétiskie Hymenoscyphus fraxineus izplatibas celi Latvija
Ar gadiem noradita patogéna izplatiba Latvija.
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25-78 km gada (Bgrja et al.,, 2017; Solheim & Hietala.,, 2017). Latvija ADB
izplatiba bija |Iénaka augstienu rajonos, kur oSa audzes izvietotas mozaikas veid3,
lldz ar to oSa audZu blivums un konektivitate ir zemaka neka, pieméram, Vacija
(Enderle et al., 2018).

Osa kalSanas apjomi Latvija, balstoties uz meza inventarizacijas (FI) un PSP
datiem, analizéti Il publikacija. AtbilstoSi FI datiem, audZu platiba, kuras dominéja
osis, N0 1998. lidz 2015. gadam samazinajas gandriz divkart. STsamazina$anas notika
atrak (par ca. 6%) valsts rietumu dala, kur bija lielaka audZu platiba un savienojamiba
(Liepins et al., 2016), kas varéja veicinat slimibas izplatisanos (Enderle et al., 2018).

Starp datu avotiem novérota neatbilstiba attieclbd uz ADB skarto
audZu pieauguma dinamiku. Oficiala (Fl) statistika uzradija pakapenisku krajas
palielinaSanos osa domingéjosajas audzés no 2005.-2015. gadam (3.1. tabula).
Savukart péc PSP datiem konstatéta krajas samazinasanas no ca. 320 m* ha™
2005. gada uz 151 m3 ha™? 2015. gada. Attiecigi mirusas koksnes kraja palielinajas
no 18 m3 ha™ Iidz 212 m® ha? (3.1. tabula). Koksnes krajas izmainas bija lidzigas
Latvijas rietumu un austrumu dala.

3.1. tabula
Osa audzu statistika Latvija saskana ar Latvijas Valsts meza dienesta un ilglaicigo

parauglaukumu datiem laika posma no 2005.-2015. gadam
Izkliede raksturota ar ticamibas intervalu 95%

Statistiskais radrtajs Gads
2005. 2010. 2015.
Latvijas Valsts meZa dienesta dati
Kopéja audzZu platiba, ha 18315.70 16263.50 13673.71
Kopéja koksnes kraja, m? 3737303 3698663 3410624
Vidéja koksnes kraja, m® ha™ 204.05 227.42 249.43
llglaicigo parauglaukumu dati

Dzivi
Audzes biezums, individi ha™ 256 £55 136 +45 77 £32
Koksnes kraja, m* ha™ 322 +89 246 £77 151 +59

Nokaltusi
Audzes biezums, individi ha™ 74 £50 178 +82 23379
Koksnes kraja, m® ha™ 18 +14 119 +54 212 +66

Koku izdzivoSanas raditaji Latvijas rietumu un austrumu dala bija ldzigi;
attiecigi no 2005.-2009. gadam un 2010.-2015. gadam mirstibas koeficients (r%)
bija 9.6% un 8.2% gada. O3a kopéja mirstiba Latvija bija zemaka neka Lietuva un
Vacija (attiecigi, 6.9% pret 8.7% un 10.1% gada; cf. Plidra et al., 2017; Enderle et
al., 2017), noradot uz iespéjami augstaku Latvijas oSa audZu noturibu. Tacu ta bija
augstaka neka vidéja vecuma (r% = ca. 6% gada) un paraugusiem kokiem (ca. 3%
gada) Norvégija (Timmermann et al., 2017), briestaudzes vecuma kokiem Austrija
(0.3% gada, Kelller et al., 2012) vai “ilgdzivojoSajiem” kokiem Zviedrija (ca. 1%
gada; Bengtsson & Senstrom, 2017), noradot uz vecako koku labaku noturibu pret
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patogénu. Noveérots, ka koku kraja samazinajas (r% = 5.3% gada; 3.1. tabula) Iénak
neka biezums, kas varétu bt saistits ar “ilgdzivojoso” koku klatbUtni pétitajas osa
populacijas. Paaugstinata “ilgdzivojoso koku” rezistence, kas novérota ari citos
pétljumos (Skovsgaard et al., 2010; McKinney et al., 2011a), visdrizak izskaidro r%
atskiribas atkariba no audzes biezuma un koksnes krajas (3.1. tabula).

Paaugstinata mirstiba, kas aprékinata, balstoties uz oSa biezuma izmainam
ADB sakumposma (3.1. tabula), norada, ka lielaka dala o3a populacijas bija |oti
uznémiga pret patogénu (McKinney et al., 2014). Sadas mirstibas tendences saskan
ar Marcais et al. (2017) un Coker et al. (2019) pétijumiem, kur novérots, ka 6—8 gadus
péc spécigas infekcijas mirstibas raditajiem ir tendence samazinaties.

Osa kalSanu izraisoSais patogéns H. fraxineus izoléts 6 no 17 ievaktajiem
paraugiem (35%), kas apstiprina konkréta patogéna saistibu ar osSa bojaeju Latvija
(I publikacija). Pozitivo paraugu proporcija bija zemaka neka Zviedrija (Bengtsson et
al., 2014) un Vacija (Schumacher et al., 2009), kas, iespéjams, liecina par sekundaro
patogénu iesaistisanos (Husson et al., 2012), kas Saja pétijjuma netika analizéti.
Zema H. fraxineus klatbltne var bat saistita ar sezonalo (McKinney et al., 2011b;
Bengtsson et al., 2014), ka ari individualo (Schumacher et al., 2009) vairkermenu
Nevienmeériga dazada vecuma audzu, ka arT dazadu koku inficéSanas viena audzé un
nevienmeérigi mirstibas raditaji Latvijas un Eiropas konteksta norada uz dazadiem
lokaliem faktoriem, kas varétu ietekmeé osa rezistenci.

3.2. Patogéna Hymenoscyphus fraxineus bojajumu
vienas sezonas attistibas dinamika

Osa kalsana lielakoties norit strauji; koki nokalst dazu gadu laika péc pirmo
simptomu paradisanas (atseviskos gadijumos simptomi var nebit redzami), bet
daZiem kokiem slimiba var bat hroniska, un to vitalitate samazinas pakapeniski
(Bakys et al., 2009b; Timmermann et al., 2011; Enderle et al.,, 2013; Landolt et
al., 2016). Analizéjot bojajumu sezonalas attistibas dinamiku, var prognozét, vai
inficétie koki nokaltis atri, vai tiem attistisies hroniski bojajumi (Bengtsson et al.,
2014). Patogéna H. fraxineus izraisito stumbra, zaru un galotnu bojajumu attistiba
pétita tris jaunaudzés (Il publikacija). Lielaka dala analizéto bojajumu (67%) bija EL,
lielakoties uz stumbriem (50%). Jaunie bojajumi, kas veidoja 33%, visbiezak paradijas
novérojumu sakumperioda — jdnija un jalija, noradot uz bojajumu aktivitates
sezonalo raksturu, ko var skaidrot ar lapu un dzinumu nobrieSanu (Schumacher
et al., 2009; Timmermann et al., 2011). Nemot véra, ka H. fraxineus saimniekaugu
inficé caur dzinumiem un lapam (Kirisits & Cech, 2009; Kirisits et al., 2009; Cleary
et al., 2013), lielaka dala NL paradijas uz zariem (55%), kas neietekmé augstuma
pieaugumu; tomeér janem vera, ka kokam zaru ir vairak neka galotnu.

Bojajumu aktivitate un izpleSanas (laukuma pieaugums) ir saistita ar
kad novérota ari augstaka gaisa temperatira (ca. 15-18°C), kas ir tuvu patogéna
H. fraxineus optimalajai augSanas temperatlrai — 20°C (Kowalski & Bartnik, 2010;
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Timmermann et al., 2011). Bojajumu izpleSanas batiski atskiras starp EL un NL,
ka ari starp dazadam EL atrasanas vietam uz koka (3.2. att.). Bojajumu laukums
palielinajas vidéji no 52.5 +11.3 cm? (vidé&jais tstandartk]ida) vienam kokam jiinija
lidz 92.1 +14.7 cm? novérojumu beigas septembri (3.2. att.). Visatrak palielinajas
galotnu un zaru bojajumu laukums, jo tie ir tuvu koka stumbram, pa kuru ari
notiek patogéna izplatiba saimniekauga (Schumacher et al., 2009), turklat Sajas
vietas kokam ir planaka miza, kas atvieglo infekcijas simptomu attistibu (Husson et
al., 2012). Jaunie bojajumi attistas tris reizes atrak neka EL, noradot, ka pirmajos
ménesos péc paradiSanas bojajums strauji palielinas lidz noteiktam izméram. Lidz
ar to var secinat, ka saimniekaugam ir vajadzigs apméram meénesis, lai vismaz dalgji
ierobeZotu patogéna attistibu. No otras puses, tas varétu bt saistits ar jauno sénu
individu augstaku aktivitati (Lygis et al., 2016). legitie dati liecina par koka spéju
izdzivot un augt ari pie augsta infekcijas fona.

Sezonas laika 24% zaru un 22% galotnu bojajumu pilnigi apnéma inficéto
zaru/galotni, izraisot to nokalSanu. Tomér novérota ari saimniekauga spéja
ierobezZot infekcijas izplatibu (Bengtsson et al., 2014). No EL 22% bija neaktivi, 13%
zaru un 7% galotnu bojajumu vairs neizplatijas talak, tiem sasniedzot zaru pamatu
vai stumbru. Tas varétu bt saistits ar koksnes anatomiskajam Tpasitbam, pieméram,

Eksistgjosie bojajumi Jaunie bojajumi

—6— Galotnes bojajumi
307 A Stumbra bojajumi | |

20 4 —©- Zaru bojajumi 4

Bauska

Limbazi

Vidgjais bojajumu laukuma pieaugums, cm 2

Aizpurve

Junijs  Jalijs  Augusts Junijs  Jalijs  Augusts
3.2. att. EksistéjoSo (pirms novérojumu uzsaksanas) un jauno
(paradas novérojumu laika) bojajumu laukumu vidéjais pieaugums ménesi
pétitajas audzés atkariba no bojajumu atrasanas vietas uz koka
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atskiribam vadaudu lieluma un savienojamiba, ka arT ar serdes diametra atskirtlbam
starp ikgadéjiem augstuma pieaugumiem (Schweingruber, 2007). Tacu novérota
arT bojajumu pareja no koku galotném un zariem uz stumbriem, jo 18% galotnu
bojajumu turpinaja izplatities uz leju pa stumbru, kas liecina par $o bojajumu
turpmaku attistibu nakamaja sezona.

Osa vidgja vitalitate (klasés) pasliktinajas no 1.6 aktivas vegetacijas sezonas
sakuma uz 2.9 tas beigas. Tomér vidéja NL proporcija, zema koku mirstiba (3.3%,
cf. Lygis et al., 2014) norada uz hronisku simptomu veidoSanos. Neaktivo bojajumu
klatbdtne norada, ka koks spéj ierobeZot patogéna izplatibu (Pallardy, 2008).

PétTjuma nav konstatéta bitiska sakariba starp koka vitalitati novérojumu
perioda sakuma un EL/NL attistibu, ka ari koka vitalitati un bojajumu skaitu, kas
lidzigs. Nav konstatétas butiskas sakaribas starp EL un NL skaitu, noradot uz lidzigu
bojajuma rasanas varbitibu neatkarigi no iepriekséjas infekcijas, lidz ar to lielaka
ietekme ir nejausajiem procesiem vai mikroklimatam. Osu izdzivoSanas iespéjas ir
individualas, tomer lielakajai dalai koku konstatéti hroniski bojajumi, kas labvéligos
apstaklos, iesp&jams, varétu strauji progresét. Apméram % koku konstatétas
nokaltusas galotnes, tadéjadi samazinot to konkurétspéju.

3.3. Parasta osa jutiba pret meteorologiskajiem faktoriem

Augsanas gaita un koku jutiba pret meteorologiskajiem faktoriem var ietekmét
koku uznémibu pret patogéniem (Helama et al., 2009; Tulik et al., 2018), tapéc sada
informacija var bit vértiga, novértéjot ADB saistibu ar meteorologiskajam izmainam.
Lai arT Latvija osis atrodas tuvu ta dabiska izplatibas areala ziemelu robezai (BFW, 2020),
augsanas individualitate bija diezgan izteikta, lidzigi ka tas ir kokiem optimalos apstaklos
(Fritts, 2001). Tomér novérotas kopéjas tendences (IV publikacija). Osa uznémiba pret
patogénu varétu bt saistita ar koku novecosanos (Enderle et al., 2013), jo veselie koki
bija jaunaki, tiem bija lielaks vidéjais TRW un mazaka autokorelacija (0.77 vs. 0.82)
neka bojatajiem. Atskirigais pieaugums starp grupam (veseli un bojati osi) liecinaja par
saistibu ar koku socialo stavokli (t.i., Krafta klasém) (Timmermann et al., 2011; Martin-
Bento et al., 2008). Bojatajiem kokiem pédéjas desmitgadés novérota nomakta augsana
un paaugstinata atkariba no baribas vielu rezervém (autokorelacija).

Latvijas centralaja dala, TRW novérota jutiba pret meteorologiskajiem
faktoru ietekmes parnesi laika (Zweifel, 2020). Sugam ar aplocés izkartotiem
vadaudiem baribas vielu rezerves galvenokart tiek izmantotas agrinai augsanai
(Barbaroux & Breda, 2002), kas ietekmé pieaugumu turpmakaja sezona (Tyree &
Zimmermann, 2002). Attiecigi, vasaras nokriSni atstaja pozitivu ietekmi uz TRW
(3.3. att.), noradot uz Gdens deficitu. Temperatiru maina var apgratinat fiziologiskos
procesus (Pallardy, 2008;Berry & Downton, 1982), izskaidrojotdiennaktstemperatiru
amplitldu negativo ietekmi uz TRW (3.3. att.). NokriSnu un temperatdras ietekme
iepriek$éja augusta bija vérojama visos parauglaukumos (3.3.att.), jo tas ir
laiks, kad sakas baribas vielu rezervju veidoSanas (Barbaroux & Breda, 2002).
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Latvijas austrumu dala, galvenokart uzradot negativas korelacijas, oSu
pieaugums bija jutigs pret meteorologiskajiem faktoriem iepriekséja rudent
(septembri, oktobri) un pasreizéja vegetacijas sezona (aprilis—septembris) (3.3. att.).
Pieaugos$a temperatira rudent var palielinat koku elposanu, tadéjadi zaudéjot
uzkratas baribas vielas (Ogren et al., 1997). Paaugstinata temperatiira septembrivar
izraistt Gdens deficitu (Traykovic, 2005), jo novérota pozitiva korelacija ar nokrisSniem
(3.3. att.). Temperatiras negativo ietekmi pasreizéja pavasari var izskaidrot ar aktiva
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3.3. att. Butstrepa Pirsona korelacijas koeficienta vértibas starp
meteorologiskajiem faktoriem un gadskartu platumu atlikumu hronologijam
oSiem ar vitalu (A, C, E, G) un bojatu (B, D, F, H) vainagu audzés pie
Barkavas (BAR), Gulbenes (GBN), Rundales (RND) un Ukriem (UKR)
Analizéts laika posms no 1934. (1948 veselajiem kokiem RND) Iidz 2010. gadam.
Batiskas korelacijas (pie o = 0.05) noraditas ar tumsaku krasu. Paraditi tikai batiskie faktori.
PET — potenciala evapotranspiracija.

32



perioda agraku sakumu (agraku lapu plauksanu), paklaujot kokus vélu salnu riskam
(Gu et al., 2008).

Veseliem un bojatiem kokiem atskiribas jutiba pret meteorologiskajiem
faktoriem nebija izteiktas (3.3. att.), kas norada uz nelielu meteorologiska jutiguma
ietekmi uz oSa uznémibu pret slimibu. Bojatie koki Latvijas centralaja dala bija
jutigaki pret Gdens deficitu un temperatiras rezZimu ieprieksSéja augusta (3.3. att.),
noradot, ka nelabvéligos apstaklos, kokiem ir lielaks stress, un Iidz ar to uznémiba
pret patogénu (Timmermann et al.,, 2011). Tomér veselajiem kokiem papildus
novérota jutiba pret maksimalo temperatiru iepriek$éja augusta un nokriSniem
marta. Marta nokriSni parasti ir sniega veida, un to iedarbibu var izskaidrot ar
sniega kartas izoléjosajam Tpasibam, kas ietekmé saknes (Hardy et al., 2001; Tierney
et al., 2001) un gruntsidens limeni (Tyree & Zimmermann, 2002). Sadu attiecibu
nekonstatésana var nozimét, ka bojatajiem kokiem jau pirms inficéSanas saknu
sistéma bijusi mazak jutiga. Austrumlatvija bojatos kokus vairak ietekméja jlnija
un jalija temperatira. Vecako koku TRW (GBN parauglaukuma) uzradija augstaku
jutigumu pret nokrisSniem, it Tpasi bojatiem kokiem (3.3. att.), ieziméjot ar vecumu
saistitas jutibas izmainas (Carrer & Urbinati, 2004), un atspogulojot Gdens stresa
ietekmi uz koku uznémibu pret $o slimibu (Chira et al., 2017; Kowalski et al., 2010).
TieSa sakariba starp oSa vitalitati un koku jutitbu pret meteorologiskajiem faktoriem
netika nevérota, tomeér saistiba starp pieaugumu un meteorologiskajiem faktoriem
liecinaja par pieaugosu stresu klimata parmainu rezultata, un attiecigi paaugstinatu
uznémibu pret patogénu.

3.4. Parasta osa genétiska daudzveidiba Latvija

Populacijas genétiska daudzveidiba ir viens no galvenajiem faktoriem, kas
nosaka tas adaptaciju jaunai un strauji mainigai videi, tai skaita péc dazadiem
traucéjumiem (Aitken & Bemmels, 2016; Tiffin & Ross-lbarra, 2017). Parasta osa
genétiska daudzveidiba un populaciju struktira pétita, izmantojot hloroplastu un
kodolu DNA markierus. Tris no seSiem pétitajiem hloroplastu SSR markieriem bija
polimorfiski (V publikacija). So tris lokusu genotipi apvienoti divos haplotipos: HO1
bija sastopams visas audzes, iznemot Kemerus, kas liecina par atskirigu populacijas
izcelsmi. Sis haplotips ir pladi izplatits Austrumeiropa un Skandinavija. Kemeros
identificétais haplotips HO02 ir visizplatitakais Centraleiropa (ieskaitot Poliju)
(Heuertz et al., 2004a). lespéjams, ka osi, kuriem konstatéts HO2, célusSies no tuvuma
esosa parka oSu séklu kokiem, kuri parka ka stadmaterials ievesti no Rietumeiropas
(Dambis et al., 2007). Eiropa visbiezak ir sastopami haplotipi HO1 un HO2, kas kopa
veido 68% no visiem individiem (Heuertz et al., 2004a). Interesanti, ka Kemeru
audze kodolu SSR markieru analizé neatskiras no paréjam audzem (V publikacija),
atspogulojot vietéjo populaciju hibridizaciju. Tas norada uz Latvijas oSa populaciju
lokalu specializaciju, kas pastav ar1 pie intensivas génu plismas (Aitken & Bemmels,
2016; Moran et al.,, 2017), kas, iespéjams, veidojas augstas fragmentacijas dél
(Liepins et al., 2016).
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Novérota heterozigotate (vidéja) bija zemaka neka sagaidits (videjas vértibas
attiecigi 0.64 vs. 0.82), kas liecina par samazinatu populacijas pielagoSanas spéju
ekstremaliem apstakliem (Aitken & Bemmels, 2016; Tiffin & Ross-lbarra, 2017), tai
skaita patogénu invazijam. Attiecigi, fiksacijas indekss bija pozitivs visiem lokusiem
(vidéjais 0.23). Kopuma identificétas 14 privatas aléles, no kuram attiecigajas audzés
tikai trim bija frekvence >0.05, tomér vairums no tam nebija efektivas, noradot uz
zemas frekvences alélu lielo Tpatsvaru.

Kodolu SSR markieru analize AMOVA paradija zemu, bet nozimigu (Fst = 0.045,
p < 0.001) populaciju diferenciacijas limeni, kas norada uz vietéjo specializaciju
(Aitken & Bemmels, 2016). Genétiski visatskirigakas bija Vilakas un Vainodes audzes
(paru Fst=0.151), ka ari Séderes un Vestienas audzes (3.4. att.). Tadu populaciju
grupésanai nebija geografisks raksturs. To pasu apstiprinaja ar delta K kritérijs.

Osa genétiska daudzveidiba Latvija ir zemaka neka lielakaja dala dienvidu
populaciju (3.2. tabula). Alélu skaits gandriz visos lokusos ir augstaks citas valstis,
iznemot Skotiju. OSa populacijam, kas atrodas tuvu sugas izplatibas areala ziemelu
malai, ir zemaka genétiska daudzveidiba, ko var skaidrot ar lokalo specializaciju
pret skarbakiem apstakliem pécleduslaikmeta rekolonizacijas gaita (Wallander,
2008). Inbridinga koeficients bija pozitivs gandriz visiem analizétajiem lokusiem
(3.2. tabula), netiesi noradot, ka ta varétu bit parasta osa vispariga iezime, kas
saistita ar sugas poligamiju (Wallander, 2008). Osa genétiska struktdra liecinaja par

Vilaka

Jaunlasi
Bukaisi
Skriveri
Sadere
Limbazi
Aizpute
Vestiena
Sabile
Vidale
Barkava
Kemeri
Bervircava
|— Piksare
Vainode
—
0.05

3.4, att. Analizéto audZu paru Nei genétiskas distances
tuvaka kaimina dendrogramma
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zemu kodola genétisko daudzveidibu ar nelielu lokalo specializaciju, kas var noteikt
vietéjas populacijas ierobeZoto spéju pielagoties dazadiem apstakliem. Tomér
genofonds Kemeros, kas uzradija saistibu ar citu populaciju, var tikt uzskatits par
papildu genétiskas daudzveidibas avotu.

3.2. tabula
Alélu skaita un inbridinga koeficienta salidzinajums
starp dazadam parasta osa populacijam
Popula- Bos-
cla Latvija® | Skotija® | Francija®| Italija* Bq!g?- nija tn Ru‘r‘n?—
rija Herce- nija

Lokusi govina®

- Na F Na F | Na F | Na F |Na| F | Na F | Na F
Femsatl4 25046 |nd | nd |37 |0.10|32 |0.27 |50 |0.08 | 20 | 0.39| 37 | 0.01
Femsatll0 |34 {042 | nd | nd |[nd| nd |76 /033 |nd| nd |55|0.37|nd| nd
Femsatlll | 17 |0.09 | nd | nd |40 |0.03 |42 |0.31|32|0.08| 24 |0.33|32| 0.01
Femsatllé | 10 |0.27 | 6 |0.03|nd| nd | 9 |0.19|10|0.12| 12 |0.16| 10| 0.17
Femsatl19 | 21 | 0.08 | 19 |0.33 |36 |0.13| 55 |0.08 | 33 |0.13| 26 |0.17| 27 |-0.07
M2-30 371014 |30|0.19|56 |0.16 | nd| nd |59 |0.11| nd | nd |42 0.04
a — alélu skaits; F — inbridinga koeficients; nd — nav datu. 1 — Sis pétijums; 2 — Bacles et al.,
2005; 3 — Morand et al., 2002; 4 — Ferrazzini et al., 2007; 5 — Heuertz et al., 2001; 6 — Ballian
et al., 2008; 7 — Heuertz at al., 2003.

3.5. Kokaugu sukcesija parasta oSa destrukcijas skartajas audzes

Péc dazada veida traucéjumiem, tai skaita slimtbam, meZaudzes atjaunosanas
untasdinamikaizteikti mainas, tadéjadiietekméjot turpmako audzes sastavu un koku
vitalitati (Lygis et al., 2014; Thomas et al., 2018). Dolan & Kilgore (2018) novéroja, ka
péc oSa smaragdzalas krasnvaboles bojajumiem strauji pieaug éncietigo paaugas un
pameza sugu biezums; samazinoties oSu skaitam, palielinas dazadu sveSzemju un
vietéjo pameza sugu biezumes.

Balstoties uz apvienotajiem rezultatiem no VI un VIl publikacijas, vidéjais
paaugas un pameza biezums vidéja lidz pieaugusa vecuma audzés laika no 2005.—
2015. gadam attiecigi bija 6520 +1401 un 11193 +1751 individi ha™. Parsvara
atjaunojas platlapji un pioniersugas; lielakais biezums konstatéts parastajai gobai,
osim, parastajai klavai, un parastajai liepai Tilia cordata Mill. Lidzigas proporcijas
atjaunojas divas lidz ¢etras sugas, noradot uz mistrotu audzu veidosanos nakotne.
Tomér audzeés, kur | stava dominé parasta klava, veidojas bieza klavas paauga, kas var
veicinat klavu tiraudZu veidosanos. Lielakoties paauga atjaunojas sugas, kas dominé
| stava, bet audzés, kuras domingja osis, sakusies intensiva parkrimosanas (1. tabula
VI publikacija). Lai gan parasta lazda Corylus avellana L. tiek uzskatita par véertigu
sugu oSa mezos (Loidi, 2004), kopa ar parasto ievu Padus avium Mill. ta veido 53%
no pameza (VI un VIl publikacija), kas ierobeZo paaugas atjaunosanos (Runkle, 1990;
Gillman et al., 2003; Royo & Carson, 2006). Turklat osa kalsana sekmé traucéjumus
miloSo adventivo sugu ievieSanos (piem., Kaukaza plime Prunus cerasifera var.
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divaricata Bailey., plladzlapu sorbarija Sorbaria sorbifolia (L.) A. Braun un janogas
Ribes spp.; Gonzales et al., 2002) (1. tabula VI publikacija).

2015. gada uzskaité konstatéta strauja paaugas un pameZa biezuma
palielinasanas (gandriz dubultosanas), tacu, pretstata citam publikacijam (de la
Cretaz & Kelty, 2002; Coomes et al., 2003; Royo & Carson, 2006), lielakaja dala
audZu biezuma palielinasanas nebija saistita ar ADB apjomiem. To varétu skaidrot
ar paaugas un pameza aizkavétu reakciju pret ADB. Neskatoties uz sugu skaita
pieaugumu, paaugas un pameza biezums visos tris periodos saglabajas Ilidzigs
(attiecigi, 36 un 64%), mainoties tikai 2% robezas.

Pamatojoties uz zemo paaugas osa biezumu (1987 £397 osi ha™), var secinat,
ka osa tiraudzes dabiska veida neveidosies, tacu osis saglabasies ka piemistrojuma
suga. Lai gan 81% no uzskaititas oSa paaugas bija veseli, tikai 10% parsniedza 0.5 m
augstumu, noradot uz intensivu pasizretinasanos (lidzigus rezultatus ieguvusi Sakss
(1958) un Giongo et al. (2017)), un, iesp&jams, ari ADB ietekmi uz to. Kokiem augot,
veselibas stavoklis pasliktinas, pieméram, no oSiem, kas parsniegusi 2 m augstumu,
32% bija veseli, bet 17% — nokaltusi. Lidz ar to ir sagaidams, ka tikai neliela dala
(<5%) no tiem sasniegs | stava [imeni, un, lidzigi ka prognozéja Laivins & Mangale
(2004), osis nakotné bis piemistrojuma suga.

Osa paaugas biezumu batiski ietekmé | stava dominéjosa suga. Novérots, ka
Sobrid oSa paaugas atjauno$anas zem mates audzém praktiski nenotiek, lai gan pirms
ADB o3a paaugas skaits pozitivi koreléja ar mates koku skaitu un tuvumu (Harmer et
al., 2005). Baltalksnu un melnalksnu Tpatsvara pieaugums | stava negativi ietekmeé
0Sa paaugas atjaunoSanas biezumu un vitalitati, taCu bérzam ir pozitiva ietekme.
Novérota pozitiva korelacija starp paaugas oSa biezumu un kopéjo sugu skaitu
paauga un pameza (t = 0.184, p = 0.03), kas liecina par sugu daudzveidibas pozitivo
ietekmi (Forrester & Bauhus, 2016). Lai gan ADB skartajas audzés osis paauga
atjaunojas, tas ir inficéts ar H. fraxineus, kas samazina konkurétspéju un palielina
koku mirstibu. Sagaidams, ka nakotné citas koku unTpasi kriimu sugas konkurés ar osi
un, audzém pakapeniski parveidojoties, osis saglabasies tikai ka piemistrojuma suga.

3.6. Parasta osa dabiska atjaunosanas jaunaudzés

3.6.1. Sugu sastavs un osa atjaunosanads

Eiropa, tai skaita Latvija, slimibas skartas oSa audzes tiek nozagéetas un vélak
aizstatas ar citam koku sugam, savukart dalu no Sim teritorijam paredz dabiskai
atjaunosanai, jaunos osus paklaujot lielai konkurencei (Lygis et al., 2014; McKinney
et al.,, 2014). Osa jaunaudzés vid€jais pameZa un paaugas biezums attiecigi bija
9497 +1454 un 7150 +558 individi ha™ (VIII publikacija). Paauga vislielakais
biezums ir osim (4185 +401 osi ha™), baltalksnim, bérzam un parastajai apsei, bet
pameza dominé divas sugas — ieva un lazda (3.5. att.). Osa kalSana nav ietekméjusi
jaunas kokaudzes sastavu, jo paauga atjaunojas tas pasas sugas (3.5. att.; Lygis et
al., 2014), kas pirms ADB (Sakss, 1958). Tacu sugu proporcijas ir izmainttas. Osa
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paaugas biezums Latvija ir lielaks, neka novérots Lietuva (599 osi ha™), Igaunija
(3500 o0si ha™) un Vacija (653 osi ha™) (Lygis et al., 2014; Drenkhan et al., 2017;
Enderle et al., 2018), bet zemaks neka Eiropa tas bija pirms ADB (15-30 10° osi ha™;
Sakss, 1958; Harmer et al., 1997; Tabari & Lust, 1999; Lygis et al., 2014). Paaugas
un pameza attieciba ir 48.4 vs. 51.6; palielinatais pameza sugu Tpatsvars (3.5. att.)
norada uz progreséjosam izmainam audzu sastava.

O3a kalSana ir veicinajusi pameza sugu attistibu; lielais to biezums izkonkuré
osi, jo novérota negativa korelacija starp oSa un pameza, ka ari paaugas biezumu
(attiecigi r=10.24 un 0.23). Lidzigas starpsugu attiecibas slimibu skartas audzés
novérotas ari citos pétijumos (Keer, 1998; Givnish, 2002; Royo &Carson, 2006;
Skovsgaard et al., 2010).

3.6.2. Hymenoscyphus fraxineus sastopamiba oSa paauga

No uzskaititas oSa paaugas 10.0% bija nokaltusi (VI publikacija), kas ir
pielidzinams dabiskai oSa paaugas mirstibai (Sakss, 1958; Harmer et al., 2005).
DiemZzél, pamatojoties uz pieejamajiem datiem, ir griti noteikt ADB komplementaro
efektu uz mirstibu. Pieméram, Sakss (1958) konstatéjis, ka oSa paauga kailcirsu
izcirtumos nikulo un aiziet boja, lidzigi art Anglija pirms ADB péc pameza izvakSanas
un |, Il stava oSu retinasanas osSa paaugas biezums ik gadu samazinajas par 40-50%
(Harmer et al., 2005). Salidzinajumam — dabiski atjaunojusos oSa paaugas mirstiba
Igaunija, Lietuva, Vacija un Italija bija attiecigi 7%, 17%, 16.2% un 17.6% (Drenkhan
et al., 2017; Enderle et al. 2017; Giongo et al., 2017), kas norada uz osa vitalitates
regionalam izmainam. Batiskas regionalas izmainas novérotas ari Latvijas méroga,
jo osa vitalitate Latvijas rietumu dala bija sliktaka neka centralaja un austrumu dala.

Novérota sakariba starp osa paaugas vitalitati un augstumu (r=0.28,
p <0.001), ka arT vecumu (p <0.001, 3.6. att.). Veselo un nokaltuso paaugas oSu
proporecija lidz un virs 3 m, attiecigi bija 81 vs. 4% un 54 vs. 33%, lidziga sakariba lidz
un virs 2 m novérota arf Italijas Alpos (70 vs. 14% un 38 vs. 20%; Giongo et al., 2017).
Tas nozimé, ka ir nepiecieSams konkréts laiks, lai oSa paauga tiktu inficéta, ka ari to,
ka slimibas spiediens uz vecakiem kokiem pieaug.
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Osa pieauguma analizé novérota augsta vietas specifika, kas norada uz
sugas plastiskumu. Konstatéta batiska lineara sakariba starp oSu diametru, ka arl
vecumu un augstumu (VIII publikacija). Pirmos 5—8 gadus osu augstums palielinajas
neregulari un individuali, ko varéja ietekmét atskirigie augSanas apstakli. Osu
augstumu un diametru negativi ietekméja slimiba, kas liecina par patogéna
kumulativo iedarbibu. Zemako un mazaka caurméra koku vitalitate bija labaka, bet
ar laiku ta batiski pasliktinajas. Kopuma paaugas osa vitalitate Latvija jaunaudzés
bija labaka neka vecakas audz€s, kas, ieziméjot regionalas atskiribas, ir pretstata
Drenkhan et al. (2017) novérotajam lgaunija. Salidzinot ar Centraleiropu, Latvija
osi atjaunojas labak, un to mirstiba ir zemaka. Tomér atklatos apstaklos (t.i. péc
vienlaidus atjaunos$anas cirtes) oSu augstuma pieaugumi intensiva konkurenceé ir
samazinati, kas ierobeZo to kopéjo konkurétspéju, tadéjadi veicinot jauktu audzu
veidoSanos ar osi piemistrojuma.

3.7. Osa paaugas atjaunosanos un vitalitati ietekméjosie faktori

Osa kalSanas ierobeZoSana pieaugusas audzés, pielietojot jebkadas
mezkopibas metodes, ir praktiski neiespéjama (Gross et al., 2014). Tacu, veidojot
jaunaudzes, gan oSa populacijas saglabSanai, gan komercialiem nollkiem ir
iespéjams nemtvéra vides aspektus unizmantot dazadas metodes, kas varétu pozitivi
ietekmét osa vitalitati lokala méroga (Havrdova et al., 2017; Skovsgaard et al., 2017).

Osa paaugas biezums bija Iidzigs visa Latvijas teritorija (VIII publikacija),
dazada vecuma audzés (3.6. att.), meza tipos, un dazada iepriek$éja sastava audzés.
Lai gan lielaka sugu daudzveidibai pozitivi ietekmé oSa paaugas vitalitati (Fraxigen,
2005; Dobrowolska et al., 2011; Ahlberg, 2014), paaugas sastavam nebija batiskas
ietekmes uz oSa biezumu Latvija. Lielakais oSa paaugas biezums jaunaudzés
konstatéts, augot kopa ar baltalksni (labaka paligsuga osim ari pirms ADB; Sakss,
1958) un bérzu, kas daléji ir pretstata rezultatiem pieaugusas audzeés (VI publikacija).
Parastas egles klatbUtnei atkariba no sugu proporcijam novérota mainiga ietekme uz
03a paaugas biezumu. Ja audzi veido parasta egle un osis, nelielam egles biezumam
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3.6. att. Vidéjais oSa paaugas biezums un vitalitate daZzada vecuma jaunaudzés
Zvaigznites norada atskiribu no jaunakajam audzém, kas pienemtas par atsauces [imeni
(Ref.), butiskumu. Batiskuma limeni: * —p <0.05, ** — p <0.01, *** — p < 0.001.
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(<30%) ir negativa ietekme uz osa biezumu, bet augstaks egles biezums (60-80%)
uzrada pretéju efektu. Tacu iegitie rezultati varétu bat art nejausi.

Osa vitalitati ietekméja audzes struktlra. lzmantojot jaukta tipa regresiju,
noteikts, ka paaugas augstums un pameza sugu skaits vislabak raksturoja
osa vitalitati, taCu abu So raditaju ietekmei bija izteiktas regionalas atskiribas
(mijiedarbiba; IX publikacija).

Izteiktas regionalas atskirtbas starp pameza sugu daudzveidibu un osa vitalitati
(3.7. att.) varétu bt saistitas ar meteorologiskajiem apstakliem (Papic et al., 2018).
Maigaks klimats Latvijas rietumu dala acimredzot veicina H. fraxineus izplatibu
(Kowalski & Bartnik, 2010; Dvorak et al., 2016), kas limité oSa augstuma pieaugumu
veidoSanos (3.3. tabula, 3.7. B att.). lespéjams, ka $ados apstaklos piemistrojuma
sugam vieglak izkonkurét osi, pasliktinot ta vitalitati (3.7. A att.). Latvijas austrumu
dala, kur klimats ir skarbaks, tadéjadi mazak piemérots H. fraxineus attistibai
(Kowalski & Bartnik, 2010), pameZza sugu daudzveidibai bija pozitiva ietekme uz osa
vitalitati (3.7. A att.), jo pameza sugas, iespéjams, darbojas ka biologiska barjera
(Kosawang et al., 2018) un kavé patogéna attistibu (Jactel et al., 2005; Pautasso
et al., 2005). Paaugas augstums $aja regiona bija lielaks, kas lidzigi ka Papic¢ et al.
(2018) petijuma liecina par labakiem augsanas apstakliem kontinentala klimata.
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3.7. att. Osa vitalitates (klases) un krimu sugu skaita (A), ka arT oSa paaugas
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austrumu dala (proveniencu regionos)
Poligoni (iesvitrojums) parada 95% ticamibas intervalus.
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3.3. tabula
Jaukta tipa ranzéetas binomialas regresijas, kas apraksta osa vitalitati jaunaudzeés

atkariba no audzes un koku Tpasibam, apraksts
Modela fiksétas dalas dispersijas tabula, Il tipa tests

Mainigais x> Brivibas pakapju skaits | p-vértiba
Kridmu sugu skaits 0.14 1 0.71
Regions 0.48 1 0.49
Osu augstums 245.04 1 <0.001
Krdmu sugu skaits x regions 9.12 1 <0.01
Regions x oSu augstums 9.43 1 <0.01

Lai gan pétijumos nav vienpratibas par augSanas apstaklu ietekmi uz
H. fraxineus bojajumu apjomu (Bakys et al., 2013; Timmermann et al., 2017), Latvija
osa vitalitate batiski atskiras starp dazadiem augSanas apstakliem (VIII publikacija).
Lidzigi ka Gross et al (2014) pétijuma, osa vitalitate bija sliktaka mitros augsanas
apstaklos, labaka osa vitalitate bija sausas un labi drenétas mineralaugsnés (>76%
osu bija veseli vai ar minimaliem slimibas simptomiem), bet sliktaka — slapjas
mineralaugsnés, kur 27% osu bija nokaltusi. Nosusinasanas pozitiva ietekme uz osa
vitalitati konstatéta ari citas Eiropas valstis (Dobrowolska et al., 2011; Schumacher,
2011; Ahlberg, 2014).

Lidzigi ka Centraleiropa un Rietumeiropa (Dobrowolska et al., 2011;
Schumacher, 2011; Stener, 2013), Latvija labaka oSa atjaunoSanas un vitalitate
konstatéta jauktas audzés (82-95% osu veseli, 1% nokaltusi), nevis tiraudzés
(66% vs. 20%; VIl publikacija). Tacu batiska nozime ir ari paaugas sugu sastavam
(dominéjosajai sugai). Lielakie H. fraxineus bojajumi novéroti jaunaudzés, kur
dominé parasta egle vai klava (egles/osa audzés — 40% oSu bija nokaltusi, egles
audzes — 12%, klavas — 14%). Tas skaidrojams ar vainagu un saknu konkurenci, ka
art ar augsnes paskabinasanos (Lei et al., 2012) un neizteiktam patogéna izplatibas
barjeram (Pautasso et al., 2005). Lai arT osim un parastajai klavai ir lidziga augSanas
stratégija (Petritan et al., 2009), oSa konkurétspéja ADB ietekmé ir samazinata
(Urbinati & Cillia, 1995), tadéjadi uzlabojot parastas klavas dominanci. Lidzigi ka
Givnish (2002) pétijuma, labaka osa vitalitate konstatéta audzés, kuru sastava
ir bérzs (bérza un bérza/osa audzés 87% osu bija veseli) un parasta apse (89%),
noradot uz pioniersugu klatbltnes pozitivo ietekmi.

Osa paaugas vitalitati var uzlabot ar apsaimniekoSanu — regularu kopsanu
(Niemeld et al., 1992; Guzman & Dirzo, 2001; Fraxigen, 2005), tadéjadi oSiem
samazinot biotisko (konkurence) un abiotisko (paaugstinats mitrums) faktoru radito
stresu (Cech & Hoyer-Tomiczek, 2007; Skovsgaard et al., 2010; Bakys et al., 2013).
Batiski labaka (VIII publikacija) oSa vitalitate novérota jaunaudzés, kas bija koptas
visbiezak — Cetras reizes, tacu, samazinoties kopSanu skaitam, vitalitate pasliktinajas.
Dabiski atjaunojusos oSa jaunaudzu atlase un saglabasana atbilstosi vides apstakliem
un piemérota apsaimniekosSana veicinas osa saglabasanos nakotné.
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SECINAJUMI

Laika posma no 2005. lidz 2015. gadam visa Latvijas teritorija novérota
strauja o3a kalSana (mirstiba 6.9% gada), krajai samazinoties attiecigi no 322
uz 151 m3 ha™. Osa mirstiba visa Latvija bija [1dziga, bet vitalitatei novérotas
lokalas atskiribas, kas norada uz nevienmérigu osa audZu atjaunoSanas
potencialu nakotne.

Osu bojajumu attistibai ir sezonals raksturs. Strauja bojajumu attistiba notiek
siltakajos vasaras ménesos, bet ta nav saistita ar koka vitalitati un iepriekséjo
bojajumu daudzumu uz koka. Bojajumu attistibas dinamika norada uz osa
spéju lokalizét slimibas izplatibu primari skartajas vasas dalas. Hroniski
bojajumi konstatéti 78% analizéto koku; oSa konkurétspéju bitiski samazina
galotnu kalSana, kas novérota aptuveni piektajai dalai inficéto koku.

lerobeZota oSa audzu genétiska daudzveidiba, uz ko norada kopuma
vienveidiga izcelsme un zema kodola genétiska daudzveidiba (augsts
inbridinga koeficients), liecina par izteiktu genétisko specializaciju un
ierobezotam spéjam uzlabot rezistenci pret patogénu, izmantojot vietéjo
reproduktivo materialu.

Noverotas korelacijas starp pieaugumu un meteorologiskajiem faktoriem
liecina par pieaugoSu stresu klimata parmainu rezultata, un attiecigi
paaugstinatu uznémibu pret patogénu. Bojatie un veselie koki uzradija
kopuma lidzigu augsanas jutibu pret meteorologiskajiem faktoriem.

Osis dabiski atjaunojas gan jaunaudzés (4185 +401 osi ha™), gan slimibas
skartajas meZaudzés (1987 +397 osi ha™), tacu jaunaudzés vitalas paaugas
Tpatsvars ir apméram % no kopéja Tpatnu skaita, un, kokiem augot, tas turpina
samazinaties. MeZaudzés 90% o3a paaugas iznikst jau séjenu stadija. Osa
konkurétspéju samazina citu platlapu sugu piemistrojums. OSa mirstibas
raditaji Latvija ir zemaki neka Centraleiropa, kas norada uz regionalam
rezistences atSkirtbam.

Apsaimniekosanas un augSanas apstakliem ir regionala ietekme uz osa
vitalitati, bet ne uz atjaunosanas biezumu (koku skaitu uz hektara). Intensiva
kopSana uzlabo o3a audZu fitosanitaro stavokli; augstaka koku vitalitate
konstatéta sausienu un meliorétajos meZos. Audzes sastavam ir izteikta
regionala ietekme uz osa vitalitati — kokaudzes sugu daudzveidibai ir pozitiva
ietekme Latvijas austrumu dala, tomér piemistrojuma sugam var bat
atskirigs efekts.
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PRIEKSLIKUMI

Nemot véra atskirigo osSa vitalitati un pozitivo saimnieciskas darbibas
ietekmi, svarigi veikt oSa veselibas stavokla monitoringu, lai apzinatu vitalitati
ietekméjosos faktorus. Monitorings veicams vegetacijas sezona, kad vislabak
identificéjami slimibas simptomi.

Primari oSa audzes ka veértigs genétiskais materials jasaglaba Latvijas
austrumu dala, kur oSi ir visvitalakie. Tomeér vitalakas osa audzes genétiskas
daudzveidibas uzturésanai vélams saudzéet visa Latvija. leteicama genétiski
atskirigako populaciju identifikacija selekcijas potenciala nodrosinasanai.

Meza apsaimniekoSana veicama atskirigi jaunaudzém un citu vecumgrupu
audzém: osa saglabasanai vélams veidot mistrotas jaunaudzes ar nelielu
o3a Tpatsvaru. Tajas identificéjami vitalakie oSi, kuriem veicinama ilgtermina
izdzivoSana, nodrosinot intensivu kopSanu (aténos$anu). Citu vecumgrupu
audzés vitalie dominantie koki atstajami ka séklu avots. Audzes ar zemu
vitalitati ilgtermina nav saglabajamas.
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1. INTRODUCTION

1.1. General description of common ash

Common ash Fraxinus excelsior L. (Oleaceae) is one of four species of ash
native to Europe (Thomas, 2016). Its range covers 64% of the European territory
(Grime et al., 2007), from southern Fennoscandia to northern Greece and from
northern Spain to the Volga River basin in the western Russia (Thomas, 2016)
(Fig. 1.1). Its altitudinal distribution reaches 2200 m a.s.l. in mountainous areas
(Pyrenees, Alps) (Beck et al., 2016). The natural range of ash coincides with that
of pedunculate oak Quercus robur L., a characteristic species of the nemoral forest
zone in Europe (Dobrowolska et al., 2011). In Europe, common ash occurs in vast
areas of diverse age classes of primary and secondary woodlands. Typical habitats
are deciduous forests, valley forests, river banks, meadows (overgrown), as well
as other open habitats. Common ash forests contribute 1-2% of the forest area
and standing volume stock in most European countries (Fischer & Lorenz, 2011;
Rozsypadlek et al., 2017). The proportion of common ash forests in the Northern area
of its distribution range is smaller than in Central Europe and particularly England
(Cleary et al., 2017; Drenkhan et al., 2017; Heinze et al., 2017).

In Sweden (Dobrowolska et al., 2011) and the UK (Wardle, 1961), ash has
been considered as a pioneer species, while in Denmark it is considered as an
intermediate between a pioneer and climax species (Ahlberg, 2014). In Central and
Northern Europe, ash has been associated with invasive species (Wagner, 1990;
Fraxigen, 2005) and the term ‘fraxinisation’, which is defined by highly successful
self-regeneration, has been used (Fraxigen, 2005).

Common ashis an ecologically plastic tree species, which occurs across a wide
range of soil types (except on acid soils) and growth conditions (Wardle, 1961). In
the eastern part of its natural range, ash can dominate in floodplain forests and on
moist clay-loam lowland sites (Dufour & Piegay, 2008), and in forests on relatively
dry sites on stony mountain slopes, and in ravine forests (Weber-Blaschke et al.,
2008). Therefore, historically two different ecotypes of ash have been described:
the so-called ‘water ash’ adapted to moist site conditions and ‘chalk ash’ adapted
to dry calcareous sites (Miinch & Dietrich, 1925). Common ash in Europe dominates
mainly on sites that are less favourable for beech Fagus spp., oak Quercus spp.
and, to some extent, alder Alnus spp. (Jahn, 1991; Ellenberg, 1996), although it
mostly occurs in admixture in various forest communities (mostly with several
broad-leaved tree species), and rarely forms pure stands (Dobrowolska et al., 2011;
Pautasso et al., 2013).

The genetic diversity and population structure of common ash have been
studied using nuclear and chloroplast markers (e.g., SSR; Brachet et al., 1999; Lefort
et al., 1999). In Europe, analysis of common ash populations showed a relatively
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low level of polymorphism, as 12 haplotypes at four polymorphic microsatellites in
a set of 201 populations and two PCR-RFLP haplotypes in a subset of 62 populations
were detected (Heuertz et al., 2004a). In comparison, in investigation of European
broadleaved tree species, a mean of 15 haplotypes in 22 populations were
observed, including seven haplotypes in 24 ash Fraxinus spp. populations (Petit
et al., 2003). The postglacial re-colonization routes resulted in genetically distinct
lineages of common ash, as indicated by maternally inherited chloroplast (plastid)
DNA in Europe (Heuertz et al., 2004a). Based on the post-glacial recolonization of
Europe, the geographical distribution of haplotypes of common ash is uneven. Most
of the haplotypes were found in Central and Southern Europe, while Northern and
Eastern Europe is predominantly occupied by a single haplotype (HO1) (Tollefsrud et
al., 2016), indicating genetic variation of common ash due to the spatial pattern of
haplotype distribution. In Western and Central Europe, relatively high homogeneity,
allelic richness, and genetic diversity between populations were observed (Heuertz
et al., 2004b), while at the northern part of the range of common ash, population
fragmentation and low-allelic richness has been described (Heuertz et al., 20043;
Tollefsrud et al., 2016; Bgrja et al., 2017; Cleary et al., 2017). Ash is a wind-pollinated
species, and population fragmentation in the northern range of common ash could
be counteracted by pollen flow between populations (Bacles et al., 2005).
Priortodieback,ashwasaneconomicallyimportanttree species (Dobrowolska
et al., 2011; Pratt, 2017; Enderle et al., 2019 and references therein). It is a fast-
growing tree with hard and elastic hardwood suitable for production of high-quality
timber for manufacture of furniture, veneer, flooring, composite wood, sports
equipment and other products (Fraxigen, 2005; Enderle et al., 2017; Rozsypalek
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Fig. 1.1. Distribution range of Fraxinus excelsior (blue)
Dates indicate the spread of Hymenoscyphus fraxineus infection across Europe (BFW, 2020).
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et al., 2017). In several European countries, common ash plays a central role in
landscape as a major component of gardens, parks, and hedges (Pautasso et al.,
2013; McCracken et al., 2017). It is an ecologically highly important species, and
is associated with high habitat diversity (L6hmus & Runnel, 2014; Mitchell et al.,
2014). For example, Mitchell et al. (2014) identified 953 species tightly associated
with common ash in the UK, of which 44 species fully depend on ash.

In Latvia, ash occurs close to its northern distribution limit, which causes high
sensitivity of the species to environmental factors and uneven spatial distribution
of stands. Ash stands are quite frequent, but they mainly occur in central and the
western parts of Latvia (up to 10.9% of total forest area), where soils are more
fertile and the climate is milder. The smallest proportion of ash stands is found in
the most continental eastern part of Latvia, due to colder winters and late spring
frosts (Nikodemus et al., 2009; Kenigsvalde et al., 2010). In Latvia, ash mainly grows
in mixed forests on eutrophic soils (97% of the total stand area), together with other
deciduous trees (e.g., aspen Populus spp., birch Betula spp., alder etc.) and Norway
spruce Picea abies (L.) H. Karst; pure stands are rare.

1.2. Dieback of common ash stands

The first signs of defoliation and shoot dieback in the upper crowns of
common ashes were observed in North-Eastern Poland at the beginning of the
1990s (Przybyt, 2002). The extent of ash dieback (ADB) was monitored using diverse
proxies such as the amount of dead trees, annual mortality rates, reduction of area
of ash forests, standing volume of dead trees, etc. (Chira et al., 2017; PliGra et al.,
2017; Timmermann et al., 2017). Accordingly, there are no precise comparable data
on the decrease of ash forest area in Europe, and therefore one of unambiguous
characteristics of this disease is tree mortality (proportion of trees that have died
during a given period; Coker et al., 2019), which has been documented in many
studies. The overall mortality of the affected ash stands in Europe ranged from
6.9 to 10.1% per year (Lenz et al., 2016; Matisone et al., 2018), and the maximum
recorded mortality of planted forests, woodlands, and naturally regenerated
saplings exceeded 70% (Coker et al., 2019). Unfortunately, such fragmented data
do not allow to draw comprehensive conclusions on ADB in Europe, and hence a
standardized review would be helpful.

Further spread of the ADB from Poland was rapid, as it reached neighbouring
Lithuania and Latvia in the few following years, although its presence in Latvia
was published only in 2000 (Timmermann et al., 2011). Later it spread throughout
Central and Northern Europe; in 2012, it reached geographically isolated UK, likely
due to import of infected plant material (Orton et al., 2018) (Fig. 1.1). A detailed
chronological list of the first observations of ADB in European countries was
compliled by McKinney et al. (2014).

In Latvia, the proportion of ash was the highest in 1998 when the total area
of ash stands comprised 21905.3 ha or 0.8% of the total forest area (Laivins et al.,
2016). Decrease of area of ash stands in forests in Latvia was reported by Liepins
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(2003), who observed a sharp reduction after 2000. At present, the area of common
ash stands comprises only 9354 ha (0.3%) of the total forest area, of which only 5%
(470 ha) are young ash stands (<40 years), and there is a clear tendency to further
decrease (Valsts meZa dienests, 2019).

1.3. Causal agents and infection mechanisms of dieback of common ash

According to the observed symptomes, initially it was hypothesized that frost
or drought stress may have caused the ash dieback (Pukacki & Przybyl, 2005). The
affected trees often showed symptoms like macroscopic cankers on leaves and
leafstalks (Skovsgaard et al., 2010), brown spots on buds (Bengtsson et al., 2014), and
wilting of leaves and top shoots (Schumacher et al., 2009). These symptoms were
followed by the formation of necrotic lesions spreading along rachii onto shoots,
branches, and stems, resulting in dieback of the affected parts of trees (Bakys et al.,
2009a; Skovsgaard et al., 2010; Bengtsson et al., 2014). Branch dieback causes trees
to induce formation of epicormic shoots, resulting in a bushy appearance of tree
crowns (Gross et al., 2014). Such symptoms pointed to the involvement of another
causal agent such as biological pathogen.

Identification of the causal agent of ADB took several years (Przybyt, 2002). In
2006, from shoots, branches and stems of symptomatic F. excelsior, Tadeusz Kowalski
isolated and described an anamorphic fungus Chalara fraxinea T. Kowalski, which
was then proposed as the causal agent of ADB (Kowalski, 2006). The pathogenicity
of the fungus was later confirmed by Kowalski & Holdenrieder (2009a) and Bakys
et al. (2009a,b). In 2009, Kowalski & Holdenrieder (2009b) identified a teleomorph
of C. fraxinea as Hymenoscyphus albidus (Gillet) W. Phillips, which previously was
known as a harmless saprotroph and decomposer of ash litter in Europe. Queloz et
al. (2011), from putative H. albidus isolates, identified two morphologically virtually
identical, but genetically differing Hymenoscyphus species named H. albidus, which
was known previously, and a new species H. pseudoalbidus V. Queloz, C.R. Griinig,
R. Berndt, T. Kowalski, T.N. Sieber & O. Holdenrieder, which, however, was later
identified as the sexual stage of the ash dieback pathogen. Hymenoscyphus
pseudoalbidus was later proven to be introduced to Europe from Asia (Zhao et al.,
2012). Three years later Baral et al. (2014) announced the nomenclaturally correct
scientific name for the fungus causing ADB in Europe — Hymenoscyphus fraxineus
(T. Kowalski) Baral, Queloz & Hosoya with the basionym Chalara fraxinea, and
Hymenoscyphus pseudoalbidus as the taxonomic synonym of H. fraxineus.

Based on a literature review, Gross et al. (2012, 2014) described the life
cycle of H. fraxineus (Fig. 1.2). The whole life cycle takes one year. Ascospores
are produced in the leaf litter by apothecia formed during summer on fallen leaf
petioles of the previous year, indicating complex legacy controls of the infection
pressure. Ascospores are dispersed by wind and can penetrate a host’s leaflets via
appressoria. After the colonization phase, the fungus advances into the leaf petiole
(petioles can be colonized by multiple H. fraxineus genotypes resulting from multiple
infections). After leaf fall, an anamorph is formed on petioles and spermatia are
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released. Fertilization occurs by conidia, which are readily produced on petioles in
autumn when temperature is falling. New apothecia are produced during summer
of the next growing season, initiating a new cycle of infection.

The most important vector of disease spread is wind dispersal of airborne
ascospores. The dispersal rate in Europe was estimated to be 30 to 70 km per year
(Luchi et al., 2012; Solheim et al., 2012; Bgrja et al., 2017).

Pathogen H. fraxineus has been considered to be the primary agent of ADB,
but the death of the weakened trees is often caused by secondary pathogens, e.g.
Armillaria spp. (Skovsgaard et al., 2010; Bakys et al., 2011; Enderle et al., 2013;
Chandelier et al., 2016). Armillaria quickly colonizes lesions formed by H. fraxineus
in the inner bark of the collar area (Husson et al., 2012); hence root rot has been
often recorded on symptomatic ash trees. In Latvia, presence of the H. fraxineus
as the causal agent of ADB was proved in the laboratory by T. Kirisits in 2007
(Kenigsvalde et al., 2010).

1.4. Susceptibility and resistance of common ash to Hymenoscyphus fraxineus

Not all trees show symptoms, even under high infection pressure, which
points towards natural resistance against the pathogen and/or specific ecological
factors limiting the virulence of the pathogen (Stener, 2013; Enderle et al., 2015).
Therefore, resistance and methods to improve resistance have been the most
often studied issues (Kjaer et al., 2012; McKinney et al., 2014). Many studies have
shown that ca. 1% of trees might be considered resistant (McKinney et al., 20113;
PliGra et al., 2011; Kjaer et al., 2012; Lobo et al., 2014; Mufioz et al., 2016; Stener,
2018). Still, Plidra et al. (2015) indicated that none of the tested provenances or
progenies of ash had complete resistance to the pathogen. McKinney et al. (2014)
concluded that presence of the disease in Europe is too short for the development
of natural resistance against H. fraxineus, while Carlsson-Graner & Thrall (2015)
indicated the risk that co-evolution of the pathogen is more rapid than that of the
host. Nevertheless, experiments with provenance trials and ash breeding programs
have been showing increasing importance in Europe (Plidra et al., 2011; Enderle
et al., 2015; Havrdova et al., 2016). Heritability (proportion of genetic effects from
the total variance of a trait) of resistance to ADB in clonal trials in Europe ranged
from 0.20-0.40, indicating limited potential for improvement of health condition
of the next generations of ash trees by breeding (Plidra et al., 2011; Kjaer et al.,
2012; Stener, 2013; Lobo et al., 2014; McKinney et al., 2014; Enderle et al., 2015;
Mufioz et al., 2016; Stener, 2018). In several in vitro studies, antagonistic activity of
some fungal endophytes against H. fraxineus was observed (Schlegel et al., 2016;
Handackova et al., 2017; Kosawang et al., 2018). Nevertheless, explicit positive effects
of endophytic microbiomes on ash susceptibility to ADB have not been observed
(Hietala et al., 2018; Hanackova et al., 2017; Schlegel et al., 2018).

Numerous studies have investigated factors affecting the severity of ash
dieback within a stand, such as timing of the infection, the age and dimension of
ash trees, site conditions, stand composition etc. The results of these studies are
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Fig. 1.2. Schematic representation of life cycle of the Hymenoscyphus fraxineus

(Gross et al., 2012)
Red and blue colours of spores and mycelia represent the two mating types of H. fraxineus.

largely similar, but some regional differences are indicated. Most studies indicate
that younger (Enderle et al., 2017; Rozsypalek et al., 2017; Enderle et al., 2018)
and smaller trees (Bengtsson & Senstrom, 2017; Cleary et al., 2017; Marcais et al.,
2017; PliGra et al., 2017; Enderle et al., 2018) have been more affected. A possible
reason for this could be the increased amounts of ascospores of H. fraxineus on ash
leaf litter, which can easily infect smaller/lower trees (Timmermann et al., 2011;
Hietala et al., 2013). Timmermann et al. (2017) highlighted faster spread of the
disease on smaller trees, as a single necrosis on the stem may lead to dieback of the
top or even the whole tree. Smaller ash trees are exposed to higher competition
with other vegetation, which weakens them (Cech, 2008). In mature trees, the
disease progresses slower (McKinney et al., 2011a; Lenz et al., 2016), probably due
to more extensive foliage and gradual decline in crown condition (Timmermann
et al., 2017), as well as lower density of H. fraxineus ascospores at crown height
(Chandelier et al., 2014).

Ash dieback occurs in diverse habitats (lowlands, floodplain or mountain
forests) and site conditions, but dieback is more severe in more humid sites
(Ghelardini et al., 2017; Heinze et al., 2017; Timmermann et al., 2017). Drainage
systems can have positive effects on ash health condition, as in the over-moist
sites, trees can be less resistant to disease because of water stress (Dobrowolska
et al., 2011; Schumacher, 2011; Ahlberg, 2014). In addition, the stress caused by
competition with other species, especially, for young trees left for the natural
regeneration, weakens trees and increases their susceptibility to H. fraxineus (Keer,
1998; Givnish, 2002; Royo & Carson, 2006; Skovsgaard et al., 2010).

The severity of ADB varies among stands with different composition; the
less common pure stands have been the most affected (Dobrowolska et al., 2011),
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probably because of high pathogen and host densities. In mixed stands, ash suffers
less damage (Schumacher, 2011; Stener, 2013), likely due to the presence of
chemical, physical, and biological barriers, which limit spread of the primary and
secondary pathogens (Loreau et al., 2001; Jactel et al., 2005; Pautasso et al., 2005;
Kosawang et al., 2018). Margais et al. (2017) and Coker et al. (2019) described 6-
to 8-year cyclicity of the infection after strong infection pressure; the mortality
rates tend to decrease most likely due to severe decrease of population density of
ash (Enderle et al., 2018). Nevertheless, detailed studies on the expansion of the
pathogen indicated that the disease still progresses slowly in the surviving trees
(Bengtsson et al., 2014).

With the expansion of dieback, different management activities have been
applied to reduce the spread of the infection. However, pruning of the affected
branches (Marciulyniene et al., 2017), whole tree burning, and application of
herbicides on the stumps of the cut trees (McCracken et al., 2017) have not stopped
the spread of the infection. However, some silvicultural activities, for example,
thinning, have been discussed, as they can change the microclimate and hence alter
the infection conditions, thus reducing disease severity (Bakys et al., 2013; Ahlberg,
2014; Cleary et al., 2017). In Denmark, in young even-aged ash stands, severity of
the disease was the highest in unthinned plots, even though it was not related to
stand density (Bakys et al., 2013). Therefore, different factors such as density of ash
and other species, species composition, soil and moisture regime, as well as the
interactions between them, have complex controls on the spread of the pathogen
and progression of ADB.

Climatic and meteorological conditions affect the successful growth of
both ash and pathogen (Wardle, 1961; Kowalski & Bartnik, 2010; Maresi, 2014).
For example, low air temperatures, late spring frosts, drought and unfavourable
moisture conditions weaken and stress trees, thus facilitating the infection by the
pathogen (Thomsen & Skovsgaard, 2006; La Porta et al., 2008; Pautasso et al., 2010;
Tulik et al., 2010). A consensus has been proposed that dry climate and seasonal
drought are unfavourable for ADB (Chira et al., 2017; Grosdidier et al., 2018). In
Italy, the spread of H. fraxineus has been associated with both high temperature
and abundant precipitation during the entire growing season (Maresi, 2014). Still,
regional and local climatic differences have major effect on the health condition
of ash (Maresi, 2014). On a global level, climate change is a plausible factor that
could alleviate the disease in the future, as increased temperature and drought are
unfavourable for ADB, and the disease risk is considered to be low in the warmer
areas of the Southern Europe (Goberville et al., 2016; Grosdidier et al., 2018).
Nonetheless, the existence of common ash in Europe is threatened by the jewel
beetle —emerald ash borer Agrilus planipennis Fairmare, which has been destroying
ash populations in the eastern North America, and now is expanding in the European
part of Russia (Liebhold, 2012; Valenta et al., 2015).

50



1.5. Transformation of dieback affected common ash stands

Natural regeneration of ash before ADB has been widely studied, including
factors such as ash density in diverse site types (Sakss, 1958; Tabari & Lust, 1999;
Laivins & Mangale, 2004), stand structure (Ellenberg, 1996; Tabari et al., 1999;
Dufour & Piegay, 2008), stand composition (Gotmark et al., 2005), productivity
(Wardle, 1961; Jaworski, 1995; Stiestil & Sammonil, 2006), and competition with
herbaceous and other species (Wardle, 1961; de la Cretaz & Kelty, 2002). Mitchell
(2014) has modelled expected changes in woodland vascular plant communities
caused by loss of ash in UK, but such data and studies in situ after ADB are
still lacking.

In Europe, the affected ash stands are transforming every year; some of them
have been replanted with other tree species, as in many countries planting of ash has
been stopped for economical reasons (Kirisits et al., 2011; Bakys, 2013). Still, a part
of clear-cut ash stands have been left for the natural regeneration, due to successful
natural regeneration of other tree species that grow in admixture with ash (Lygis et
al., 2014). Accordingly, the floristic composition of ADB-affected ash stands might
remain similar to the pre-dieback conditions. For example, in Lithuania, fertile and
moist sites mostly regenerate with early successional or pioneer species such as
grey alder Alnus incana (L.) Moench., silver birch Betula pendula Roth and, in some
cases, common aspen Populus tremula L. (Lygis et al., 2014).

Natural regeneration of ash has sharply decreased after ADB; however,
regional differences in density of seedlings has been observed. In Eastern Europe,
the density of ash sapling is higher than in Central Europe. For example, the
density of ash saplings in naturally regenerated stands in 2011 was estimated to
be 599 ashes ha™in Lithuania (Lygis et al., 2014), 3500 ashes ha™ in Estonia in 2015
(Drenkhan et al., 2017), and 653 ashes hain Germany in 2015 (Enderle et al.,
2018). The regeneration of ash might be related to the health condition of ash trees
in the particular stand or region. Semizer-Cuming et al. (2019) showed that trees
with low susceptibility to ADB have higher reproductive fitness in comparison to
highly susceptible trees, which can facilitate development of natural resistance. The
health condition of young ash trees in Europe appears similar, as the proportion of
healthy saplings ranges from 32 to 41% (Lygis et al., 2014; Drenkhan et al., 2017;
Giongo etal., 2017; Enderle et al., 2018), suggesting effects of local (site) conditions.

The perspectives for planting of ash are low; in Germany all planted ash trees
were found to be infected and their mortality reached 73% in 2013 to 2014 (Enderle
et al., 2017). Therefore, alternatives for reforestation by forming admixtures with
ash in natural regenetation are recommended. Chira et al. (2017) suggested that
ash forests in Romania might be replaced by the hybrid poplar Populus x canadensis
Moench; mixed oak forests, or green ash Fraxinus pennsylvanica Marshall, which
appears tolerant to ADB. In Germany, poplar hybrids have been used for filling
gaps in affected ash stands (Enderle et al.,, 2017). Other species (willow Salix
spp., aspen, oak, maple Acer spp., elms Ulmus spp., alder, lime Tilia spp., wild
cherry Prunus avium L., European hornbeam Carpinus betulus L. etc.), which are
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tolerant to flooding, have been recommended as alternatives to ash in riverine and
calcerous sites (Sioen et al., 2017). Ash dieback has effect on the diversity of species
associated with ash forests (birds, mammals, bryophytes, fungi, invertebrates and
lichens), causing decline of species abundance and threat of complete loss (Lohmus
& Runnel, 2014; Mitchell et al., 2014; Mitchell, 2014). In UK, only 69% of species
associated with common ash can use alternative tree species as hosts (Mitchell et
al., 2014). In experimental plots in Estonia during five years, one epiphyte species —
ascomycete Pyrenula laevigata (Pers.) Arnold disappeared and three more species
were predicted to become locally extinct in the near future due to loss of its habitat.
Only one epiphytic lichen, Lobaria pulmonaria (L.) Hoffm, produced <20 new thalli
on alternative hosts elm, maple and lime (L6hmus & Runnel, 2014), indicating that
common ash, compared to other European deciduous tree species, interacts with
the environment in a unique way, particularly in relation to nutrient cycling (Mitchell
et al., 2014). In Latvia, among tree species, the highest richness of epiphytes was
observed on ash, and most of those species were found also on wych elm Ulmus
glabra Huds (Gerra-Inohosa, 2018). The existence of both of these tree species is
threatened, indicating negative effects on epiphyte diversity in the future.

1.6. The aim of the thesis

The aim of the thesis was to assess the dieback dynamics of the common ash
Fraxinus excelsior L. stands and determine the main factors affecting susceptibility
of trees, as well as future succession and potential regeneration of the affected
common ash stands in Latvia.

1.7. Thesis objectives

Four objectives were set in the doctoral thesis:

1. to assess regional differences in dynamics of ash dieback and their relationship
with meteorological factors;

2. to determine the genetic diversity and population structure of common ash;

3. to characterise natural regeneration and succession of the affected ash
stands of different age;

4, to identify site properties and management practices that affect regeneration

and health condition of ash.

1.8. Thesis

1. In Latvia, under intensive ADB, there is a high potential for continuation of
the species, as ash will continue to occur in mixed stands as an admixture
species with a relatively small proportion in the future.

2. The health condition of ash is better in intensively managed (thinning,
drainage system, etc.) and mixed stands, while admixture species might have
contrasting effects.
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3. The sensitivity of ash growth to meteorological factors has a weak relationship
with ADB, but a combination of significant factors increase stress as a result
of climate change, which may reduce tree resistance.

1.9. Scientific novelty

The thesis investigates large-scale dieback of common ash focusing on local
details of the host-pathogen interactions in Latvia. Transformation and regeneration
of the affected stands under near-marginal conditions close to northern distribution
limit of common ash were assessed under diverse stand types, and described in
relation to stand composition and management regimes. The linkages between
climate-growth sensitivity and susceptibility and health status of trees were analysed.

1.10. Thesis structure

The doctoral thesis consists of nine research papers. Two papers (Paper |
and Il) describe the rate and extent of ADB. The seasonal dynamics of H. fraxineus
is reported in Paper IIl. Pattern and sensitivity of radial growth to meteorological
factorsin relation to susceptibility to ADB is investigated in Paper IV. Genetic diversity
and population structure of common ash in Latvia is described in Paper V. Another
two papers (VI and VII) are addressed to the succession of woody plants in common
ash stands affected by ADB. Natural regeneration of common ash in young stands in
relation to site properties and management is analysed in Papers VIII and IX.

1.11. Approbation of research results (conferences)

The results of the research have been presented in 15 scientific conferences:

1. Burnevica N., Matisone l., Zaluma A., Briina L., Laivin$ M., Gaitnieks T. (2019).
Ash dieback and other actual diseases in Latvia. Consolidating approaches to
mitigate the ash dieback disease in Baltic States and Germany, October 16,
2019, Kaunas — October 17, 2019, Vilnius, Lithuania. Oral presentation.

2. Matisone I. (2017). Ash dieback in Latvia: causes, consequences, lessons
for forest management. Forestry doctoral school, June 19-22, 2017,
Jaunkalsnava, Latvia. Oral presentation.

3. Puspure*l.,?ZalJuma A., Gaitnieks T., Burnevi¢a N., MatisonsR. (2017).
Seasonal development of lesions of young common ash in Latvia. Invasive
Forest Pathogens & Implications for Biology & Policy, IUFRO Working Party
7.02.02, May 7-11, 2017, Niagara Falls, Ontario. Poster.

4. Puspure*l., Matisons R., Laivin§ M., Libiete Z. (2016). Influence of stand
structure on resistance of common ash young stands to ash dieback.
Integrating Scientific Knowledge in Mixed Forests EUMIXFOR Final Conference
COST Action FP1206, October 5-7, 2016, Prague, Czech Republic. Poster.

* last name changed from PusSpure to Matisone.
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10.

12.

13.

14.

15.

15.

Puspure*|., Matisons R., Laivin$ M., Gaitnieks T. (2016). Natural regeneration
of common ash in young stands in Latvia 3. COST Action FP1103. Fraxinus
dieback in Europe: elaborating guidelines and strategies for sustainable
management, March 1-3, 2016, Bratislava, Slovakia. Oral presentation.
Puspure*l., Gerra-Inohosa L., Matisons R., Laivins M. (2016). Tree-ring width
of European ash differing by crown condition and its relationship with climatic
factors in Latvia. Cost action FP1103. Fraxinus dieback in Europe: elaborating
guidelines and strategies for sustainable management, March 29-April 3,
2016, Riga, Latvia. Oral presentation.

Puspure*l., Matisons R., Laivins M., Burnevica N., Gaitnieks T. (2016).
Natural regeneration of common ash in young stands in Latvia 2. COST Action
FP1103. Fraxinus dieback in Europe: elaborating guidelines and strategies
for sustainable management, March 29-April 3, 2016, Riga, Latvia. Oral
presentation.

Puspure*|. (2015). Natural regeneration of common ash Fraxinus
excelsior L. stands in Latvia 1. COST Action FP1103. Fraxinus dieback in
Europe: elaborating guidelines and strategies for sustainable management,
April 12-16, 2015, Dubrovnik, Croatia. Oral presentation.

PusSpure*|. (2015). Quality assessment of European ash Fraxinus excelsior
L. genetic resource forests in Latvia. 21t Annual International Scientific
Conference Research for Rural Development 2015, May 13-15, 2015, Jelgava,
Latvia. Oral presentation.

Puspure*|. (2015). Comparison of species diversity in two Fraxinus excelsior
L. woodland key habitat regions of Latvia. 8" International Conference on
Biodiversity Research, April 28-30, 2015, Daugavpils, Latvia. Poster.

Laivins M., PuSpure*|. (2015). The destruction and transformation of Fraxinus
excelsior forest stands in Latvia. Scientific Conference of the Forest Sector:
Knowledge based forest sector, November 4-6, 2015, Riga, Latvia. Oral
presentation.

Laivin§ M., PuSpure*l., Gerra-Inohosa L. (2015). The destruction and
transformation of Fraxinus excelsior L. forest stands in Latvia. Scientific
Conference of the Forest Sector: Knowledge based forest sector,
November 4-6, 2015, Riga, Latvia. Poster.

Laivins M., Gerra-Inohosa L., Puspure*|. (2015). Monitoring of Fraxinus
excelsior L. forest stands in Latvia. Scientific Conference of the Forest Sector:
Knowledge based forest sector, November 4—6, 2015, Riga, Latvia. Poster.
Puspure*|., Laivins M., Gerra-Inohosa L. (2015). The dynamic of shrub layer
in Fraxinus excelsior L. forest stands in response to ash dieback in Latvia.
Scientific Conference of the Forest Sector: Knowledge based forest sector,
November 4-6, 2015, Riga, Latvia. Poster.

Puspure*l., Gerra-Inohosa L., Laivin§ M. (2015). Natural regeneration and
vitality of common ash Fraxinus excelsior L. forest stands in Latvia. Nordic-
Baltic Forest Conference “Wise Use of Improved Forest Reproductive
Material”, September 15-16, 2015, Riga, Latvia. Poster.
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2. MATERIALS AND METHODS

2.1. Study sites, field and laboratory work

2.1.1. Dynamics of ADB

Dieback of ash stands was studied in 15 permanent sampling plots (PSP)
established in 2005 across the territory of Latvia (Paper I, Fig. 2.1). The PSP were
established in uneven-aged (51-138 years) stands initially dominated by common
ash, which had suffered different degree of dieback. The stands (except two
seasonally waterlogged stands near Kemeri and Ainazi) were located in eutrophic
conditions with normal moisture regime on a flat topography corresponding
to Aegopodiosa, Dryopteriosa, Oxalidosa turf. mel, and Filipendulosa site types
according to Buss (1976). In each stand, a circular plot (R=15m; S=ca. 706 m?)
was established. Within each PSP, all trees (incl. logs/snags) with stem diameter at
breast height (DBH) >6 cm were measured, recording their health condition (living
or dead), as well as DBH and height/length (H). The PSP were measured in 2005,
2010, and 2015.

Permanent sampling plots

Tree-ring with sampling

O  Genetic resource forests O Pathogen monitoring

Young stands measured in 2015 Genetic diversity sampling

+  Young stands age structure evaluated . Provenance region (according to Ramans (1994) and

X Young stands measured in 2017 Matisons et al. (2012))

Fig. 2.1. The locations of the studied stands of common ash and
tree provenance regions of Latvia
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2.1.2. Intra-seasonal dynamic of the pathogen Hymenoscyphus fraxineus

Three (Fig. 2.1) 5-8 years old naturally regenerated post-clear-cut stands,
which were dominated by ash in the previous rotation, were surveyed from June
to September 2015, when the highest fungal activity was expected (Timmermann
et al., 2011; Bengtsson et al., 2014) (Paper lll). The stands corresponded to the
eutrophic Aegopodiosa site type (Buss, 1976) and grew on a flat terrain on a well
drained fertile loamy soil. The density of ash in Bauska, Aizpurve and Limbazi
stands was 5000, 1500 and 1500 trees ha™, respectively. In all stands ash was the
dominant species with an admixture of common aspen, goat willow Salix caprea L.
and Norway maple Acer platanoides L. (up to 1500 trees ha™).

In each stand, 10 dominant unsheltered ash saplings (in height range
2.5-3.0 m) with one to three lesions (necrosis) on tree stem with a small initial area
(the maximum area of the lesions per tree was 223.4 cm?) were selected. From
June to September (on the 10™ to the 15" date of each month), H and DBH of the
sampled trees were measured, and health condition according to five classes was
recorded (Table 2.1). In June, all visible lesions on branches, stems, and tops were
marked on a transparent film. Each month the area of the lesion extension since the
last measurement, as well as the emergence of new lesions was marked on the film.
After the final survey in September 2015, the damaged parts of the saplings (stems
and the largest branches) were sampled: bark was removed, and the area of the
discoloured wood was marked on the film. These wood samples were used later for
verification of the presence of pathogen H. fraxineus. The area of lesions from each
tree and month were measured on the films using a TAMAYA digital planimeter
PLANIX 10S ‘Marble’.

Table 2.1
Classes of ash tree health condition and their description
Class Degree of H. fraxin- Visual characteristics
eus damage, %
1 0-10 Healthy or individual leaves are slightly damaged
2 11-25 Several leaves are damaged; some necrosis on the bark
Individual branches are completely damaged/dead;
3 26-60 part of the foliage damaged; necroses on the bark in
large areas
Part of the crown is completely damaged or dead;
4 61-99 separate branches (or water sprouts) are alive
5 100 Dead

For isolation of H. fraxineus, 17 samples from symptomatic material,
i.e., from the inner bark or wood where the quantity of H. fraxineus mycelium
presumably was the highest (Schumacher et al., 2009), were collected. In the
laboratory, each sample was surface sterilized by submersion in 35% hydrogen
peroxide for 30 seconds and washed twice in distilled water for one minute. After
draining, the samples were placed on malt agar media and incubated in the dark at
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20°C for four weeks. Every three days any other emerging fungi were mechanically
removed. |dentification of H. fraxineus was confirmed microscopically according
to Kowalski (2006).

2.1.3. Climate-growth sensitivity of ash with different crown health condition

To analyse climate-growth sensitivity and its relation to health condition of
ash (Paper IV), four mature stands were selected (two in the western and two in
the eastern part of Latvia, cf. Baumanis et al., 2001; Matisons et al., 2012; Fig. 2.1).
The stands contained trees with different crown condition (from healthy to strongly
affected). In each stand, 10 dominant ash trees that were visually healthy (crown
reduction £10%) and 10 ash trees with damaged crowns (crown reduction 30-60%)
were sampled. From each tree, two increment cores from opposite sides of stem
were collected with a Pressler increment corer at breast height. In the laboratory,
the increment cores were air dried, glued into wooden mounts, and smoothed
with sandpaper of different roughness (from 120 to 400 grains per inch). For better
identification of tree rings, and to enhance contrast between early and latewood,
the surface of the sanded samples was rubbed with white chalk. Tree-ring widths
(TRW) were measured manually using a Lintab 5 measurement system (RinnTECH,
Heidelberg, Germany).

2.1.4. Genetic diversity and population structure of common ash stands

Genetic diversity and population structure of common ash was analysed
in 16 naturally regenerated ash stands located throughout the territory of Latvia
(Fig. 2.1) (Paper V). Two of them, Skriveri and Bérvircava, were designated as
genetic resource forests (GRF). In each stand (in ca. 2500 m? area) several leaves
from 24 randomly selected young ash individuals were collected at 1-2 m height. In
total, 372 individuals were sampled.

The DNA from leaves was isolated using a CTAB-based method (Porebski
et al., 1997). The genotyping was done using six nuclear SSR markers (Femsatl4,
Femsatl10, Femsatll1l, Femsatl16, Femsatl19) (Lefort et al., 1999) and M2-30
(Brachet et al., 1999), as well as six angiosperm chloroplast markers ccmp2, ccmp4,
ccmp6, ccmpl0, ccmp?7 and ccmp3 (Weising et al., 1999). All polymerase chain
reactions (PCR) were carried out in an Eppendorf Mastercycler ep gradient thermal
cycler. Amplified fragments were separated on an ABI Prism 3130x| Genetic Analyser
(Applied Biosystems).

2.1.5. Succession of ash stands

Succession of ash stands was studied in 15 PSP (Fig. 2.1). Within each PSP,
three smaller circular plots (R=5m, S=ca.78.5m?) were established for the
description of understory (Paper VI) at seven-meter distance from the centre of the
PSP. In these subplots, height of all understrorey shrub (UG) and advance growth
(AG) individuals with DBH < 6 cm was measured. The survey was conducted in 2005,
2010 and 2015. In addition, succession of ash stands was evaluated in two genetic
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resource forests (GRF) near Skriveri and Bérvircava (Paper VII, Fig. 2.1). In total
28 GRF stands (units) in Skriveri and 73 GRF stands in Bérvircava were analysed. The
age of these stands ranged from 20-126 years, and ash was the dominant species
with an admixture of wych elm, common aspen, black alder Alnus glutinosa L., silver
birch, and other species. The GRF stands were growing in eutrophic conditions
(Aegopodiosa, Dryopteriosa, or Mercurialiosa mel. site types). Within each stand,
a 20x20 m plot was established, where the projective cover (%) of each canopy
tree species was determined. Along one diagonal of the plot, a 25x1 m transect
was established, where all AG and UG species (H £ 7.0 m) were counted and health
condition of ash was recorded in five classes (Table 2.1).

2.1.6. Regeneration and health condition of young ash stands

Natural regeneration of ash in young stands, where ash contributed >40%
of standing volume in the previous rotation (Paper VIII), was studied in 90 stands
distributed across the territory of Latvia (Fig. 2.1). The age of the studied stands
ranged between 5-40 years, and size exceeded one ha. The stands occurred on dry
mineral, drained mineral, drained peat, and moist mineral soils. Within each stand,
a 100x2 m sampling plot was established along the longest diagonal of the forest
compartment. In each plot, all AG and UG individuals up to 7 m height were counted
and their height measured. For each ash tree, degree of H. fraxineus damage was
recorded in five classes (Table 2.1). In four of these 90 stands (two six-year old and
two eight-year old; Fig. 2.1), all ash trees within the sample plots were sampled
(stem discs at stem base taken) for estimation of age. The height and diameter at
stem base of the sampled trees was measured and degree of H. fraxineus damage
was recorded. From the sampled trees in each stand, 10 ashes for each height
class (7 classes; tree height 0—3 m with 0.5 m section) were randomly selected for
determination of age. In the laboratory, stem discs were sanded and tree-rings were
counted under a microscope. The stands were surveyed in 2015.

For the assessment of health condition of ash in young stands of diverse
composition (Paper I1X), 35 stands with age 26—36 years and dominated by different
species were selected from the 90 stands used for Paper VIII. The selection was
stratified to represent young stands dominated by black alder, grey alder, silver
birch, common ash and Norway spruce equally for western and eastern parts of
Latvia (Fig. 2.1). These stands were revisited and height of trees within 100x2 m
sampling plots was measured in 2017 (as in 2015, but without sampling).

2.2. Data analysis and additional data sources

The dynamics (relative changes) of area of young ash stand (<41 years) in
Latvia for the three year periods during 2000—2009 (2015 for total area) (Paper I)
were analysed according to spatial data from the State Forest Service database (Valsts
meza dienests, 2019). Counties were used as statistical units, which were grouped
by local physiogeographical nature region as defined by Ramans (1994). Nature
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regions, where the area of young ash stands in 2000 was <200 ha, were excluded
from the analysis. The spatial analysis was applied using the Arc View 9.1 software
(ESRI, 2006).

Data on several stand parameters like site type, soil type, age, tending history,
standing volume, the current composition of species and composition of species in
the previous rotation (used in Papers II, IlI, IV, VII, VIII, IX) were obtained from the
Latvia State Forest Service database (Valsts meZa dienests, 2019).

The paired t-test (applying Bonferroni transformation of p-values) was
performed to assess differences in the extension of the lesions between consecutive
observations (Paper lll). Analysis of variance (ANOVA) was used to determine effect
of ash density in AG in relation to dominant canopy tree species (Paper VIl and
Vl), as well as to assess the differences in total and individual regeneration density
between observation periods (Paper VI). The same analysis was also applied to
assess differences in ash diameter, height and age among sites and health classes
(Paper VIII), as well as for differences in size and rate of extension of the lesions (per
tree) according to location on a tree and its age (existing (EL) or new (NL)) and for
differences in overall health condition of the saplings between sites (Paper Ill). The
relationships between ash diameter, age and height were evaluated using linear
models (Paper VIII). Linear models were also used to analyse health condition of ash
in relation to projective cover of ash in the canopy, as well as dominant species in
the canopy (Paper VII). The Chi-squared test (x?) was used to compare composition
of the understory and separately for AG and UG species between observation
periods (Paper VI).

Pearson correlation analysis was used for the evaluation of the association
between ash AG density and the number of woody plants in AG/UG (Paper VIl and
VIII), as well as to determine the relationships between understory density and the
density of dead canopy F. excelsior (Paper VI). This analysis was used to assess the
relationships between ash health condition and height and age (Paper VIlIl), as well
as between the lesion area above and below bark (Paper IIl). Non-parametric Kendall
correlation analysis was applied to determine linear relationships between ash
regeneration density and species richness of stands (Paper VI), as well as to assess
the effect of tree morphometric parameters (H, D) on health condition (Paper lll).

A generalized mixed model applying Gaussian distribution of residuals was
used to assess the effect of region and species composition (dominant species in
canopy, AG) on ash regeneration (Paper VIII). A generalized mixed model using a
Poisson distribution of residuals, was applied to analyse differences in the number
of active/inactive/latent lesions per tree, as well as NL and EL, according to their
location, date of observation, health condition of the sapling, and site (Paper IIl).
Generalized linear mixed models were applied to determine effects of soil type,
stand age (classes), and species composition (dominant species in AG) on ash
density (Paper VIII). The mixed models were fit using the restricted Likelihood ratio
test (West et al., 2006). The normality of datasets and model residuals was assessed
using graphical analysis (Elferts, 2013).
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Mixed ordinal regression was used to assess the effect of AG height and
number of UG species in a stand on the health condition of ash among regions
(Paper VIII). Mixed ordinal regression also was used to analyse changes in health
classes of ash in relation to structure and composition of a stand (Paper IX).
Tree was considered as an observation and sampling plots were used as random
intercepts. In the models, different parameters and their combinations were tested
as linear predictors of ash health conditions. The best combination of predictors was
determined by arbitrarily selection; up to seven factors were tested simultaneously.
The performance of the models was assessed using the Akaike information criterion
(AIC), and conformity with biological realism was evaluated. The significant
predictors were tested for multicolinearity (Fox & Weisberg, 2011).

Detrended Correspondence Analysis was used to analyse temporal changes
in species composition (Paper VI).

Dendrochronological techniques were used to assess growth patterns and
their sensitivity for ash trees differing in health status (Paper IV). The measured
time series were crossdated and their quality was checked. For the description of
the datasets, the expressed population signal, signal to noise ratio (Wigley et al.,
1984), Gleichldufigkeit, interseries correlation and the first order autocorrelation
coefficients were calculated. Residual chronologies based on the crossdated
datasets were produced for each stand/group (damaged and healthy). Double
detrending, firstly by the negative exponential curve and, secondly, by the cubic
spline was applied. Bootstrapped Pearson correlation analysis was used for the
detection of climatic signals in the chronologies. The climatic factors showing
significant correlations with TRW were tested for collinearity. Gridded climatic
data (mean air temperature, precipitation sum and standardized precipitation-
evapotranspiration indices for months) were obtained from the online repository
of the Climatic Research Unit of the University of East Anglia (Harris et al., 2014).

Molecular genetic statistics were applied for description of ash population
structure (Paper V). The amplified fragments of DNA were visualized using
GeneMapper 3.5. The chloroplast marker data were combined into haplotypes.
Analysis of nuclear SSR data was done using Fstat 2.9.3.2 (Goudet, 2001) and
GenAlEx 6.5 (Peakall & Smouse, 2012). Genetic diversity of common ash was
examined using dendrograms constructed using software MEGA 5.2 (Tamura et al.,
2011). A Bayesian clustering approach, implemented using software STRUCTURE 2.1
(Pritchard et al., 2000), was used to estimate the most likely number of clusters into
which the nSSR genotypes were assigned with a certain likelihood. The most likely
number of clusters was identified by the delta K criterion (Evanno et al., 2005) with
STRUCTURE HARVESTER 0.6.93 software (Earl & vonHoldt, 2012).

Data analysis was conducted at the significance level a =0.05 in program
Rv.3.6.1 (R Core Team, 2019), using the ‘Ime4’ (Bates et al., 2015), ‘ordinal’
(Christensen, 2018), ‘car’ (Fox & Weisberg, 2011), ‘ImerTest’ (Kuznetsova et al.,
2015), ‘dplIR’ (Bunn, 2008) and ‘multcomp’ (Hothorn et al., 2008) libraries.
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3. RESULTS AND DISCUSSION

3.1. Dieback of common ash stands

Remarkable reduction in ash stand area distribution (Paper 1), which was
particularly explicit for young stands, was coused by dieback (Paper 1). The total area
of young ash stands in Latvia decreased 4.4 times during the period 2000— 2015.
This also affected age structure of ash forests in Latvia, as the proportion of young
(<40 years) stands from the total area of ash forest decreased from 43% to 17% in
2000 and 2015, respectively. The rate of the decrease in the area of young stands
was temporally differed. During 2000—-2006, the decline was rapid (on average by
805 ha year™), while in the following years (2007-2015) the decline slowed down
(on average by 279 hayear™), indicating density-dependence of the process.
A similar pattern was observed in Europe; for example, in Lithuania decline of all
ash stands between 2001 and 2015 was 2043 ha year™ (PliGira et al., 2017), but in
Romania during 2001-2010, 415 ha year™ (Chira et al., 2017).

In 2000 in Latvia, dieback of young stands of ash was initially observed in
the southern part of the country (Semigallia plain), which borders with Lithuania,
where ADB had already been confirmed (Juodvalkis & Vasilauskas, 2002). In 2001,
ADB rapidly spread northwards, likely using lowlands and rivers as migration
corridors (Fig. 3.1). Rivers have been considered as the most important pathways
for the pathogen in Central Europe (Chira et al., 2017). Until 2006, massive dieback
had spread throughout the territory of Latvia. The dispersal rate of H. fraxineus in

Area of the young ash stands (year 2000), ha
[1<200

7200 - 600

I 601 - 1000

B > 1001

Fig. 3.1. Hypothetical migration routes of Hymenoscyphus fraxineus in Latvia
Dates indicate the spread of H. fraxineus infection across Latvia.
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Latvia was estimated to be ca. 40 km year™, while in the northeastern Italy it was
50-60 km year™ (Luchi et al., 2012), and in Norway ranged from 25-78 km year?!
(Bgrja et al., 2017; Solheim & Hietala, 2017). However, in Latvia, ADB was
slower in the upland areas where ash stands were more scattered, and hence
population density and connectivity of stands lower, than observed in Germany
(Enderle et al., 2018).

The extent of ADB was analysed in Paper Il based on forest inventory (FI) and
PSP. According to Fl data, ADB decreased the area of ash-dominated stands in Latvia
nearly twice during the period 1998-2015. The decrease was slightly faster (by ca.
6%) in the western part of Latvia, where the area and connectivity of ash stands was
higher (Liepins et al., 2016), which might have facilitated the spread of the disease
(Enderle et al., 2018).

An inconsistency was observed between data sources regarding increment
dynamics of stands affected by ADB. The official (Fl) statistics have been showing
a gradual increase in the standing volume of the surviving ash-dominated stands
in Latvia during 2005-2015 (Table 3.1). In contrast, the data from PSP highlighted
considerable decrease in standing volume of ash from ca. 320 m® ha™ in 2005
to 151 m* ha? in 2015. Accordingly, the volume of deadwood increased from
18 m3ha™ to 212 m® ha™ (Table 3.1). The changes in standing volume of ash were
similar in the western and eastern parts of Latvia.

Table 3.1
Statistics of ash stands in Latvia according to data from Latvia State Forest

Service and permanent sampling plots for the period 2005-2015
The 95% confidence intervals are shown for the permanent sampling plot data

Statistical indi Year
tatistical indicator 2005 2010 2015
Latvia State Forest Service data
Total stand area, ha 18315.70 16263.50 13673.71
Total standing stock m3 3737303 3698663 3410624
Mean standing volume, m? ha™ 204.05 227.42 249.43
Permanent sampling plot data
Living
Stand density, trees ha™ 256 +55 136 +45 77 £32
Standing volume, m? ha™ 322 +89 246 £77 151 59
Deadwood
Stand density, trees ha™ 74 £50 178 +82 233 £79
Standing volume, m? ha™ 18 +14 119 +54 212 +66

The changes in survival of trees were also similar in the western and eastern
parts of Latvia. In 2005-2009 and 2010-2015, the mortality rate (r%) was 9.6 and
8.2% year™, respectively. The overall mortality of ash in Latvia was lower than
estimated in Lithuania and Germany (6.9 vs. 8.7 and 10.1% year™, respectively; cf.
PliGra et al., 2017; Enderle et al., 2017), suggesting higher resistance of ash stands
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from Latvia against the pathogens. Still, it was considerably higher than observed
for intermediate-sized (r% = ca. 6% year?) and the largest (ca. 3% year™) trees in
Norway (Timmermann et al., 2017), mature ash in Austria (0.3% year™, KeRler et
al., 2012) and ‘veteran’ (i.e., long lived; ca. 1% year™) trees in Sweden (Bengtsson
& Senstrom, 2017), thus indicating higher resistance of long-lived individuals. The
decrease in standing volume (r% = 5.3% year™; Table 3.1) was slower compared
to that of stand density, which might be explained by the presence of ‘veteran’
trees in the studied population. The increased resistance of ‘veteran’ trees, as
observed in previous studies (Skovsgaard et al., 2010; McKinney et al., 2011a), likely
explained the trade-offs in r% calculated based on density and standing volume of
stands (Table 3.1).

The mortality of the affected ash, as indicated by changes in ash density,
was higher at the beginning of dieback period (Table 3.1), indicating that most of
the population was highly sensitive to the pathogen (McKinney et al., 2014). The
remaining trees apparently had higher resistance (Bengtsson et al., 2014), explaining
the decreased mortality (Table 3.1). Such trends of mortality are consistent with
observations of Marcais et al. (2017) and Coker et al. (2019), who observed that
6—8 years after strong infection, the mortality rates tended to stagnate.

The causal agent of ADB H. fraxineus was isolated in 35% of the collected
17 samples, confirming its involvement in the formation of lesions on ash saplings
and ADB in general (Paper lll). The proportion of the positive samples was lower
than that found in Sweden (Bengtsson et al., 2014) and Germany (Schumacher
et al., 2009), likely suggesting involvement of other agents (Husson et al., 2012),
which, however, were not quantified. The low occurrence of the pathogen could be
explained by seasonal (McKinney et al., 2011b; Bengtsson et al., 2014) and inter-
tree (Schumacher et al., 2009) variation in the number of propagules, as well as
intense surface sterilisation of samples prior to incubation. The uneven infection
of stands of different age, uneven damage of ash trees in each stand and uneven
mortality rates, as well as regional differences (in the European context) in mortality
of ash, indicated that local factors affected resistance of ash.

3.2. Intra-seasonal development of Hymenoscyphus fraxineus

Mostly the dieback of common ash is a rapid process, as the infected trees
can decline within a few years after the first symptoms appear (in some cases,
symptoms might not be even visible), but some trees can have chronic symptoms
and are weakened gradually (Bakys et al., 2009b; Timmermann et al., 2011; Enderle
et al., 2013; Landolt et al., 2016). Accordingly, intra-seasonal dynamics can provide
insight into the fate of affected tries — whether trees will die or develop chronic
symptoms (Bengtsson et al., 2014). The intra-seasonal development of lesions
on stems, branches and shoots caused by H. fraxineus in relation to increased
mortality was monitored in three young stands (Paper Ill). Most of the observed
lesions (67%) were already previously observed (EL) on stems (50%). The newly
emerged lesions (NL) comprised 33% of all observed, and mostly appeared at the
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beginning of the observation period in June and July, implying a seasonal pattern,
which might be explained by the maturation of leaves and shoots (Schumacher et
al., 2009; Timmermann et al., 2011). Considering that propagules of H. fraxineus
(Schumacher et al., 2009) infect their host through leaves and shoots (Kirisits &
Cech, 2009; Kirisits et al., 2009; Cleary et al., 2013), the majority of NL appeared on
branches (55%), suggesting limited effect on height growth. However, the amount
of branches is higher than that of the apical shoots.

The activity and extension of lesions appeared to be related to
meteorological differences (temperature), and were the highest in June—July,
when the temperature was the highest (ca. 15-18°C) and closest to the growth
optimum of H. fraxineus (20°C, Kowalski & Bartnik, 2010; Timmermann et al., 2011)
(Fig. 3.2). The extension of lesions differed between EL and NL (p < 0.01), as well
as amongst the affected parts of trees for EL (Fig. 3.2). During the season, the area
of lesions increased from 52.5 +11.3 cm? (mean *standard error) per tree in June
to 92.1 +14.7 cm? per tree at the end of the observation period (Fig. 3.2). The area
of lesions increased most rapidly on tree tops and branches, which are close to
the stem pith, through which the pathogen spreads within its host (Schumacher
et al., 2009), and where the bark is thinner, facilitating extension of infection
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Fig. 3.2. The mean monthly increase in area of lesions existing before the
observation period and newly emerging lesions in the studied stands
according to the location on trees
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(Husson et al., 2012). The NL extended more than three times faster compared
to EL, indicating that after emergence, lesions rapidly grow to a certain optimum
size within the first month. This indicated that ca. one month was needed to
partially compartmentalise the development of the pathogen. Alternatively, this
might be associated with a higher activity of younger strains of fungus (Lygis et
al., 2016). This suggest ability of trees to survive and grow under a high disease
intensity background.

During the growing season, 24% and 22% of lesions completely affected
branches and tops, respectively, causing their complete death. Nevertheless, some
biological limitations (e.g., inactive physical defence) for lesion growth (Bengtsson
et al., 2014) were observed; 22% of EL were latent and 13% of branch and 7% of
apical branch lesions stopped expansion when reaching the shoot base or the
main stem. This might be related to the anatomical properties of wood, such as
differences in vessel size and lateral connectivity, or pith diameter between the
transitions of height increments of consecutive years (Schweingruber, 2007).
Still, some transitions of lesions from tree tops and branches to stems were also
observed, as 18% of tree top lesions expanded into the stem, suggesting further
development in the following season.

With the expansion of lesions, the overall health condition (class) of saplings
decreased from 1.6 to 2.9 over the observation period. Still, the intermediate
proportion of NL, and low mortality of trees (3.3%, cf. Lygis et al., 2014), indicated
chronic formation of lesions. The presence of latent lesions suggested that trees
were able to sufficiently compartmentalise the pathogen (Pallardy, 2008).

There were no significant relationships between the health class at the
beginning of the observation period and the expansion rate of EL or NL, nor
between health class and the number of lesions, suggesting comparable infection
pressure for all saplings, regardless of previous infection. There was no significant
relationship between the number of EL and NL, suggesting similar probability of
a lesion emerging, irrespective of preceding infection and leading to influence of
stochastic processes or microclimate. The chances of ash to survive were individual,
but most trees showed chronic symptoms, which could progress rapidly under
favourable conditions. Yet, ca. one fifth of trees completely lost their tops and thus
reduced that competitiveness.

3.3. Sensitivity of common ash to meteorological factors

The growth pattern and sensitivity to meteorological factors have been
identified as factors affecting susceptibility of trees to pathogens (Helama et
al., 2009; Tulik et al., 2018), therefore, such information can be valuable when
assessing linkage of ADB with climatic changes. Although in Latvia ash occurs near
its northern distribution limit (BFW, 2020), the individuality of growth was rather
pronounced, similarly as observed for trees under optimum conditions (Fritts,
2001). However, some common tendencies in radial growth were also detected
(Paper IV). The susceptibility of ash to fungal infection appeared to be age-related
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(Enderle et al., 2013), as the healthy trees were generally younger, had higher mean
TRW and contained less autocorrelation (0.77 vs. 0.82) than the damaged ones. The
differences in growth rates between the groups suggested linkage with the social
status (i.e., crown classes) of trees (Timmermann et al., 2011; Martin-Bento et al.,
2008). The damaged trees showed growth suppression and autocorrelation during
a few recent decades.
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Fig. 3.3. Bootstrapped Pearson’s correlation coefficients calculated between
climatic factors and residual chronologies of tree-ring width of ash with
healthy (A, C, E, G) and damaged crowns (B, D, F, H) for sites near Barkava (BAR),

Gulbene (GBN), Rundale (RND) and Ukri (UKR), respectively
The period from 1934 (1948 for healthy trees in RND site) to 2010 was analysed.
Significant correlations (at a = 0.05) are shown in black.
Only the significant factors are plotted. PET — potential evapotranspiration.
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In the central part of Latvia, TRW was sensitive to climatic factors related to
the previous vegetation season and the dormant period, suggesting legacy effects on
xylogenesis (Zweifel, 2020). In the ring porous species, nutrient reserves are mainly
deployed for early growth (Barbaroux & Breda, 2002), which affects water relations
and increment in the following season (Tyree & Zimmermann, 2002). Accordingly,
summer precipitation showed positive affect on TRW (Fig. 3.3), suggesting
effect of water deficit. Shifting temperature conditions can burden physiological
processes (Pallardy, 2008; Berry & Downton, 1982), explaining negative effect of
daily temperature amplitudes on TRW (Fig. 3.3). The effect of precipitation and
temperature in the preceding August was significant at all sites (Fig. 3.3), as the
formation of nutrient reserves initiates at this time (Barbaroux & Breda, 2002).

In the eastern part of Latvia, TRW appeared sensitive to temperature in the
previous autumn (September and October) and in the current vegetation season
(April-September), mainly showing negative correlations (Fig.3.3). In autumn,
raised temperature can increase respiration, causing losses of stored nutrients
(Ogren et al., 1997). In September, increased temperature, apparently, might also
cause water deficit (Traykovic, 2005), as positive correlation with precipitation was
observed (Fig. 3.3). The negative effect of temperature in the current spring may be
explained by earlier onset of the active period or earlier leaf flush, subjecting trees
to late frost (Gu et al., 2008).

Only a few pronounced differences in the sets of the significant climatic factors
were observed between the healthy and damaged trees (Fig. 3.3), suggesting slight
effect of climatic sensitivity on susceptibility to the disease. The damaged treesin the
central part of Latvia were more sensitive to water deficit and temperature regime
in the preceding August (Fig. 3.3), suggesting that under unfavourable conditions,
trees are more stressed and hence predisposed to the infection (Timmermann et
al., 2011). Still, healthy trees showed additional sensitivity (maximum temperature
in previous August and precipitation in March). Precipitation in March is usually in
the form of snow, and its effect might be explained by the insulating properties of
snow layer, affecting roots (Hardy et al., 2001; Tierney et al., 2001), as well as the
water table, hence water relations (Tyree & Zimmermann, 2002). The absence of
such a relationship might suggest that the damaged trees had a less sensitive root
system before the infection. In the eastern part of Latvia, the damaged trees were
more affected by temperature in July and September. TRW of the oldest trees (from
GBN site) was more sensitive to precipitation, particularly that of the damaged
ones (Fig. 3.3), indicating age-related changes in sensitivity (Carrer & Urbinati,
2004), reflecting effect of water stress on susceptibility to the disease (Chira et
al., 2017; Kowalski et al., 2010). Direct relationship between health condition and
climatic sensitivity of ash was not observed, but the association between growth
and meteorological factors indicated the likelihood of increasing stress as a result of
climate change, and consequently increased susceptibility to the pathogen.
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3.4. Genetic diversity of common ash in Latvia

Genetic diversity of a population is one of the key aspects determining its
adaptability to novel and rapidly changing environments (Aitken & Bemmels, 2016;
Tiffin & Ross-Ibarra, 2017). Genetic diversity and population structure of common
ash in Latvia was studied using chloroplast and nuclear DNA markers. Three of the
six analysed chloroplast SSR markers were polymorphic (Paper V). The genotypes of
these three loci were combined into two haplotypes: HO1 was present in all except
the Kemeri stands, suggesting different origin of the populations. This haplotype is
widespread and common in Eastern Europe and Scandinavia. In Kemeri, H02 was
identified, which is the most common haplotype in Central Europe, reaching Poland
(Heuertz et al., 2004a). Apparently, trees belonging to this haplotype originated
from parental trees from nearby parks, where greening was done using planting
material from Western Europe (Dambis et al., 2007). The haplotypes HO1 and HO2
were found to be the most common alleles in European common ash populations,
together representing 68% of the individuals (Heuertz et al., 2004a). Interestingly,
the nuclear SSR marker, however, did not differentiate the Kemeri stand from the
others (Paper V), suggesting hybridization with the local population. This indicated
local specialization of the Latvian ash population, which persisted under high gene
flow (Aitken & Bemmels, 2016; Moran et al., 2017), probably due to growth range
fragmentation (Liepins$ et al., 2016).
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Fig. 3.4. Neighbour-joining dendrogram of pairwise Nei genetic distances
between the analysed common ash stands
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The observed heterozygosity in the studied population (mean of) was
lower than the expected (mean values 0.64 vs. 0.82, respectively), suggesting
reduced adaptability of the population to extreme conditions (Aitken & Bemmels,
2016; Tiffin & Ross-Ibarra, 2017), including pathogen outbreaks. Accordingly, the
fixation index was positive for all loci (mean 0.23). In total, 14 private alleles were
identified, of which only three had a frequency >0.05 in the respective stands;
however, most of them were non-effective, indicating a high proportion of low
frequency alleles.

The AMOVA analysis of nuclear SSR markers showed a low, but significant
(Fst =0.045, p<0.001) level of population differentiation, implying local
specialization (Aitken & Bemmels, 2016). The most genetically differentiated stands
were Vilaka and Vainode (pairwise Fst=0.151), as well as Sédere and Vestiena
(Fig. 3.4). However, the clustering of the populations did not reveal an explicit
geographical pattern. The same was confirmed by the delta K criterion.

The genetic diversity of common ash in Latvia was lower than identified
previously in the more southern populations (Table 3.2). The number of alleles
at almost all loci was higher in other countries, with the exception of Scotland.
Populations at the northern limit of the species have low genetic diversity,
likely due to local specialisation to hostile environment during the post-glacial
recolonization from southern refugia (Wallander, 2008). The inbreeding coefficients
were positive for most of the loci/studies (Table 3.2), implying that this could be
a general feature of common ash related to polygamy of the species (Wallander,
2008). The genetic structure of common ash in Latvia indicated low nuclear genetic
diversity with a slight local specialization sugesting limited adaptability of the
local population. However, the part of gene pool of the stands in Kemeri showing
relationships to another population might be considered as a source of additional
genetic diversity.

Table 3.2
Comparison of allele number and inbreeding coefficients
Popula- Bosnia
tion Scot- Bul- and
Latvia? F 3 Italy? . R ia’
Locus atvia land? rance taly garia®> | Herze- omania

govina®
- Na| F |[Na| F |[Na| F |[Na| F |[Na| F |[Na| F |Na F
Femsatl4 | 25 |0.46 | nd | nd |37 {0.10| 32 |0.27| 50 |0.08 | 20 |0.39| 37 | 0.01
Femsatl10 | 34 |0.42|nd | nd |[nd| nd |76 |0.33|nd | nd | 55 |0.37 | nd nd
Femsatlll | 17 |0.09 | nd | nd | 40 |0.03 |42 |0.31|32 |0.08| 24 |0.33| 32| 0.01
Femsatll6 | 10 |0.27| 6 [0.03|nd | nd | 9 |0.19| 10 |0.12| 12 |0.16| 10 | 0.17
Femsatl19 | 21 |0.08 | 19 |0.33| 36 |0.13 | 55 |0.08 | 33 |0.13| 26 |0.17| 27 | —0.07
M2-30 37 /0.14 |30 /0.19|56 |0.16 | nd | nd |59 (0.11| nd | nd | 42 | 0.04

Na — number of alleles; F — inbreeding coefficient; nd — no data. 1 — this study; 2 — Bacles
et al., 2005; 3 — Morand et al., 2002; 4 — Ferrazzini et al., 2007; 5 — Heuertz et al., 2001;
6 — Ballian et al., 2008; 7 — Heuertz at al., 2003.
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3.5. Succession in ADB affected stands

Aftervarious types of forest disturbances, including diseases, the regeneration
of the understory and its dynamics can change dramatically, thus affecting the
future composition of the stand and vitality of regenerating trees (Lygis et al., 2014;
Thomas et al., 2018). Dolan & Kilgore (2018) indicated that after Emerald ash borer
attack, the density of shade-tolerant shrubs and saplings, as well as density of native
and non-native shrub species increased with decreasing abundance of ash.

According to the consolidated results from Paper VI and Paper VI, during
2005-2015, the mean density of AG and UG in ash stands was 6520 +1401 and
11193 +1751 individuals ha™, respectively. The understory in the middle-aged to
overmature common ash stands generally consisted of broadleaved and pioneer
species. The highest densities were observed for wych elm, common ash, Norway
maple, and small-leaved lime Tilia cordata Mill., yet codominance of two to four AG
species was often observed, suggesting formation of mixed stands. However, in the
stands where Norway maple co-occurred in the canopy, AG of maple was facilitated
by ADB, suggesting formation of pure maple stands in the future.

In most cases, AG consisted of the same species as the canopy. However, in
the previously ash dominated stands, recolonization of UG by the shrub species
(e.g., bird cherry Padus avium Mill. and common hazel Corylus avellana L.) occurred
(Table 1 in Paper VI). Although common hazel is considered as a valuable species
in ash forests (Loidi, 2004), together with bird cherry it comprised 53% of UG
(Paper Vland VII), indicating suppression of AG regeneration (Runkle, 1990; Gillman
et al., 2003; Royo & Carson, 2006). Furthermore, an increase in the abundance of
adventitious (e.g. cherry plum Prunus cerasifera var. divaricata Bailey. false spiraea
Sorbaria sorbifolia (L.) A. Braun and gooseberry Ribes spp.) UG species (Table 1 in
Paper VI) that benefit from disturbances (Gonzales et al., 2002) occurred.

Since 2015, an increase (near double) in total density of understory was
observed, but in contrast to other studies (de la Cretaz & Kelty, 2002; Coomes et
al., 2003; Royo & Carson, 2006), it appeared independent of the local extent of ADB
in most stands. This might be related to a delayed response of understory to ADB.
Nevertheless, an increase in density of AG and UG remained similar compared to
the 2005-2015 period (36% and 64%, respectively), with only slight fluctuations
(up to 2%).

The observed ash AG densities suggest that pure ash stands would not
regenerate naturally (low AG density 1987 +397 ashes ha™), but that ash would
likely remain in admixture. Although 81% of the studied ash trees were healthy,
only 10% exceeded 0.5 m height, indicating high mortality due to self-thinning and
likely ADB, as previously reported by Sakss (1958) and Giongo et al. (2017). Further
decrease in health condition was observed as trees grew. For example, above 2 m
height, 32% of trees were healthy, yet 17% were dead. It is expected that a small
part of them (<5%) would reach the canopy, which is consistent with Laivins &
Mangale (2004), who suggested that ash would remain as an admixture species.
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The density of ash AG has been significantly affected by the dominant species
in the canopy. Due to ADB, regeneration of ash under mother trees has drastically
decreased, although, before ADB the number of ash seedlings was positively related
to the number and proximity of parent trees (Harmer et al., 2005). Presence of
black and grey alder in the canopy had a negative effect on ash regeneration density
and health condition of saplings, while admixture of birch tended to have a positive
effect. Nevertheless, a positive correlation between ash AG density and species
richness in the understory was estimated (t = 0.184, p = 0.03), suggesting positive
effects of stand diversity (Forrester & Bauhus, 2016). Although ash regeneration
occurs in the affected stands, saplings are affected by the disease, which increases
tree mortality and reduces competitiveness. Therefore, it is expected that other
tree species, and especially shrub species, will compete with ash in the future and
more likely will force ash into admixture, implying gradual transformation of the
affected stands.

3.6. Natural regeneration of common ash in young stands

3.6.1. Species composition and ash regeneration

In Europe, including Latvia, the damaged ash stands are cut and reforested
with other tree species, while a part of these stands are managed using natural
regeneration, subjecting recruiting ash to competition with other species under open
conditions (Lygis et al., 2014; McKinney et al., 2014). In the young stands of ash, the
mean understory and AG density was 18410 +1040 and 7150 +558 individuals ha™?,
respectively (Paper VIII). In AG, ash (4185 +401 ashes ha™), grey alder, birch and
common aspen were the main species, but in UG two species — bird cherry and
common hazel dominated (Fig. 3.5). The woody flora, however, appeared little
affected by the dieback, as the same species have been observed before (Sakss,

6_
—':v
5_
=
= _
5 3
g 2
=
S £ 2
J:: ]_.
= T T -
0 — = == i
T I I T I I T T I T
25 23 Sg 88 3% gy S8 @3 gE gl
SS9 S SR S .9 S S == S < S s SS
S =X SF 3= =3 s =
5% S8 §% FE &% §§ 8% &3 3F =S
8y T8 « S S 5 5% & 33
SQ S s S0 Q2
o = Q S S
Species

Fig. 3.5. Mean density of the main understory (advanced- and undergrowth)
species in young stands (<40 years) of common ash
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1958) and after the ADB (Fig. 3.5; Lygis et al., 2014). Still, the composition of
regenerating stands has been altered. Ash AG density was considerably higher
than recently observed in neighbouring Lithuania (599 ashes ha™!), Estonia
(3500 ashes ha™) and Germany (653 ashes ha™) (Lygis et al., 2014; Drenkhan
et al.,, 2017; Enderle et al., 2018), but lower than before the ADB in Europe
(15-30 103 ashes ha™) (Sakss, 1958; Harmer et al., 1997; Tabari & Lust, 1999; Lygis
et al., 2014). The ratio of AG and UG individuals was 48.4 vs. 51.6; the increased
proportion of the UG species (Fig. 3.5) suggested ongoing changes in the affected
ash stands.

ADB apparently facilitated rapid development of UG species, which were
outcompeting the surviving ash, as negative correlations between density of ash
and UG, as well as AG (r=0.24 and 0.23, respectively) were found. Similar inter-
species relationships in affected stands have been reported from other studies
(Keer, 1998; Givnish, 2002; Royo &Carson, 2006; Skovsgaard et al., 2010).

3.6.2. Incidence of Hymenoscyphus fraxineus in ash advance growth

In Latvia, the proportion of dead ash saplings (from the accounted) was 10.0%
(Paper VIII), which is comparable with the natural die-off of recruiting trees (Harmer
et al., 2005). Unfortunately, based on available data, it was difficult to assess the
compensatory and/or complimentary effects of ADB on mortality. For example,
Sakss (1958) found that in Latvia ash AG in clear-cuts withered and died, similarly in
England prior to ADB, after the removal of understory and thinning of canopy ash AG
was reduced by 40-50% per year (Harmer et al., 2005). For comparison, the mortality
of naturally regenerated young ash in Estonia, Lithuania, Germany and ltaly was
7%, 17%, 16.2% and 17.6% respectively (Drenkhan et al., 2017; Enderle et al. 2017,
Giongo et al., 2017), indicating regional differences in health condition of ash. Highly
significant regional differences were also observed in Latvia, as health condition
of ash was worse in the western than in the central and eastern part of Latvia.

A relationship was observed between health class and height (r=0.28,
p <0.001), as well as age (p <0.001, Fig. 3.6) of ash saplings. The proportion of
healthy and dead ashes up to and above 3 m height was 81% vs. 4% and 54% vs.
33% respectively, which is similar to observations from the Italian Alps (70% vs.
14% and 38% vs. 20% in the height groups above and below 2 m; Giongo et al.,
2017). This suggests that a certain time is needed for ash to be infected as well as to
progressively increase disease pressure on older trees.

Increment analysis showed high site-specificity, indicating plasticity of the
species. A significant (Paper VIII) linear relationship between the diameter as well
as age and height of ash was observed. However, during the first 5-8 years, the
height of ash increased irregularly and individually, possibly due to different growing
conditions. Ash height and diameter were significantly affected by the disease
suggesting cumulative effect of the pathogen as the trees grow. The lowest and
thinnest trees were healthier, but health condition deteriorated significantly with
age. In general, ash health condition in Latvia was better in young stands compared
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Fig. 3.6. The mean density and health condition of common ash

according to stand age
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to AG in a mature stand, which opposes the observations by Drenkhan et al. (2017)
in Estonia, highlighting regional differences. Compared to Central Europe, ash in
Latvia regenerated with higher density, and its mortality was lower. However, under
intense interspecies competition in open conditions (after clearcut), height growth
of infected ash was suppressed, thus allowing the formation of mixed stands with
ash in admixture.

3.7. Factors affecting regeneration and health condition of common ash

The control of ADB in mature stands using silvicultural techniques is
practically impossible (Gross et al., 2014). However, any management practice
(e.g. stand establishment, thinning, etc.) and/or environmental aspect (moisture
availability, fertility, etc.) showing positive effect on ash health condition
should be exploited when establishing young ash stands for conservation, as
well as for commercial purposes at the regional level (Havrdova et al., 2017,
Skovsgaard et al., 2017).

The ash AG density was similar throughout the territory of Latvia (Paper VIII);
it appeared independent on the stand age (Fig. 3.6), soil, and canopy species of the
previous rotation. Although species richness can have positive effect on density of
ash AG (Fraxigen, 2005; Dobrowolska et al., 2011; Ahlberg, 2014), composition of
AG had no effect on density of ash saplings in Latvia. Nevertheless, density of ash
AG tended to be higher when growing in mixture with grey alder (also before ADB;
Sakss, 1958) and birch, and partially contrasting results were found in mature stands
(Paper VII). Presence of spruce had contrasting effect on ash AG density, depending
on composition. When a stand was formed by Norway spruce and ash, low density
of spruce (<30%) had negative effect on ash density, while increased abundance
of spruce (60-80%) showed the opposite effect. This relationship, however, might
by coincidental.
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Health condition of ash was affected by the structure of the regenerating
stands. Mixed ordinal regression indicated that the combination of AG height and
number of UG species were the best predictors of ash health condition, yet both
their effects were interacted by region (Paper IX). The explicit regional differences in
the effect of shrub (UG) species richness on ash health condition (Fig. 3.7) might be
related to climatic conditions, as suggested by Papic¢ et al. (2018). In the western part
of Latvia, warmer climate apparently has facilitated development of H. fraxineus
(Kowalski & Bartnik, 2010; Dvorak et al., 2016) in the longer term, suppressing
growth of ash, as suggested by shorter tree height (Table 3.3, Fig. 3.7 B). Under such
conditions, the admixture species apparently were outcompeting ash and decreasing
its vigour, thus explaining positive linkage with the health class (Fig. 3.7 A). Under a
cooler climate in the eastern part of Latvia, which is less favourable for H. fraxineus
(Kowalski & Bartnik, 2010), the shrub (UG) species richness had a positive effect on
health of ash (Fig. 3.7 A), likely acting as biological barriers (Kosawang et al., 2018)
and hindering development of the pathogen (Jactel et al., 2005; Pautasso et al.,
2005), thus highlighting the effects of species richness (Givnish, 2002). Ashes were
taller, indicating better growing conditions under a more continental climate, as
previously shown by Papic et al. (2018).
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Although there is no consensus on the effect of site type on the susceptibility
to H. fraxineus damage (Bakys et al., 2013; Timmermann et al., 2017), in Latvia
health condition of ash differed significantly (Paper VIII) in relation to soil type.
Higher susceptibility of ash to the pathogen was observed in the overmoist sites,
as previously shown by Gross et al. (2014); health condition was the best in stands
growing in well-drained and dry mineral soils (>76% of trees had minimal or no
symptoms), but worst condition on wet mineral soils, where 27% of trees were
dead. The positive effect of a drainage system on ash health condition has been
observed in other European countries (Dobrowolska et al., 2011; Schumacher,
2011; Ahlberg, 2014).

Table 3.3
Description of the best mixed ordinal regression model
predicting health condition of common ash in young mixed stands

based on stand and tree properties
Model (fixed part) analysis of deviance table, type Il test

Likelihood Degree of
Term o p-value
ratio, x freedom

Number of shrub species 0.14 1 0.71
Region 0.48 1 0.49
Tree height 245.04 1 <0.001
Number of shrub species x region 9.12 1 <0.01
Region x tree height 9.43 1 <0.01

Ash regeneration and health condition were better in mixed (82—95% of ash
trees were healthy, 1% dead) compared to pure (66% vs 20%; Paper VIII) stands,
as observed in Central and Western Europe as well (Dobrowolska et al., 2011;
Schumacher, 2011; Stener, 2013). However, effect of species composition (dominant
species) in AG was also significant. The greatest H. fraxineus damage was observed
in young stands mainly formed of Norway spruce and Norway maple (in Norway
spruce/ash stands —40% of ash were dead, Norway spruce stands—12% and Norway
maple stands — 14%). This can be explained by crown and root system competition,
as well as soil acidification (Lei et al., 2012), and weak barriers for the spread of the
disease due to low understory diversity (Pautasso et al., 2005). As ash and Norway
maple have similar growth strategies (Petritan et al., 2009), the competitiveness of
ash due to ADB has weakened (Urbinati & Cillia, 1995), facilitating development of
Norway maple. The best health condition of ash was observed in stands with birch
and common aspen (in ash/birch stands 87% of ash were healthy, birch stands —
87% and common aspen 89%), as was previously observed by Givnish (2002) as
well, suggesting positive effects of presence of pioneer species.

The health condition of ash can be improved by silvicultural activities like
regular thinning (Niemeld et al.,, 1992; Guzman & Dirzo, 2001; Fraxigen, 2005)
minimizing biotic (competition) and abiotic (increased moisture) stresses of
common ash (Cech & Hoyer-Tomiczek, 2007; Skovsgaard et al., 2010; Bakys et al.,
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2013). Significantly better (Paper VIII) ash health condition (by four times) was
observed in young stands, which were tended the most, and gradually decreased
with decreasing number of tending events. Selection and retention of naturally
regenerated ash young stands in accordance with environmental conditions
and relevant management should contribute to preservation of ash in the
future in Latvia.
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CONCLUSIONS

Rapid large-scale dieback of common ash was observed in Latvia during
2005-2015 with mortality of mature trees reaching 6.9% year™ and standing
volume decreasing from 322 to 151 m? ha™. The survival of trees was similar
throughout Latvia, however regional and local differences in health condition
and susceptibility to pathogen suggested unequal future potential of
ash stands.

The development of lesions displays a seasonal pattern; rapid development
of lesions occurs during the warmer summer months, irrespectively of health
condition of trees and number of existing lesions. The dynamics of lesion
development indicate ability of ash to localize disease in the initially infected
parts of trees. Chronic symptoms are observed in 78% of analysed trees;
competitiveness is significantly reduced by dieback of tops, which has been
observed in ca. one fifth of infected trees.

Restricted genetic diversity of common ash stands, as indicated by a
prevailingly common origin and low nuclear genetic diversity (high
inbreeding coefficient), suggested local specialization and limited potential
for improvement of the resistance based on the local reproductive material.

Observed correlation between growth and meteorological factors indicated
likelihood of increasing stress as a result of climate change, and, consequently,
increased susceptibility to the pathogen. Trees showed generally similar
sensitivity to meteorological factors, irrespective of their health status.

Ash regenerates in young stands (4185 +401 ashes ha™), as well as in the
affected mature stands (1987 +397 ashes ha™), though in youg stands only %
of the recruiting trees appear healthy and their proportion tend to decrease
with ageing. In mature stands, 90% of recruiting ash dies already at the
seedling stage. The competitiveness of ash is reduced by the admixture of
broadleaved species. Still, mortality rates were lower compared to Central
Europe indicating regional differences in the susceptibility.

Management and site properties have regional effects on ash health
condition, but not on ash regeneration density (trees per hectare). Intensive
tending improves the phytosanitary condition of ash. Trees are more vital in
dry and drained forests. Stand composition has explicit regional effect on ash
health condition; higher species diversity has positive effect in the eastern
part of Latvia, although effects of admixture species may vary.
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RECOMMENDATIONS

Considering contrasting condition of regenerating ash and positive effects of
management, health condition of ash stands should be monitored. Survey
during the growth season, when the identification of disease symptoms is
the easiest, is advisable.

Efforts to conserve ash stands as a valuable genetic resource should primarily
be focussed in areas in the eastern part of Latvia where the health condition
of ash appears better. Nevertheless, the stands with best vitality should be
conserved throughout Latvia, promoting local genetic diversity. Identification
of the most genetically diverged populations for future breeding programmes
is advised.

Specific silvicultural strategies should be used for young and mature ash
stands: mixed stands with a small proportion of ash in admixture should
be facilitated for ash conservation. Obviously, resistant ash trees should be
identified and their long-term survival promoted using intense tending. In
stands of other age groups, vital dominant trees should be left as a seed
source. Stands with low vitality should not be preserved.
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In Latvia, during the last 15 years (2000-2015), the area of common ash Fraxinus excelsior forest
stands has decreased by 40.6%. The dieback was predominantly caused by the fungal pathogen
Hymenoscyphus fraxineus. Mostly young stands (up to 40 years old) were affected, accounting
for 77.3% of the area of dieback. In this paper, we analysed the dynamics of young ash stand
area within nature regions in Latvia to attempt to determine patterns of spread and the major mi-
gration routes of H. fraxineus. As suggested by the available data, the invasion of the fungal
pathogen began in the southern part of Latvia, and then gradually dispersed across the country.
The largest decline of young ash stands, during the period 2000-2010, occurred in lowlands. Ac-
cording to our estimate, the average rate of dispersal in Latvia was 40 km per year. At the scale
of Latvia, the dispersal routes of fungal pathogen H. fraxineus largely coincide with the major mi-
gration corridors of biota and are related to macro-relief forms and their configuration.

Key words: dieback, Fraxinus excelsior, young stands, migration routes.

INTRODUCTION half of the 20™ century, the cover of ash stands did not ex-
. o . ceed 1000 ha (Anonymous, 1926; 1937; Kundzins, 1937;
Common ash Fraxinus excelsior is the most widespread de- Eihe, 1940; Kronitis, 1966) or 0.1% of the total forest area.

ciduous broadleaved woody specﬁes in Latvia. According to However, in the 1960s to 1970s, targeted silvicultural meas-
the data of the State Forest Service (Anonymous, 2015), in ures resulted in a rapid increase of the total ash stand area
2015 the total cover of ash stands was 13 011.1 ha (0.4% of (Saks, 1957; Sakss, 1958; Grauzing, 1969, 1971; Grauzinsh,
the total forest cover or 53.1% of the broadleaved deciduous 1971) with a peak at the end of ,the 20 century (in 1998,
forest area in Latvia). the total area was 21 905.3 ha or 0.8% of the total forest
area). On the basis of the literature sources mentioned
above and forest statistics, the dynamics (change in area) of
ash stands was estimated (Fig. 1).

During the last century, the absolute and relative area of ash
stands in forests of Latvia varied considerably. In the first

Pre
o &« B
L

Fig. 1. Dynamics of common ash stands in the forests
of Latvia within the last 90 years. Data summarized
from the following sources: Anonymous, 1926; 1937;
Kundzins, 1937; Eihe, 1940; Saks, 1957; Kronitis,
1966; Sakss, 1958; Grauzips, 1969; 1971; Grauzinsh,
1971; Anonymous, 2015.
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Regeneration of ash and increase of the ash stand area were
perhaps promoted also by environmental changes, particu-
larly eutrophication of soil and synanthropization of vegeta-
tion, as suggested also by numerous studies in Europe (e. g.
Kuhn et al., 1983; Fangmeier et al., 1994; Diekmann et al.,
1999) including Latvia (Laivins, 1997, 1998).

The first cases of common ash dieback in Poland were re-
corded in the beginning of the 1990s (Przybyl, 2002). In
Lithuania, the first cases of ash dieback were noted at the
end of the 1990s (Juodvalkis and Vasilauskas, 2002; Kow-
alski and Lukomska, 2005). Soon the fungal pathogen Hy-
menoscyphus fraxineus was discovered to be the cause of
the extensive ash dieback (Bakys et al., 2013; Pautasso et
al., 2013; Gross et al., 2014). In the first decade of the new
millenia, the fungi species was present in ash stands most of
the European countries (Pautasso et al., 2013).

In Latvia, numerous cases of ash dieback were recorded in
the end of the 20" century and in the beginning of the 21
century. However, the actual cause of dieback, H. fraxineus,
was first proven in the western part of the country near
Liepaja in 2006 and in the central part near Tukums in 2007
(Kénigsvalde et al., 2010), several years after the massive
dieback throughout the country. Thus, no precise data on
the first establishment and dispersal rate of this fungi spe-
cies in Latvia are available.

During the last 15 years (2000-2015), ash stands in Latvia
are being damaged and die mostly due to infection caused
by H. fraxineus. As a result, the total cover of ash stands has
decreased by 8878.0 ha (40.6% of the area in 2000). The
pathogen has affected mostly young ash stands (younger
than 40 years) causing a loss of area of this age class by
77.3%, and of middle-aged stands by 51.1%, compared to
the area in 2000. Similar patterns were observed also in
Lithuania, where young and middle-aged stands were the
most affected by pathogen infection (Juodvalkis and Vasi-
lauskas, 2002). In mature and old-growth stands, the de-
struction and dieback is considerably slower.

In literature, the scientific name of the fungal pathogen spe-
cies has changed several times. Currently, Hymenoscyphus
fraxineus has been adopted as the taxonomically correct
name (previously, Chalara fraxinea and Hymenoscyphus
pseudoalbidus, currently used as synonyms) (Baral et al.,
2014). In this paper, we used the latest accepted scientific
name, Hymenoscyphus fraxineus.

In our study, we focused on the dynamics of young ash
stands, which are known as the most susceptible against
pathogen infections (Kowalski, 2006) and consequently the
most dynamic age group among ash stands. Thus far, the
cause of massive ash dieback in Europe has not cast doubt
since the main reason was discovered. Therefore, in this pa-
per we assume that this was the cause of young ash dieback
also in Latvia, though the cause in each stand was not deter-
mined. The aim of this study was to describe regional dif-
ferences of ash dieback caused by H. fraxineus and to deter-
mine the migration routes and the dispersal rate. We
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hypothesized that its dispersal routes in Latvia coincided
with the major migration routes of biota largely defined by
the pattern and configuration of macro-relief forms.

MATERIAL AND METHODS

Forest inventories and age groups of ash stands. In order
to determine the dynamics of young ash stand area in differ-
ent regions of Latvia within the time period from 2000 to
2015, data from the State Forest Service (Anonymous,
2015) were used. For each of the smallest administrative
units (counties), data on the area and volume of ash stands
(within time intervals 1-10, 11-20, ... > 201 years) were
available. The ash stands are classified into five age groups:
young stands (< 41 years), middle-aged stands (41-60
years), pre-mature stands (61-80 years), mature stands
(81-120 years), and overmature stands (>121 years). Only
data on the area per county of young stands (< 41) years)
were selected and used in the analysis.

Nature regions and groups of regions. The selected data
on young ash stands in 506 counties were used in a spatial
analysis at the regional level. Using ArcView 9.1 software
the counties were grouped within the borders of physioge-
ographical districts, or nature regions (Fig. 2) as defined by
K. Ramans (Ramans, 1994), others (Sleinis, 1937; Zel¢s
and Steins, 1989). If a county was crossed by the border of
nature region, the county was joined to the region with the
largest proportional area of the county.

The nature regions (Fig. 2) were merged into larger units:
Southern, Central, and Northern Latvia. The Eastern Zem-
gale Plain (VII) and AugSzeme Upland (VIII) as well as
Western Zemgale Plain (VI), Eastern Kursa Upland (IV),
and Western Kursa Upland II were grouped into a unit

Fig. 2. Nature regions of Latvia.

I — Coastal Lowland, Ta — Kurzeme and Rigava Coastal Plain, Tb —
Vidzeme Coastal Plain; II — Western Kursa Upland; III — Venta
River-land; IV — Eastern Kursa Upland; V — Northern Kursa Upland; VI —
Western Zemgale Plain; VII — Eastern Zemgale Plain; VIII — Augszeme
Upland; IX — Southern Vidzeme Tilted Plain; X — Northern Vidzeme
Plain; XI — Gauja River-land; XII — Vidzeme Upland; XIII — Eastern
Vidzeme Upland; XIV — Aiviekste River-land, XIVa — Lubana and Jersika
Plain, XIVb — Adzele Rise; XV — Latgale Upland; XVI — Eastern Latgale
(Mudava) Lowland. In the text the region numbers are given in
parentheses.
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called Southern Latvia, south of the Daugava River. The
Southern Vidzeme Tilted Plain (IX), Lubana and Jersika
Plain (XIVa), and Vidzeme Upland (XII) were merged into
a group called Central Latvia. The Northern Kursa Upland
(V), Vidzeme Coastal Plain (Ib), Northern Vidzeme Plain
(X), and Adzele Rise (XIVb) were combine in a Northern
Latvia group of regions. The Northern Latvia and Southern
Latvia groups were analysed in detail.

Data from nature regions in which the area of young ash
stands in 2000 was smaller than 200 ha (Kurzeme and Ri-
gava Coastal Plain (Ia, Ib), Venta River-land (III), Gauja
River-land (XI), Latgale Upland (XV), Eastern Vidzeme
Upland (XIII), and Eastern Latgale Lowland (XVI)) were
excluded from the analysis. In these regions, the distribution
of ash is limited by climatic or edaphic factors (von Sievers
1903; Sakss 1958; Laivins and Mangale 2004).

Data analysis. For each region, the annual increase (+) or
decrease (-) of young ash stand area was calculated in hec-
tares (transformed into percent) as compared to the previous
year. This analysis was performed for each region over the
time period from 2000 to 2010. The distribution maps were
prepared using Arc View 9.1 software.

RESULTS

Dynamics of young ash stand areas in Latvia. In com-
parison to 2000, in 2015 the total area of young ash stands
in Latvia had decreased by 4.4 times (Fig. 3). The rate of
decline during the last 15 years was uneven: in 2000-2006,
the decline was rapid (average 805 ha/year), while in
2007-2015 the rate had declined (average 279 ha/year).

Damaged area of the young ash stands,
T Unsqgnifcant changes

10000.0

Area of yuang ash stands. ha

2000 2005 2010 2015 2020

Years

Fig. 3. Total area of young ash stands in Latvia (2000-2015).

During the last 16 years, the damage caused by Hymenoscy-
phus fraxineus has dramatically changed the age structure
of ash stands at the national scale. In 2000, young ash
stands comprised nearly one half (43%) of all ash stands in
Latvia. In 2015, the area of young ash stands was only 17%
of the total ash stand area in the country.

Regional differences in young ash stand dynamics. Inten-
sive dieback of young ash stands began in Southern Latvia.
In 2000, the highest rate of dieback was observed in the
Eastern Zemgale Plain (VI) where a loss of 2333 ha had
occurred (decrease of the total young ash stand area by 4.3
times), and in the Eastern Zemgale Plain (loss of 1083 ha;
decrease by 3.1 times) (Fig. 4).

A year later, in 2001, the total area of young ash stands had
decreased by one half (373 ha or 34.4% of the area in
2000). In Augszeme (VIII), during the period from 2000 to
2002, the total area of young ash stands decreased almost

Damagod arsa of the young ash stands, %
Unsignificant changes
<10

=%
-0
-0

Fig. 4. The dynamics of ash young stand dieback across different nature regions in Latvia (A — 2000, B — 2003, C — 2006, D — 2009).
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Table 1

THE DYNAMICS OF THE YOUNG ASH STAND AREAS IN NATURE REGIONS OF LATVIA*

Year ‘

‘ Nature regions in Central Latvia ‘

Nature regions in Southern Latvia Nature regions in Northern Latvia

‘ 1T+ v VI viI VIIT ‘ IX XIVa XII ‘ Ib N4 X XIVb
2001 +5.8 +2.7 =174 =344 -1.6 +5.6 =217 0.1 +2.3 +2.7 +11.2 +0.2
2002 +0.6 +0.7 -1.2 -7.1 =473 0.6 =157 +1.7 -6.6 -3.0 =122 -8.1
2003 -5.5 =25 =31.8 =322 -0.2 =174 2.7 —4.1 -2.1 22 —13 -1.1
2004 —4.7 -95 -1.0 0.0 -1.8 0.6 2.8 +3.2 =66.2 -1.7 =28.7 -13
2005 -1.1 -3.0 =17.1 -1.7 =123 -29 —4.6 +1.5 -1.1 =36.1 -3.7 =652
2006 -0.4 4.7 =293 -33 3.1 -3.9 =10.0 0.0 -1.5 =52 —4.6 -1.6
2007 -8.1 -0.2 -8.7 -9.8 2.0 -1.0 0.1 -4.5 =5.1 -93 4.5 =33
2008 -5.7 =27 —4.6 +0.4 -3.6 -9.4 -9.8 +0.8 -6.5 +0.2 -5.0 -0.9
2009 -19 -76 -32 -5 74 0.3 124 0.3 +3.4 =193 +3.6 3.1
2010 -2.6 5.0 -9.4 -74 =155 -9.6 -7.8 —6.4 =15.1 +3.7 =17.5 -9.2

* +, 9% as compared to the previous year; ** The number code of regions are presented in Fig. 2. Annual decreases exceeding —10% are underlined.

twice — loss of 354 ha (48.8% of the area in 2000). In the
Western Kursa (IT) Upland and Eastern Kursa (IV) Upland,
where the total area in 2001 was 236 ha and 967 ha, respec-
tively, the total area slightly increased (Table 1).

In the nature regions of Central Latvia, the total area of
young ash stands in 2001 decreased only in the Lubana and
Jersika Plain (XIVa) — by 106 ha (21.6% of the area in
2000). In the Vidzeme Upland (XII), the area of young ash
stands did not change, while in the Southern Vidzeme
Tilted Plain (IX) it slightly increased.

In all nature regions of Northern Vidzeme, the total area of
young ash stands in 2001 increased in the next year, but
only a year later, in 2002, in all these regions a slight de-
crease of the area was observed, with the largest decline in
the Northern Vidzeme Plain (X) — loss of 160 ha (12.2%)
from the area in 2000 (Table 1).

Spread of H. fraxineus can be modelled by the dynamics of
young ash stand area across the nature regions of Latvia
(Fig. 4). In 2003, in the Eastern Zemgale Plain more than
50% of the young ash stands recorded in statistics of 2000
were dead (Fig. 4A). In Western Zemgale, where the largest
area of young ash stands was recorded in 2000 (2333 ha) as
well as in AugSzeme Upland and Lubana and Jersika Plain
(total 1083 ha), two regions bordering with Eastern
Zemgale, the total area of young ash stands decreased by
more than 30%. Similarly, in the Northern Vidzeme Plain
with relatively large areas of young ash stands in 2000 (to-
tally 1177 ha), about 10% of them died in the period up to
2003 (Fig. 4B). This means that within three years after the
outbreak in Southern Latvia, the disease had reached also
the northern part of the country.

In the period up to 2006, the decline of young ash stands
reached nearly 70% in the Western Zemgale Plain,
Augszeme Upland, Adzele Rise, and Vidzeme Coastal
Plain, which means that massive dieback had occurred
throughout the country. Loss of about one-third of young
ash stands had occurred also in the Eastern Kursa Upland,

Proc. Latvian Acad. Sci., Section B, Vol. 70 (2016), No. 3.

Northern Kursa Upland, and Northern Vidzeme Plain
(Fig. 4C). In the period from 2007 to 2010, in most of re-
gions the dieback of young ash stands had slowed (Fig. 4D,
Table 1).

DISCUSSION

In Latvia, ash dieback caused by Hymenoscyphus fraxineus
began in the first years of the 21%" century along with dis-
persal of spores of the fungi northward from Lithuania. In
Lithuania, the first signs of dieback caused by H. fraxineus
were recorded in 1996-1997, and massive dieback was re-
corded a few years later in 2001 (Juodvalkis and Vasi-
lauskas, 2002; Vasaitis, 2012). According to Lithuanian for-
est monitoring data, moderately poor (crown defoliation >
25 %) condition of common ash was first recorded in 1994
and 1998 (crown defoliation 26.9 and 27.9%, respectively),
and in all years since 2000 (Ozolinlius et al., 2005;
Stakenas et al., 2013). In Poland, spreading dieback of com-
mon ash was first recorded in the second half of the 1990s,
although the first signs were observed earlier with recording
of the fungal pathogen H. fraxineus (Kowalski, 2001;
Kowalski and Lukomska, 2005). Also in countries north of
Latvia (Estonia and South Finland including the Aland Is-
lands), invasion of the fungal pathogen was recorded during
the first decade of the 21* century (Rytkonen et al., 2011).

According to data of the State Forest Service, increased
dieback of common ash began in Southern Latvia in two na-
ture regions located south of the Daugava River. In 2001, a
dramatic decline of young ash stands was recorded in West-
ern Zemgale Plain (VI), where the young ash stand area had
decreased by 405 ha (17.4% of the area in 2000), and East-
ern Zemgale (VII), by 373 ha (34.4% of the area in 2000).

Both regions are located on the border of districts in Lithua-
nia (Birzai, PaneveZys, and Rokiskis forest massifs), where
the majority of the damaged ash stands occurred at that time
(Juodvalkis and Jankauskas, 2002). In 2001, the area of
young ash stands had decreased by 106 ha (21.7% of the
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area in 2000) also in the Lubana and Jersika Plain (XIVa).
Thus we can assume that the diaspores of the fungal patho-
gen had spread northward across Daugava River and
reached the Eastern Latvia Lowland. Between 2000 and
2001, the area of young ash stands did not decrease in other
nature regions in Latvia, and in some cases had even
slightly increased. A few years after invasion of
H. fraxineus in Southern Latvia, dieback of common ash
was recorded also in Northern Vidzeme (Fig. 5), reaching a
peak in 2004 (Table 2).

The intensity of young ash stand decline in 2000-2015 was
uneven: in 2000-2006, the decline was rapid (average
805 halyear), and relatively slower in 2007-2015 (average
279 halyear). One of the reasons for the observed young ash
stand decline (loss of area) might be that the young stands
had survived and were included in the category of
pre-mature stands, but this would include only a small pro-
portion of stands. The forest statistics data did not allow to
estimating the area of young ash stands that transform into
pre-mature stands annually. However, according to the for-
est statistics, the proportion of total ash stand area that
transformed into the next age category did not exceed 14%

/" area of the young ash stands (year 2000}, ha
1200

[ 200 - 600
601 - 1000
.- 1001

Fig. 5. Hypothesized migration routes of Hymenoscyphus fraxinea in Lat-
via.

Table 2

ANNUAL CHANGES OF THE YOUNG ASH STAND AREA IN THE
SOUTHERN AND NORTHERN NATURE REGIONS OF LATVIA*

Year Southern regions Northern regions
of Latvia of Latvia
2001 -15.0 +6.5
2002 -10.8 -9.4
2003 248 -79
2004 -5.5 -26.9
2005 -10.2 -24.8
2006 -13.9 —4.1
2007 -6.1 -5.2
2008 -32 -3.9
2009 2.0 +4.6
2010 —6.4 -135

* +, % as compared to the previous year. Annual decreases exceeding
—10 % are underlined.
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during the period 2000-2015. The forest statistics do not
show a notable increase of pre-mature stand area, and thus it
is very probable that the area of young stands has declined,
and not transformed into pre-mature stands. Although we
did not analyse this in more detail, also the area of pre-ma-
ture ash stands continuously declined over the study period,
allowing us to assume that the major cause of the decline of
area was dieback.

Perhaps the high rate of decline can be explained by the
large proportion of young ash stand areas in the beginning
of the studied period. Being more widespread, the ash
stands became easily invaded by the fungal pathogen, con-
sequently serving as stepping stones and promoting further
spread into other stands.

On the basis of map analysis, we can assume that the
diaspores of the fungal pathogen spread from the south to
the north, at least during the first years (2001-2003) after
invading the territory of Latvia. The dispersal occurred in
the south-north oriented lowlands using the landforms as
migration corridors (Fig. 5). The Eastern Latvia migration
corridor coincides with the Eastern Latvia Lowland. It is
likely that the diaspores spread from the southern slope of
Akniste Rise (bordering with BirZai and RokiSkis forest
massifs in Lithuania) toward the Jersika and Lubana Low-
land reaching and massively invading young ash stands in
the Adzele Rise in 2005.

The Central Latvian migration corridor, connects Western
Zemgale Lowland with Northern Vidzeme and the Coastal
Lowland in Vidzeme along the coast of the Gulf of Riga
and the Southern Vidzeme Tilted Plain. In 2003, the fungal
pathogen caused significant damage to ash stands in South-
ern Vidzeme and Northern Vidzeme. Most probably,
H. fraxineus spread into Northern Kurzeme from the West-
ern Zemgale region (Fig. 5).

The dispersal of diaspores was less intensive and less dam-
aging to young ash stands on uplands. In Vidzeme Upland
and Western Kursa Upland, dieback of young ash stands in
the period up to 2010 was recorded only in small areas. This
is perhaps due to the low cover of young ash stands in the
particular regions (in 2000, there were 366 ha in Vidzeme
Upland, and 236 ha in Western Kursa Upland). Addi-
tionally, due to terrain conditions in uplands, the distribu-
tion pattern of ash stands has a mosaic character and they
are naturally more isolated from each other. Aug$zeme Up-
land is an exception, where intensive dieback was observed
already in 2002, most probably because the region is adja-
cent to the most invaded districts in Lithuania at the time.
Augszeme Upland has also a relatively warm climate in
comparison to many other nature regions in Latvia and early
spring (Zirnitis 1956), which could be beneficial for the
spread of H. fraxineus.

The dispersal and direction of H. fraxineus migration in
Latvia could be well portrayed by the dynamics of young
ash stands, particularly when comparing the southern and
northern regions of the country (Table 2). In the northern re-
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gions (150_180 km to the north from the southern regions),
the most intensive dieback started four years later than in
the southern regions. Thus, we can assume that the dispersal
rate was about 40 km per year. Dispersal rate estimations in
other European countries differ, e. g. 50-60 km per year in
North East Italy (Luchi ef al., 2012) and 30 km in Norway
(Solheim et al., 2012) suggesting that at the European scale
the rates may increase southward.

The dispersal corridors of H. fraxineus in Latvia coincide
with the most important migration corridors of biota. For
example the migration routes of birds (e. g. northern lap-
wing Vanellus vanellus, Eurasian skylark Alauda arvensis,
common cuckoo Cuculus canorus, and many other) are
across northward oriented lowlands (Strautzels, 1939;
Kalnins, 1943). Also numerous non-native plant species
spread along the lowland rivers, as suggested by several
studies, e. g. Laivip$ and Gavrilova (2003); Laivins et al.
(2006); Laivip$ and Cekstere (2014).

At the scale of Latvia, the dispersal routes of the fungal
pathogen H. fraxineus largely coincide with the major mi-
gration corridors of biota and are associated with macro-re-
lief forms and their configuration.
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PATOGENAS SENES HYMENOSCYPHUS FRAXINEUS 1ZPLATISANAS LATVIJA: PARASTA OSA JAUNAUDZU DINAMIKAS
ANALIZE

Latvija pédejos 15 gados (2000-2015) o$a audZzu platiba ir samazinajusies par 40,6%, galvenokart patogénas sénes Hymenoscyphus
fraxineus izraisito slimibu dg]. Saja perioda visstiprak (par 77,3%) ir samazinjusies lidz 40 gadiem vecu o$a audzu jeb jaunaudzu platiba.
Saja raksta, pamatojoties uz jaunaudzu platibu izmainam dabas regionos, analizéta sénes izplatiSanas dinamika un galvenie izplati¥anas
celi. Noskaidrots, ka ofa jaunaudZzu atmirSana vispirms sakas valsts dienvidu regionos, bet pec tam pakapeniski aptvéra visu valsti;
intensivak o$a jaunaudZu platiba 2000.-2010. gada samazinajusies zemiengs. Parasta osa infekcijas masveida izplatiSanas Latvija ir notikusi
aptuveni ar atrumu 40 km gada. Kopuma slimibas izplatiSanas celi sakrit ar galvenajiem biotas migracijas koridoriem Latvija — reljefa
lielfformam un to konfiguraciju.

130 Proc. Latvian Acad. Sci., Section B, Vol. 70 (2016), No. 3.

Unauthentifiziert | Heruntergeladen 06.12.19 08:52 UTC






Silva Fennica vol. 52 no. 1 article id 9901
Category: research note

S”_\/A FEI\”\”CA https://doi.org/10.14214/sf.9901

http://www.silvafennica.fi

Licenced CC BY-SA 4.0

ISSN-L 0037-5330 | ISSN 2242-4075 (Online)
The Finnish Society of Forest Science

lize Matisone, Roberts Matisons, Maris Laivin$ and Talis Gaitnieks

Statistics of ash dieback in Latvia

Matisone I., Matisons R., Laivin$ M., Gaitnieks T. (2018). Statistics of ash dieback in Latvia.
Silva Fennica vol. 52 no. 1 article id 9901. 6 p. https://doi.org/10.14214/s£.9901

*  Dynamics of ash dieback during 2005-2015 were summarized.

*  The area of ash dominated stands decreased twofold.

*  The number of mature ash trees and their standing volume decreased by 53.1 and 69.9%,
compared to 2005, respectively.

*  The mortality of trees was higher during the first part of the survey, the decrease of standing
volume culminated later.

Dieback of the common ash (Fraxinus excelsior L.) has been spreading throughout Europe since
the 1990s, causing severe ecological and economical consequences; however, detailed statistics
on its dynamics have been published rarely. This paper presents the dynamics of mature ash-
dominated stands in Latvia for the period 2005-2015. Data from the national forest inventory
and a permanent sampling plot network were summarised. According to the official statistics,
the dieback has caused a twofold decrease in area of the ash stands (from 21891 to 13011 ha,
which respectively comprised ca. 0.8 to ca. 0.4% of the total forest area). The official statistics
on standing volume appeared biased, as they did not account for increased mortality. According
to the permanent sampling plots, standing volume and stand density have been affected even
more, having decreased by 53.1 and 69.9%, respectively, compared to 2005 (the stand density
and standing volume of ash in 2015 was 77 individuals ha™! and 151 m?ha™!, respectively). The
mortality of the trees has not been stable. Stand density decreased faster during 2005-2009 com-
pared to 2010-2015, with mortality rates of 9.6 and 8.2% year™!, respectively. In contrast, the
decrease in standing volume in 2005-2009 was slower than in 20102015 (mortality rates were
4.7 and 7.7% year™!, respectively) because trees with smaller dimensions were more susceptible
to the dieback. Nevertheless, the observed mortality rates clearly indicate negative prospects for
ash stands in Latvia.
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1 Introduction

In Europe, the common ash (Fraxinus excelsior L.) is a widespread, economically and ecologi-
cally important tree species (Dobrowolska et al. 2011). In the late 1990s, ash dieback broke out in
Poland (Kowalski 2006) and Lithuania (Juodvalkis and Vasiliauskas 2002), rapidly spreading across
Europe, and, at present, more than 20 countries have been affected (Vasaitis and Enderle 2017).
After the initial symptoms, e.g., wilting of leaves and shoots (Schumacher et al. 2010), the infected
trees can die within a few months or years (Bakys et al. 2011; Bengtsson et al. 2014); however,
some trees may show chronic symptoms, or even some signs of recovery (Schumacher et al. 2010;
Bengtsson et al. 2014). The ascomycete Hymenoscyphus fraxineus (T. Kowalski) is the primary
agent of the dieback (Kowalski 2006), while the secondary infection, often by Armillaria spp. that
colonise root collars, causes tree death and uprooting (Skovsgaard et al. 2010; Bakys et al. 2011).

Ash dieback is usually large-scale, reducing densities of ash stands down to a few individuals
per hectare (Bengtsson et al. 2014; Plitira et al. 2015). Consequently, it has a pronounced economic
impact (Thomsen and Skovsgaard 2012; Worell 2013). Still, publication of national or regional
statistics concerning the dynamics of this are mostly lacking, except for some scarce reports,
derived from data from national forestry information systems (cf. Worell 2013; Vasaitis and Enderle
2017), which, however, might not be quite accurate. The aim of this study was to summarise the
statistics on the dynamics of ash dieback in Latvia, combining data from forest inventory (FI) and
a permanent sampling plot (PSP) network for the period 2005-2015. We hypothesised that ash
mortality was higher at the beginning of the dieback, decreasing afterwards.

2 Material and methods
2.1 Datasets
The FI data on standing volume (living) and area of ash-dominated stands in Latvia, (Fig. 1), were

acquired from the Latvia State Forest Service database. The data for 2005-2015, and additionally
for 1998, when the maximum coverage of ash forests was observed, were used.
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Fig. 1. Location of the studied permanent sampling plots. Broken line indicates arbitrarily division of Latvia in two
regions with differing growth patterns of broadleaved trees.
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Empirical data were acquired from 15 PSPs, scattered over the territory of Latvia (Fig. 1).
The PSPs were established in 51- to 138-year-old, uneven-aged stands, which have been dominated
by ash, yet have been subjected to different degrees of dieback. The sampled stands grow on flat
terrain on fertile mineral soil. In some stands, spring waterlogging occurred. The climatic condi-
tions were temperate, with mean annual temperature (+standard error) in the western and eastern
parts of Latvia of 7.0+ 1.4 and 6.1£1.6 °C, respectively; January was the coldest (—1.8+0.7 and
—4.5+1.0 °C, respectively) and July was the warmest (17.4+0.3 and 17.9+0.3 °C, respectively)
month (Harris et al. 2014). The mean annual precipitation was 706+ 67 mm; the highest monthly
precipitation occurred in the summer months (June—September; 72+29 mm).

Each PSP was a circle with a radius of 15 m (ca. 706 m?). Within each PSP, all trees, includ-
ing deadwood, with stem diameter at breast height (DBH) of >6 cm were measured. For each tree
and log/snag, DBH and height/length (H) were recorded, with an accuracy of 1 cm and 50 cm,
respectively. The measurements were repeated in 2005, 2010, and 2015.

2.2 Data analysis

The standing volume of the PSPs was calculated, based on stemwood volume (V, m? ha!) of
individual trees, according to Liepa (1996):

V =y x H* DBHPe(H)+o 0

where y=0.8530-104, 0.=0.73077, B = 0.0682, and ¢ = 1.91124 are the coefficients, H was height
of tree (length of stem) and DBH was stem diameter at breast height. To assess the mortality of
ash during each of the periods analysed, the mortality rate, 1%, was calculated:

r% = ———, 2)

where N; was the amount (number, or standing volume, of trees) of ash at the beginning of the
observation period, Ny was the amount of ash at the end of the observation period, t was the
length of the observation period, in years. Considering the regional diversity in growth patterns
of broadleaved trees in Latvia (Matisons et al. 2012), the differences in ash mortality between the
western and eastern parts of Latvia were assessed, for each period, by generalised linear mixed
model, applying the binomial distribution of residuals and a “logit” link function. Sampling plot
was used as a random effect. Regional differences in standing volume were assessed by t-test. Data
were analysed using the program R v. 3.3.3 (R Core Team 2016), applying the “Ime4” package
(Bates et al. 2015).

3 Results

According to the FI data, the dieback decreased the area of ash-dominated stands in Latvia nearly
twofold, from 21891 ha (ca. 0.8% of the forest area) in 1998, when the maximum was observed,
to 13011 ha (ca. 0.4% of the forest area) in 2015 (Table 1). The decrease was slightly faster
(ca. 6%) in the western part of Latvia, where the total area of ash stands was higher (not shown).
Surprisingly, the official (FI) statistics indicated a gradual increase in the standing volume of the
remaining ash-dominated stands in Latvia during 2005-2015 (Table 1), contradicting the die-
back.
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Table 1. Statistics of ash stands in Latvia according to data from Latvia State Forest
Service and permanent sampling plots for the period 2005-2015. The 95% confi-
dence intervals are shown for the permanent sampling plot data.

Year
2005 2010 2015

Latvia State Forest Service data

Total stand area, ha 18315.7 16263.5 13673.71

Total standing stock m? 3737303 3698663 3410624

Mean standing volume, m? ha™! 204.05 227.42 249.43
Permanent sampling plot data

Living

Stand density, individuals ha™! 256+55 136+45 77+32

Standing volume, m? ha! 322489 246+77 151+59
Deadwood

Stand density, individuals ha™! 74+50 178+82 233+79

Standing volume, m? ha™! 18+14 119+54 212+66

In the PSPs at the beginning of the survey in 2005, 340 ashes of different dimensions were
accounted, of which 69 were already dead. In the second and third surveys, only 52.0%, and 30.6%,
respectively, of the initially accounted trees had survived (Table 1). The survival of trees was similar
between the regions (p-value>0.10). Accordingly, in 2005-2009 and 2010-2015, 1% was 9.6 and
8.2% year!. The r% calculated for the entire period (2005-2015) was ca. 6.9% year'!. During the
survey, only six new ashes with DBH>6 cm were accounted in the PSPs.

In 2005, the standing volume of living ash in the PSPs was ca. 320 m3 ha! (Table 1), and
stand density was ca. 260 trees ha !. The volume of ash deadwood was low, ca. 18 m*ha!. In the
following surveys (in 2010 and 2015), the standing volume of living trees decreased to 76.4 and
46.9% of the initially accounted, respectively. The volume of deadwood increased accordingly (up
to 212 m3ha ! in 2015). The changes in the standing volume of ash were similar for the regions
(p-value>0.06). The 1%, calculated based on standing volume, was lower in the first than the second
observation period (4.7 and 7.7% year !, respectively), and the 1% for 2005-2015 was 5.3% year .

4 Discussion

In the Baltics, ash dieback has been observed for more than 15 years (Juodvalkis and Vasiliauskas
2002). Despite this, the decrease in stand area (by ca. 40% in 17 years; Table 1) in Latvia was
slightly lower, compared to the neighbouring Lithuania and Central Europe, where ash forests were
more common (cf. Vasaitis and Enderle 2017). A slower decrease in the area of stands (Table 1),
particularly in the eastern part of Latvia, might be partly related to lower connectivity between
them (Liepins et al. 2016), which might have limited the spread of the disease. The official statistics
(FI data) on the standing volume of ash, which showed a stable increase (Table 1), were obviously
biased. The bias can be explained by the growth models employed in the calculation system to
extrapolate stand growth between inventories, which were based solely on site type and age, yet
did not account for increased mortality due to the disease. Nevertheless, the statistics concerning
the area of the stands are credible, as they are based on verified observations (inventories). On the
other hand, observation data from a limited number of PSPs might not be completely representa-
tive of diverse stands across the country.
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The overall mortality of affected ash in Latvia (Table 1) was lower than in Lithuania and
Germany (6.9 vs. 8.7 and 10.1% year !, respectively; cf. Lenz et al. 2016; Vasaitis and Enderle
2017), suggesting a higher resistance of the Latvian ash stands against the pathogens. Still, it was
considerably higher than observed for “veteran” (i.e., long lived; ca. 1% year™) trees in Sweden
(Bengtsson 2014), which, apparently, are the most resistant. The decrease in standing volume
(r%=5.3% year!; Table 1) was slower compared to stand density (number of ash), which might
be explained by the presence of “veteran” trees in the studied population.

As hypothesised, the mortality of the affected ash, as indicated by changes in the number of
trees, was higher at the beginning of dieback (Table 1), indicating that most of the population was
highly sensitive to the pathogen (McKinney et al. 2014), and hence died promptly. The remain-
ing trees, apparently, had higher resistance (Bengtsson 2014), explaining the decreased mortality
(Table 1). The mortality rate calculated for the standing volume was higher in the second period
of observation (Table 1), indicating that the larger, thus more vigorous, trees were able to survive
longer (Skovsgaard et al. 2010; McKinney et al. 2011). Potentially, the larger trees were able to
resist H. fraxineus, but the secondary agents (e.g., Armillaria spp.) likely caused their death (Bakys
et al. 2011; Thomsen and Skovsgaard 2012).

Based on the decrease in stand area and the mortality rate of ash, it could be concluded that
the prospects for the species in Latvia is clearly negative. Some regeneration of the affected stands
was observed, as a few new trees were registered during the surveys, yet the rate of recruitment
still appeared insufficient to counteract the dieback. Still, the decrease in mortality rate suggests
that the most vigorous trees might survive, providing a gene source for a new generation of more
resistant trees to form in the longer term (McKinney et al. 2014).
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Seasonal development of lesions caused by Hymenoscyphus fraxineus
on young Fraxinus excelsior trees in Latvia

The spread of the ascomycete Hymenoscyphus fraxineus, causing dieback of
common ash (Fraxinus excelsior) in Europe, is rapid and the damage is pro-
nounced, as young ashes can perish over the course of only a few months fol-
lowing infection. The objective of this study was to investigate the rate and
extent of lesion formation on young (5-8-year-old) ashes during a vegetation
season in the hemiboreal zone in Latvia. Continuous surveys (with monthly
intervals) of the health condition of 30 young ash and measurements of lesion
area in three stands were performed during the vegetation season of 2015.
From June to September of that year, the number of observed lesions gradu-
ally rose from 58 to 87. New lesions emerged on branches (55%, 0.5 per tree),
top shoots (28%, 0.3 per tree), and stems (17%, 0.2 per tree), mostly appear-
ing at the beginning of the observation period (45%, 52%, and 3% in June,
July, and August, respectively). During the vegetation season, 20% of the
existing and 28% of the newly-emerged lesions on branches, as well as 20%
and 25% of top shoot lesions, respectively, reached the main stem. Some (<
20% of cases) transitions of lesions from the tops and branches to the stems
were observed. The extension of lesions was significant until August, and
ceased afterwards in a similar fashion in all stands. The mean extension of
area significantly differed between the previously-existing and newly-emerged
lesions. During the vegetation season, the new lesions expanded by 25.1 + 4.8
cm?, whereas the existing ones grew by only 7.3 + 1.1 cm?. The extension of
the new lesions varied according to their location on a tree. The spread of
emerging lesions on stems was considerably slower than on branches or top
shoots (1.9 £ 0.7, 7.3 + 1.5, and 14.5 + 4.1 cm? per lesion per month, respec-
tively). During the studied vegetation season (summer), the overall health
score of trees decreased twice, yet the relationship between heath status and
development of lesions lacked significance.

llze Matisone,
Roberts Matisons,
Kristine Kenigsvalde,
Talis Gaitnieks,
Natalija Burnevica

Keywords: Common Ash, Ash Dieback, Lesion Length, Sapling Wilting

Introduction

The ascomycete Hymenoscyphus frax-
ineus is a disease agent that has caused
dieback of common ash (Fraxinus excelsior
L.) in Europe in recent decades (Pautasso
et al. 2013). Since the 1990s, ash dieback
has been observed in Lithuania (Vasili-
auskas et al. 2006) and Latvia (Laivin3 et al.
2016), although in Latvia, it was only con-
firmed in 2007 (Kenigsvalde et al. 2010).
The number of countries affected by ash
dieback continues to increase and already
exceeds 20 (Gross et al. 2014). This dieback
affects stands of different ages and com-

positions (Pliura & Heuertz 2003, Schu-
macher et al. 2010), yet young stands are
the most susceptible to infection, and
hence are critical for development of the
pathogen (Skovsgaard et al. 2010, Bengts-
son et al. 2014).

The spread of H. fraxineus within its host
is rapid, irrespective of tissue type, and
proceeds in three dimensions (Schumacher
et al. 2010). Some of the affected trees can
be destroyed promptly, particularly as the
fungus girdles the main stem, whereas oth-
ers can have chronic symptoms (Thomsen
& Skovsgaard 2012, Pautasso et al. 2013).
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Primary symptoms of the disease are
macroscopic cankers on leaves and leaf-
stalks (Skovsgaard et al. 2010), brown
spots on buds (Bengtsson et al. 2014), and
wilting of leaves and/or top shoots (Schu-
macher et al. 2010). These symptoms are
followed by the formation of necrotic le-
sions spreading along rachises onto
shoots, branches, and stems, resulting in
dieback of the affected parts of a tree
(Bakys et al. 2009, Skovsgaard et al. 2010,
Bengtsson et al. 2014). Skovsgaard et al.
(2010) noted, however, that cankers may
also appear before wilting and dieback of
shoots occurs. The appearance of lesions
on undamaged stems suggests that the
fungus could have entered through the
lenticels (Husson et al. 2012). In addition,
several strains of the fungus can attack a
host simultaneously (Bengtsson et al.
2014). After dieback of the primary shoots,
the affected trees can recover growth by
formation of epicormic shoots, resulting in
a bushy appearance of tree crowns (Gross
et al. 2014). Nevertheless, for most ash
trees, lifespan is considerably reduced
(Skovsgaard et al. 2010).

Due to the threatened existence of ash

iForest 11: 17-23
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Fig.1-The loca-
tion of the
study stands in
Latvia.
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(Pautasso et al. 2013), natural resistance
against the pathogen and methods for im-
proving this resistance have been among
the most commonly investigated issues re-
garding the dieback (Kjaer et al. 2012, McK-
inney et al. 2014). Seasonal dynamics of le-
sion development, specifically balance be-
tween emergence and entering the latent
phase, has been shown to be a proxy of
the dieback process (Bengtsson et al.
2014). Pliura et al. (2015) concluded that
none of the tested provenances or proge-
nies of ash had complete resistance to the
infection or development of the disease,
yet their susceptibility notably differed. In
contrast, McKinney et al. (2014) were more
sceptical, arguing that much more time is
required for ash to form a resistance to H.
fraxineus by means of natural selection. Al-
ternatively, varying susceptibility to the
dieback might be related to phenological
differences in the seasonal cycles of trees
and the fungus (McKinney et al. 201,
Bengtsson et al. 2014). Among abiotic fac-
tors, seasonal temperature has been
shown to significantly affect the develop-
ment of lesions (Bengtsson et al. 2014);

Top

v/

Branch

Stem —

Fig. 2 - The categories used for distribu-
tion of lesions according to their loca-
tion on trees.
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however, McKinney et al. (2011) observed
development and spread of the fungus
during the dormant period, suggesting
only a partial role of this factor. Hence,
more comprehensive information concern-
ing the factors affecting the formation of
lesions is required.

The aim of this study was to assess the
pattern of lesion development caused by
H. fraxineus in young ash trees during a
growing season. We hypothesised that the
development of lesions varied during the
vegetation season, and that it was more in-
tense at the beginning of summer when
the newly-formed tissues of ash had not
yet matured. We also hypothesised that
the development of emerging lesions oc-
curred more quickly than that of those al-
ready existing.

Materials and methods

Studied sites

This study focused on 30 young ash trees
(5-8 years of age, according to inventory
data) growing in three naturally regener-
ated post-clear-cut stands in Latvia (Fig. 1)
that were dominated by ash in the preced-
ing rotation. These trees were monitored
in 2015 from June to September, when the
greatest fungal activity is expected (Tim-
mermann et al. 2011, Bengtsson et al. 2014).
The stands were fertile and corresponded
to the Aegopodiosa site type, according to
the national classification by Buss (1976).
Trees grew on flat terrain with a well-
drained fertile loamy soil, although water
excess occurred during the moist springs.
The climate could be classified as moist
continental, with the mean annual temper-

ature (+ standard error) during the most
recent three decades ranging from 6.2 £ 1.6
to 7.1 £ 1.5 °C and the mean annual precipi-
tation ranging from 665 * 13.9 to 618 + 12.4
mm in the eastern and central parts of
Latvia, respectively. The highest monthly
precipitation occurred in July and August.
The mean temperature in June, July, and
August 2015 was 14.9 * 0.3, 16.9 + 0.4, and
18.7 * 0.6 °C in the central part, and 14.7 +
0.3,16.2 £ 0.4, and 17.6 * 0.6 °C in the east-
ern part of Latvia, respectively, which were
ca. 0.3 °C cooler than the 30-year mean val-
ues of the respective regions. The precipi-
tation in these months was similar to the
long-term mean (ca. 76.9 * 6.5, 70.8 + 6.2,
and 62.6 + 5.1 mm, respectively).

The densities of the Bauska and Aizpurve
stands were the greatest (ca. 8000 and
3500 trees ha’, respectively), and their
compositions were mixed. The Bauska
stand was dominated by ash (ca. 5000
trees ha”), with an admixture of common
aspen (Populus tremula L.) and goat willow
(Salix caprea L.; ca. 1500 trees ha' each). In
the Aizpurve stand, ash had a considerably
lower density (ca. 1500 trees ha"), and was
mixed with Norway maple (Acer platan-
oides L.) and common aspen (ca. 1500 and
500 trees ha’, respectively). In the LimbaZi
stand, ash was the dominant species (den-
sity ca. 1900 trees ha"), with a small admix-
ture of silver birch (Betula pendula Roth;
ca. 200 trees ha"). The dieback process was
apparent in all studied stands, as indicated
by ash saplings with obvious damage (le-
sions on top shoots, branches, and stems),
confirming the presence of the pathogen.
No obvious signs of other diseases or dam-
ages were observed.

Sampling and measurements

In each stand, 10 dominant unsheltered
ash saplings with heights of 2.5-3.0 m were
selected. At the beginning of the observa-
tion, all chosen saplings had one to three
lesions that were necroses (discolorations)
on stems (40%), tree tops (32%), or
branches (28% - Fig. 2). Only trees with a
small initial lesion area (the maximum area
of the lesions on stems, branches, and tree
tops were 37 cm’, 5 cm?, and 18 cm’, re-
spectively) were selected. At the beginning
of the survey in June, height and diameter
at breast height of the sample trees were
measured with accuracies of 5 cm and 0.5
mm, respectively. For four months (from

Tab. 1- Grades of ash sapling health condition. (AGB): aboveground biomass.

Grade AGB I(J;)m age Damage visual characteristics

| 0-10 Tree looks healthy or slightly damaged individual leaves

Il 11-25 Damaged several leaves, some necroses of the bark

L] 26 - 60 Fully damaged/dead separate branches; damaged part of the
foliage; necroses of the bark on large areas

v 61-99 Completely broken up dead part of the crown; partially
damaged the entire crown; live separate branches in secondary
crown

\ 100 Tree is completely dead

iForest 11: 17-23



the 10" to the 15" of each month), the
health condition of each sapling (quality of
crown, and proportion of damaged leaves
and shoots) was graded (Tab. 1) according
to the methodology reported in Puspure et
al. (2015). In June, all visible lesions on
branches and stems were marked on a
transparent film. Development of lesions —
the area of the extension since the last
measurement, as well as the emergence of
new lesions — was marked on the films at
monthly intervals. All measurements were
taken by the same person. The location of
each lesion, such as necrosis on stems
(elongated axis from the apical shoot to
the root collar), or necrosis and wilting of
top shoots (top shoot down to the upper-
most axil) and branches (from stem to top
of shoots), was recorded (Fig. 2). For bifur-
cated trees, all tree tops were considered
individually (Fig. 2). After the final survey in
September, the damaged parts of the
saplings were sampled, bark was removed,
and the area of the discoloured wood was
marked on the film. To confirm the pres-
ence of H. fraxineus in the studied trees,
samples from the symptomatic material,
i.e., from the inner bark or wood from the
largest lesions, where the quantity of H.
fraxineus mycelium presumably was the
highest (Schumacher et al. 2010) were col-
lected. In the Bauska, Limbazi, and Aiz-
purve stands, seven, six, and four samples
were collected, respectively.

In a laboratory, the areas of the lesions
from each tree and month were measured
on the films with the accuracy of 0.01 cm?®
using a TAMAYA digital planimeter PLANIX
10S “Marble”. To isolate H. fraxineus, sam-
ples of the infected material were surface
sterilised by submersion in 35% hydrogen
peroxide for 30 seconds and washed twice
in distilled water for one minute. After
draining, the samples were placed on a
Petri dish containing 1% malt agar and incu-
bated in darkness at 20°C for four weeks.
As the study was focused on H. fraxineus,
any other emerging fungi were mechani-
cally removed from the samples every
three days to facilitate development of the
target species. The systematic affiliation of
the isolate was confirmed microscopically
according to Kowalski (2006).

Data analysis

Based on the rate of extension during the
observation season, lesions were divided
into three groups: active, inactive, and la-
tent. A lesion was considered active if it
had expanded since the last measurement,
and considered latent if no expansion oc-
curred during the entire observation pe-
riod. Newly-emerged lesions (NL), which
appeared during the observation period,
exhibited patterns of development that
differed from those of existing lesions (EL),
and were therefore analysed separately.
The differences in size and rate of exten-
sion of the lesions (per tree) according to
their location on a tree (Fig. 2), their age
(NL or EL), overall health condition of the

iForest 11: 17-23
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Fig. 3 - The number of the accounted lesions per tree during the observation period
according to their location on trees. Whiskers indicate standard errors.

sapling at the beginning of the observation

Team 2016) using the “multcomp” package

period, and site were evaluated using anal- (Hothorn et al. 2008), with a significance

ysis of variance (ANOVA). A paired-sample
t-test was applied to assess differences in
the extension of the lesions between the
consecutive months, and a Bonferroni

level of & = 0.05.

Results

transformation was used to adjust the p- Activity of lesions

values of the differences. A generalised lin-

In total, 319 observations of 87 lesions

ear model (GLM) utilising the binomial dis- were made. The observed lesions (Fig. 3)

tribution of residuals was applied to assess
differences in the activity of the lesions (ac-

were necroses on stems (39.8%, the mean
+ standard error number of lesions per tree

tive or inactive, as well as latent or non-la- was 1.2 + 0.8), tree tops (31.8%, 0.9 * 0.5

tent) according to their location, date of
observation, health condition of the sap-
ling, and site. Differences in the number of
active/inactive/latent lesions per tree, as
well as NL and EL, were assessed according
to the same factors via GLM, using a Pois-
son distribution of the residuals. In all
cases, Tukey’s honest significant difference
post-hoc test was applied to compare the
levels of significant factors. Relationships
between the lesion area above and below
the bark at the end of the survey were
quantified through bootstrapped (Johnson
2001) Pearson correlation analysis, where-
as relationships between health condition
class at the end of the study and sapling
height and diameter were quantified via

per tree), and branches (28.4%, 0.9 + 0.3
per tree). Most of the lesions (67%) were
EL, of which 26% were latent; NL comprised
33% of all observed. Among the EL, 50%,
34%, and 16% were located on stems, tree
tops, and branches, respectively, whereas
17%, 28%, and 55% of the NL appeared on
those same parts, respectively. The num-
ber of NL significantly (p-value < 0.001) dif-
fered among months and sites. Overall, NL
appeared at the beginning of the observa-
tion period (45%, 52%, and 3% in June, July,
and August, respectively). The number of
NL was significantly (p-value < 0.001) lower
in the Limbazi and Aizpurve stands (12% and
20% of the accounted lesions; 0.3 and 0.1 le-
sions per tree that emerged in June and

bootstrapped (Johnson 2001) Kendall cor- July, respectively) than in the Bauska stand
relation analysis. The sapling was consid- (62% of the accounted lesions), where 0.7,

ered as the statistical unit. All data analyses
were conducted in R ver. 3.3.3 (R Core

1.3, and 0.1 lesions per tree emerged in
June, July, and August, respectively. H.

Tab. 2 - The proportion of active (expanding since the last observation) lesions during
the observation period according to their location on tree. (N_sept): number of

accounted lesions in September.

Existing lesions

Newly emerged lesions

Period
Top Stem Branch Top Stem Branch
June (%) 58 83 43 33 75 17
July (%) 67 83 86 100 100 92
August (%) 50 39 29 67 50 42
Total (% mean) 58 68 52 67 75 50
N_sept 12 23 7 6 4 12
19
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= o K . nificantly (p-value = 0.007) higher in Lim-
B Existing lesions Newly emerged lesions bazi than in Bauska (39 * 9% and 12 * 6% re-
U 204 r spectively); in the Aizpurve stand, it was in-
2 ~e=' Toplésions tlerrmed{ate (30 = 1%). The proportion of ac-
- 30 4 &% Stenlesios | tive lesions (Tab. 2) differed between EL
g " ~6= Branch lesions a.nd NL (p-value < 0.01), and among cha-
" £ 20 | tions on trees (p-value = 0.02), and varied
8 % during the season, with significant differ-
c < 10 4 A ences observed among months (p-value <
9 M _» 0.001). Nonetheless, the activity of lesions
" 0 s = was similar among the stands (p-value =
8 0.13). During the entire observation period,
°0 o 10 E the highest activity was observed for le-
2 S ’ ) ! ! ! ! sions on stems (68 and 75% for EL and NL
cln 8“ B were active, respectively) and tree tops (58
o S g and 67%, respectively). The activity of le-
3 = T sions on branches was the lowest, as 52%
‘6 ] »g 30 of EL and 50% of NL expanded during the
w _8 2 T observation period. For both EL and NL, ac-
g 5 209 tivity was the highest in July (83% and 100%,
3 2 104 7 respectively), and then sharply decreased
§ . | in August (39% and 50%, respectively).
5 o
§ o) | Extension of lesions
s T T T T T During the season, the area of lesions
S 404 , standard error increased from 52.5 * 11.3
cm’ per tree in June to 92.1 + 14.7 cm’ per
30 i tree (91.9 £ 60.1, 42.3 £ 11.5, and 26.6 * 15.9
o c<m?’ per tree for top, branch, and stem le-
z 20 - 4 sions, respectively) at the end of the obser-
a » vation period (Fig. 4). The extension of the
N 10 4 B 20N e lesions was highly significant (p-value <
< N “ N 0.001) until August, but ceased thereafter,
04 g & A 20 similarly across all stands. The mean exten-
sion of lesion area significantly differed be-
10 ; . : ] : . : tween EL and NL (p-value < 0.01). During
the season, NL extended by 25.1 + 4.8 cm?,
June July  August June July  August whereas EL only expanded by 7.3 * 1.1 cm™.

The rate of extension of EL was similar
among stands (p-value = 0.84) and loca-
tions on trees (p-value = 0.47; 2.48 + 0.70
cm’ per lesion per month). The extension
of NL was also similar among the stands
(pvalue = 0.50); however, it differed
fraxineus was isolated in six of the 177 sam-  The mean proportion of latent lesions among locations on trees (p-value = 0.02).
ples collected (35% - four in Bauska and was similar (p-value = 0.23) among the lo- The extension of lesions on the stems was
two in Aizpurve). cations on trees (25 * 10 %), yet it was sig- considerably slower than on the branches
and tree tops (1.9 + 0.7, 7.3 + 1.5, and 14.5 +

4.1 cm’ per lesion per month, respectively).

The development of lesions on the stems

y =1.0032x + 0.8538 and branches culminated in June and July,
200 A R?=0.9976 respectively, similarly for both EL and NL.
The patterns of development of EL and NL
on tree tops differed; NL had the fastest
enlargement after appearance (mostly in
June), whereas EL exhibited a maximum
100 - extension later in the season (in August;
y = 1.0034x + 0.3752 Fig. 4). A strong correlation (r = 0.99) be-
R?=0.998 tween the area of the lesions above and
below the bark in late September sug-

gested a clear linear dependence of these

0 T T T T ) variables (Fig. 5). Nevertheless, the differ-

0 50 100 150 200 250 ence between the lesion areas below and

Area of lesions on the bark, cm?2 per lesion above the bark was significantly (p-value <

- . ) 0.001, by ca. 6%) higher for EL than it was

e Existing lesions 2 Newly emerged lesions for NL (ca. 2%), yet it was similar among
—— Linear (Existing lesions) - - -Linear (Newly emerged lesions) stands and locations on trees.

As the season advanced, 28% of EL and
20% of NL girdled branches, causing their
complete dieback. Some transitions of le-
sions from tree tops and branches to stems

Fig. 4 - The mean monthly increase in area of the lesions existing before the observa-
tion period and newly emerging lesions in the studied stands according to the loca-
tion on trees. The symbols are shifted for clarity.

250 +

150 +

cm? per lesion

50 - e

Area of discolorated wood,

Fig. 5 - The relationships between the visible area and area below the bark of the
lesions existing before the observation period and newly emerging lesions.
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were also observed. At the first observa-
tion, five necroses on stems coincided with
dead branches, whereas in the following
months, three lesions from girdled
branches expanded onto the stems. The
dieback of the infected tops was slightly
weaker, as 20% (5% in June, 15% in July) and
25% (in August) of the EL and NL, respec-
tively, girdled tree tops, causing their
dieback. Five of the observed 28 tree top
lesions expanded onto the stem.

Health condition of trees

The growing number of lesions and the
area they covered decreased the overall
health condition of saplings; their health
grade increased from 1.6, 1.6, and 1.7 in
June to 2.7, 3.2, and 2.9 at the end of the
observation period (September) for the
LimbazZi, Bauska, and Aizpurve stands, re-
spectively. Nevertheless, mortality of the
studied saplings was low, as only one
sapling in the Aizpurve stand died in Au-
gust. That sapling was strongly mechani-
cally damaged in July and had an extensive
lesion area (215 cm?).

There were no significant relationships
between the health grade at the beginning
of the observation period and the expan-
sion rate of EL or NL, nor between health
grade and the number of lesions, although
slight positive tendencies were visible (Fig.
6). There was no significant relationship
between the number of EL and NL, sug-
gesting a similar probability of a lesion
emerging, irrespective of preceding infec-
tion. The morphometric parameters
showed no effects on the development of
lesions, as the correlations between the to-
tal lesion area per sapling in September
and height, as well as between total lesion
area and diameter of the saplings, were
not significant (r = -0.09 and 0.11, p-value =
0.55 and 0.47, respectively). Health condi-
tion class in June was negatively affected
by tree diameter (t = -0.21, p-value = 0.01),
but not by tree height (t = -0.02, p-value =
0.79).

Discussion

Agent and occurrence of lesions

The isolation of H. fraxineus confirmed its
involvement in the formation of lesions on
ash saplings. The proportion of positive
samples was intermediate (35%) in compar-
ison to that found in Sweden (Bengtsson
et al. 2014) and lower than that in nurseries
in Germany (Schumacher et al. 2010), sug-
gesting the involvement of other agents
(Husson et al. 2012). As this study focused
on H. fraxineus, other agents were not
quantified. Alternatively, the low occur-
rence of the pathogen in samples might be
explained by seasonal (McKinney et al.
2011, Bengtsson et al. 2014) and tree-vice
(Schumacher et al. 2010) variation in the
number of propagules, or by intense sur-
face sterilisation of samples prior to incu-
bation.

Most of the observed lesions were lo-
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140 4 —o— Top lesions B
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per tree,
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Stem lesions —©—  Branch lesions
n=9 n=7 n=7

n=2 n=0 n=1
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Grade of tree health

Fig. 6 - The mean increase in the lesion area (extension) per tree during the observa-
tion period according to the health grade of saplings in June 2015 (beginning of the
observation period). Whiskers indicate standard error (where applicable). (n): num-

ber of trees.

cated on stems (Fig. 3), which were the
largest parts of the trees, and hence fea-
tured most EL, including those previously
occurring on tops. Considering that prop-
agules of H. fraxineus (Schumacher et al.
2010) infect their host through leaves and
shoots (Cleary et al. 2013), most NL were
found on branches (twigs) and tops (Fig.
3). The occurrence of NL on the lower
parts of stems suggests that infection may
have occurred through an alternative path-
way (e.g., via lenticels or fine roots — Hus-
son et al. 2012, Fones et al. 2016), but geno-
typing would be necessary to validate this
hypothesis. Nonetheless, there was no visi-
ble discoloration of wood below EL on
stems leading towards shoots, as observed
by Bengtsson et al. (2014), although young
hyphae may not be visible (Schumacher et
al. 2010).

Lesion activity

Although sporulation of many pathogenic
fungi is synchronised with the biological cy-
cles of their host, H. fraxineus has an ex-
tended period of spore release (Kirisits &
Cech 2009), indicating a high possibility of
infection throughout the season. Most NL
emerged in June and July (Fig. 3), however,
implying a seasonal pattern, which might
be explained by the maturation of leaves
and shoots (Schumacher et al. 2010, Tim-
mermann et al. 2011). The majority of NL
appeared on branches (Tab. 2), where
most leaves, which are the primary in-
fected organs (Kirisits & Cech 2009, Kirisits
etal. 2009), occurred.

The development of lesions explicitly dif-
fered among the stands, as indicated by
the number and activity of lesions (Fig. 4).
These differences might be related to the
structure of the stands, as well as to the
connectivity between them (Liepin$ et al.
2016), and hence also to the abundance of
propagules. The moister microclimate of a
denser stand is considered to facilitate de-

velopment of the pathogen (Timmermann
et al. 2011), hence the occurrence of le-
sions. Although Bengtsson et al. (2014) and
McKinney et al. (2011) suggested a weak ef-
fect of temperature on the development of
lesions, differences among the stands (Fig.
4) still might be related to local climate.
The highest and lowest numbers of active
lesions was observed in the Bauska and
Limbazi stands, where summers were the
warmest and coolest, respectively. The ef-
fect of temperature was also supported by
the seasonal pattern of lesion develop-
ment, as the highest activity, particularly
for NL, occurred in July (Tab. 2), when the
temperature was the warmest (ca. 1518
°C). Previously, the highest activity of H.
fraxineus has been observed when the
mean temperature is close to 20 °C (Kowal-
ski & Bartnik 2010, Timmermann et al.
2011). The sharp decrease in lesion develop-
ment after August (Fig. 3, Tab. 2) might be
linked to shortening of the photoperiod
and initiation of cold hardening, which
ceases the development of lesions (McKin-
ney et al. 2011). It remains difficult, how-
ever, to overtly distinguish the influence of
temperature on fungal and tree life-cycles
(Bengtsson et al. 2014).

Lesion extension

The extension of lesions, which could be
considered the main process affecting the
overall condition of saplings (McKinney et
al. 2011), differed between EL and NL, as
well as amongst the affected parts of
trees, and were modulated by local factors
(Fig. 4). The extension of lesions mostly de-
creased as the season advanced (Fig. 4),
similarly to the emergence of NL. Nonethe-
less, higher rates of extension of NL indi-
cated that after emergence, lesions rapidly
grew to a certain minimum size within the
first month. Apparently, a month was nec-
essary for ash to partially compartmen-
talise the development of the pathogen
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(Pallardy 2008), slowing extension of the
lesion. Alternatively, this might be con-
nected to the higher activity of younger
strains of fungus (Lygis et al. 2016). The op-
posite was observed for EL on tree tops in
two of the three stands, which exhibited
maximum extension in August (Fig. 4). This
could likely be related to slower compart-
mentalisation of the pathogen at the ces-
sation of the growing period, when forma-
tion of callus is slower (Pallardy 2008). In
the Bauska stand, however, EL on tree
tops were the most active in June, presum-
ably due to the moister microclimate of the
denser stand.

At the end of the observation period, the
largest lesions were observed on tree tops,
which were the largest shoots. The fastest
spread of the pathogen within its host oc-
curs in the stem pith, which is closest to
the surface of shoots (Schumacher et al.
2010). In addition, the bark on shoots is
thinner, facilitating the extension of lesions
(Husson et al. 2012). Larger lesions on top
shoots might also be related to microcli-
matic conditions, as apical shoots receive
more atmospheric moisture during the
night (dew), particularly in dense stands, as
suggested by NL in the Bauska stand (Fig.
4). In the older parts of a tree, hyphae
must apparently penetrate wood ray pa-
renchyma (Schumacher et al. 2010), which
limits their development, explaining the
slower extension of lesions on stems (Fig.
4). The opposite was observed by Bengts-
son et al. (2014) in Sweden, likely due to
differences in climate and/or tree genetics
(Pliura et al. 2011, 2015). Nevertheless, the
actual size of lesions (under bark) was
larger for EL (Fig. 5), implying some latent
extension, as observed by Schumacher et
al. (2010) and McKinney et al. (2011). The
actual and visible sizes of NL were more
similar (Fig. 5), likely because of the rapid
extension (Fig. 4).

Health condition of trees

The intermediate proportion of NL (33%
of the accounted) and low mortality of the
affected parts of trees (ca. 22%) indicated
chronic formation of lesions, suggesting a
certain resistance to the dieback (Pliura et
al. 2015). The presence of latent EL sug-
gested that trees were able to sufficiently
compartmentalise the pathogen (Pallardy
2008). In addition, biological limitations
(e.g., inactive physical defence) of develop-
ment (Bengtsson et al. 2014) were ob-
served, as most of the lesions stopped ex-
pansion when reaching the shoot base or
the main stem. This might be related to the
anatomical properties of wood, such as dif-
ferences in vessel size and lateral connec-
tivity, or pith diameter between the transi-
tions of height increments of consecutive
years (Schweingruber 2007). Regarding
shoots, this might also be linked to differ-
ences in the thickness of primary and sec-
ondary bark compared to stem diameter
(Husson et al. 2012). Nevertheless, previous
studies have shown that the mortality of
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affected trees increases drastically in sub-
sequent years (Kirisits & Freinschlag 2011,
Pliura et al. 2011, 2015, Bengtsson et al.
2014).

Although the overall health condition of
the saplings decreased differently during
the observation period, the non-significant
relationships between initial health condi-
tion and the number and extension of le-
sions (Fig. 6) suggested comparable infec-
tion pressure for all saplings, regardless of
previous infection. This was supported by
the non-significant relationship between
the number of EL and NL in September, in-
dicating the influence of stochastic pro-
cesses or microclimate. The opposite was
observed by McKinney et al. (2011) in Den-
mark, where susceptibility to the disease
appeared to be prevailingly controlled by
deterministic factors, such as genetics.
Such differences could be related to the
milder and more humid climate in Denmark
that facilitates development of H. fraxineus
and extension of lesions (Kowalski & Bart-
nik 2010, Timmermann et al. 2011), enhanc-
ing the tree-vice differences in susceptibil-
ity (Schumacher et al. 2010). Nevertheless,
relationships between morphometrics (di-
ameter) and health grade were observed,
suggesting that the largest trees were also
the healthiest.

Conclusion

As hypothesised, the development of le-
sions followed a seasonal pattern that
could be linked to meteorological and phe-
nological conditions. The emergence, activ-
ity, and extension of lesions was greatest
during June and July, when the plant tissue
had not yet matured and ambient tempera-
ture was close to the optimum for H. frax-
ineus development. Accordingly, the most
rapid extension of the lesions was ob-
served on top shoots, the youngest parts
of trees, suggesting that height growth
would be notably affected. Differences in
the development of lesions amongst the
stands indicated effects of climate, as well
as local factors (e.g., microclimate); hence,
alterations in lesion development might be
expected with the changing climate. The
extension of newly-emerging lesions was
faster than that of existing ones, particu-
larly during the first month of observation,
suggesting that approximately one month
was necessary for trees to compartmen-
talise the infection. The development of le-
sions was not related to the health condi-
tion of trees, and a relationship between
the number of existing and emerging le-
sions did not exist, indicating that infection
was stochastic. Biological limitations of le-
sion development were observed, as most
lesions remained in the initially-infected
parts of trees. The proportion of emerging
lesions exceeded the proportion of latent
lesions, indicating a progressive decrease
in the overall health condition of trees;
however, both this proportion and tree
mortality appeared to be lower than in
other studies. Nonetheless, a longer obser-

vation season involving a wider spectrum
of sites is required to evaluate the annual
cycles in development of the infection, as
well as to allow the assessment of sec-
ondary infections.
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Abstract

The spreading dieback of European ash (Fraxinus excelsior L.) that is a serious threat to the existence of the species in

Europe, has been related to climatic changes. Still, not all trees in stands are damaged equally, suggesting that sensitivity to
weather conditions might have affected the susceptibility to the disease. Climate-growth sensitivity of ash with visually healthy
and damaged crowns growing in four stands in the central and eastern part of Latvia was assessed by dendrochronological tech-
niques. The patterns of tree-ring width variation showed high diversity amongst trees, stands and regions; differences were ob-
served between the damaged and healthy trees. Tree-ring patterns showed higher diversity amongst the healthy trees in the cen-
tral part of Latvia, but, in the eastern part of Latvia, amongst the damaged ones. Mainly, the damaged trees were ca. 10—15 years
older than the healthy ones suggesting age related differences in susceptibility, which might be related to vigour. The damaged
and healthy trees differed also by growth trends, suggesting affiliation to different crown class, particularly at younger age. The
sets of the significant climatic factors differed between the central and eastern part of Latvia. In the central part of Latvia, ash
was mainly affected by the precipitation and daily temperature difference in the summer preceding formation of the tree-ring.
Although the damaged trees were more sensitive to daily temperature difference and precipitation in the preceding August, the
healthy trees were also additionally affected by maximum temperature in the preceding August. In the eastern part of Latvia, the
sets of the significant factors were site specific, however, trees were mainly affected by temperature in the preceding autumn and
current spring. In one site, the damaged ashes were more sensitive to temperature in July and September, while in other site the
damaged trees were more affected by precipitation in July; the healthy trees were additionally affected by precipitation in Sep-
tember and temperature in April. Hence, the susceptibility to the disease appears partially related to the climatic sensitivity of
trees.

Keywords: Fraxinus excelsior; ash dieback; dendroclimatology; climate-growth relationships; tree-ring width; radial
growth patterns.

ogens (Pautasso et al. 2010, Skovsgaard et al. 2010). The
fungus Hymenoscyphus fraxineus, has been considered as a

Introduction

The dieback of ash, which has been spreading across
the Europe (Kowalski et al. 2010, Timmermann et al.
2011), is considered as a serious threat to the existence of
the species (Kowalski 2006, Bakys et al. 2009a). The die-
back is a rapid process, as the infected tree might die within
a few years after the first symptoms, such as reduction of
crown, appear or, in some cases, symptoms might not be
even visible (Bakys et al. 2009b, Timmermann et al. 2011,
Enderle et al. 2013). Although the mechanisms of ash die-
back are not completely understood, it is considered to be
caused by a complex of factors including climate and path-

initiator of the dieback process (Kowalski 2006), which
promotes further infestation and damage by the secondary
agents (Kowalski et al. 2010, Skovsgaard et al. 2010, Bakys
et al. 2011). The fungus, which attacks root system of ash
(Bakys et al. 2008) affecting physical stability (susceptibil-
ity to uprooting) and water relations (increasing risk of
water deficit) (Tulik et al. 2010), is considered to infest
stressed trees, e.g. by unfavourable weather conditions
(Thomsen and Skovsgaard 2006, Pautasso et al. 2010).
Still, not all trees within a stand are damaged equally
(Kirisits and Freinschlag 2011, Plidira et al. 2011), suggest-
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ing different resistance to the disease (McKinney et al.
2011, Stener 2012). Hence, the sensitivity to climate might
be one of the factors affecting the susceptibility of ash to
the dieback. Similar has been observed for the declining
pedunculate oak (Quercus robur) in Southern Finland,
which showed different climate-growth sensitivity also
before the decline (Helama et al. 2009).

Climate is one of the main factors affecting vigour
and growth of trees, which are archived in the variation of
wood increment (Fritts 2001). Hence, detailed information
about the sensitivity of tree growth to climatic factors can
be obtained from a retrospective analysis of the variation of
tree-ring width (TRW) (Speer 2010). As tree growth has an
explicit biological i.e., age trends (Fritts 2001), the effect of
climatic factors is commonly assessed from the high-
frequency variation of TRW (Cook et al. 1992). Consider-
ing that a tree-ring forms during a certain period of the
vegetation period, combined effects of several factors might
be recorded in TRW (Cook 1992, Schweingruber 1996).

The aim of this study was to assess the variation of
TRW of ash with different crown condition and its relation-
ship to climatic factors at the inter-annual scale. We hy-
pothesized that the damaged trees had different growth
patterns and were more sensitive to climatic factors than the
healthy ones, and that the sets of the significant factors
differed.

Material and methods

Studied sites, sampling and measurements

Four mature stands dominated or co-dominated by
ash with different crown condition located in the central
and eastern part of Latvia near Ukri (UKR), Rundale
(RND), Gulbene (GBN) and Barkava (BAR) (Figure 1)
were studied. Sites in these regions were selected, as differ-
ences in growth have been observed for other species
(Matisons et al. 2012, Baumanis et al. 2001). All of the
stands were situated on a flat terrain in a normal moisture
conditions on loamy soil. According to the national classifi-
cation by Buss (1976), site type in all stands was Aegopo-
diosa. The elevation of stands was ca. 35 and 110 m above
the mean sea level in sites in the central (UKR and RND)
and eastern (GNB and BAR) part of Latvia, respectively.
The maximum age of ash in the BAR, GBN, RND and
UKR sites, as determined from the obtained wood samples,
was ca. 70, 190, 110 and 100 years, respectively. Advanced
regeneration occurred in all stands.

The climate in the studied sites is determined by the
dominant western winds, which bring cool and moist air
masses from the Baltic Sea and the Atlantic. The weather
conditions are harsher in the eastern part of Latvia. The
mean annual temperature is ca. +6.4 and +5.5 °C; the mean
monthly temperature ranges from -4.3 to +17.5 °C and from
-6.2 to +17.4 °C in January and July in the central and east-
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ern part of Latvia, respectively. The vegetation period,
when the mean diurnal temperature is above +5°C, extends
from mid-April to mid-October; it is usually 10-15 days
longer in the central part of Latvia. The mean annual pre-
cipitation is about 610 mm in all sites. The highest monthly
precipitation sums occur in the summer months, usually
resulting in a positive water balance (Klavins and Rodinov
2010). Climatic changes are reflected as an increase of
temperature in the autumn-spring period, which is extend-
ing the vegetation period (Lizuma et al. 2007). In the same
time, summer precipitation regime is becoming more varia-
ble (Avotniece et al. 2010).

Figure 1. Location of studied sites near Barkava (BAR), Gulbene
(GBN), Rundale (RND) and Ukri (UKR)

In each stand, 10 dominant ashes with visually
healthy crowns (crown reduction, i.e. dry branches, < 15%)
and 10 ashes with damaged crowns (crown reduction 30—
60%) were selected. From each tree, two increment cores
from the opposite sides of stem were collected with a Press-
ler increment corer at ca. 1.4 m height, avoiding reaction
wood if trees were tilt. The sampling was done at the end of
May 2015, when leaves had fully flushed. In the laboratory,
increment cores were air dried and mounted on fixation
planks for grinding. Sandpaper of four roughness grits (120,
140, 320 and 400 grains per inch) was applied, using hand
sanding machine. The polished surface of samples was
rubber with chalk to increase the contrast between early and
latewood and to aid the recognition of tree-rings. The TRW
was measured by a Lintab 5 measurement system
(RinnTECH, Heidelberg, Germany) with the precision of
0.01 mm.

Data analysis

All of the measured chronologically ordered series
of TRW were crossdated (i.e. their dating and synchronicity
compared against each other) and their quality was checked
by graphical inspection and statistically, by the program
COFECHA (Grissino-Mayer 2001). Series showing low
agreement with the rest of the dataset (r < 0.35) were omit-
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ted from further analysis. The TRW series of the healthy
trees were used as a reference for crossdating of the dam-
aged trees. The crossdated series were then averaged for
trees and their quality was verified. For description of the
datasets, expressed population signal, signal to noise ratio
(Wigley et al. 1984), Gleichlaufigkeit, interseries correla-
tion (based on detrended series) and the first order autocor-
relation coefficients were calculated.

For assessment of high-frequency variation of TRW,
residual chronologies based on the crossdated datasets were
produced by the program ARSTAN (Cook and Holmes
1986) for each site and group of trees (damaged and
healthy). Double detrending, firstly by a negative exponen-
tial curve and secondly by the cubic spline with rigidity of
64 years and 50% frequency cut-off level, was applied. The
relationships between climatic factors and high-frequency
variation of TRW was assessed by a bootstrapped Pearson
correlation analysis (Johnson 2001) conducted for the
common period from 1934 (1948 for the healthy trees in the
RND site) to 2010. The significance of correlations was
determined at o = 0.05, performing 10000 iterations. The
climatic factors showing significant correlations with TRW
were tested for collinearity. The tested climatic factors were
the minimum, maximum and mean temperature, potential
evapotranspiration (PET), precipitation sums and mean
daily temperature difference for months. The climatic win-
dow from January in the year preceding formation of tree-
ring to September in the year of tree-ring formation (21
months) was used. Climatic data were obtained from the
high-resolution gridded datasets provided by the Climatic
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Research Unit of UEA for the closest to the sites grid en-
tries (Harris et al. 2014). The statistical analysis were con-
ducted in the program R (R Core Team 2014) using the
library “dpIR” (Bunn 2008).

Results

After the crossdating and quality checking, from 75
to 100% of the series per group/site were maintained for
further analysis. The crossdated datasets covered the peri-
ods beginning from 1824 to 1948 in GBN and RND sites,
respectively (Table 1). Generally, TRW series showed
better agreement in the central part of Latvia, as shown by
higher values of interseries correlation and expressed popu-
lation signal. The agreement of TRW of the healthy trees
was better in sites in the eastern part of Latvia, where val-
ues of interseries correlation (0.35 vs. 0.15),
Gleichlaufigkeit (0.62 vs. 0.58) and expressed population
signal (0.75 vs. 0.55) were higher. The opposite was ob-
served in sites in the central part of Latvia, where the envi-
ronmental signal was stronger, as shown by a higher signal
to noise ratio (4.8 and 2.3, respectively). The agreement of
TRW was considerably weaker, hence the noise was con-
siderably stronger for the damaged trees in the BAR site,
compared to the rest of the datasets. The value of expressed
population signal exceeded 0.85 only for the damaged trees
in the UKR site. Nevertheless, common tendencies, such as
the decreased TRW in 1940, 1963, 1984, 1990 and 2006
were observed in all chronologies (Figure 2).

Table 1. Statistics of the crossdated datasets of tree-ring width (TRW) of ask with the damaged and healthy crowns in sites near Barkava,
Gulbene, Rundale and Ukri. A — stand age, D— mean diameter of trees, S — mean sensitivity, N — number of crossdated trees, IC — mean
interseries correlation, AC — autocorrelation, GLK — Gleichlaufigkeit, EPS — expressed population signal (Wigley et al. 1984), SNR —

signal to noise ratio
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Barkava (BAR)
Healthy 8 1933-2014 91 329 0.68 5.69 253 090 020 039 070 063 0.79 3.67
Damaged 10 1928-2014 91 289 0.10 10.00 199 099 022 009 080 058 042 0.71
Gulbene (GBN)
Healthy 10 1824-2014 195 486 0.17 5.39 148 061 018 031 0.77 060 0.72 2.53
Damaged 10 1831-2014 195 439 012 4.77 138 056 019 023 079 058 0.69 2.20
Rundale (RND)*
Healthy 9 1948-2014 68 27.2 0.46 6.24 2.05 0.81 0.21 0.36 0.73 0.60 0.82 4.49
Damaged 10 1916-2014 112 342 0.16 6.35 1.79 088 019 036 083 060 0.83 4.90
Ukri (UKR)
Healthy 7 1933-2014 106 332 053 5.28 199 099 019 040 086 0.60 0.81 4.32
Damaged 8 1925-2014 106 29.5 0.20 5.80 165 089 017 044 087 064 0.86 5.73

* —uneven aged stand.
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Figure 2. Mean series (A, C, E, G), residual chronologies (thick lines) and sample depth (thin line) of tree-ring width (TRW) (B, D, F,
H) of ash with damaged (black lines) and healthy (grey lines) crowns for sites near Barkava (BAR), Gulbene (GBN), Rundale (RND)
and Ukri (UKR), respectively. Curves are based on crossdated datasets. For GBN site, only data for period from 1910 to 2014 are shown
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In most of the cases, the healthy trees were younger,
had higher mean TRW and contained less autocorrelation
(0.77 vs. 0.82) than the damaged ones (Table 1). The dam-
aged trees showed growth suppression during a few recent
decades, although in some sites, they have been growing
faster than the healthy trees at younger age (Figure 2).

The indices of chronologies generally ranged from
ca. 0.60 to ca. 1.40, but the range tended to become nar-
rower during a few recent decades (Figure 2). The agree-
ment among the chronologies was weak, as the mean values
of correlation calculated between them was 0.26, although
Gleichlaufigkeit was 0.63. The correlation between chro-
nologies of the healthy and damaged trees ranged from 0.36
to 0.70 in the BAR and GBN sites, respectively. Neverthe-
less, the agreement between the chronologies of trees with
different crown condition increased with age, particularly
during the recent decades, as shown by the mean values of
correlation coefficients of 0.50 and 0.65 at the beginning
and at the end of the 20™ century, respectively (not shown).

From the tested 132 climatic factors, 18 significantly
correlation with TRW of ash (Figure 3). The number of
significant correlations was higher in sites in the central
than in the eastern part of Latvia (23 and 13, respectively).
The values of correlation coefficients were generally low
and did not exceed 0.32, except for precipitation in March
(r = 0.48). The climate-growth relationships were quite
individual, particularly in the eastern part of Latvia, as the
sets of the significant correlations differed amongst the
sites. In the central part of Latvia, TRW was affected by
climatic factors (precipitation and daily temperature differ-
ence) related to the previous vegetation season (May—
August), as well as some correlations with precipitation in
February and March of the current year were observed. In
the eastern part of Latvia, TRW of ash appeared mainly
sensitive to weather conditions (maximum and mean
monthly temperature) in the previous autumn (September
and October) and in the current vegetation season (April—
September). Generally, temperature and its mean daily
difference had a negative effect on TRW, as shown by the
prevailing negative correlations, while precipitation had a
positive effect.

Only a few pronounced and systematic differences
in the sets of the significant climatic factors were observed
between the healthy and damaged trees (Figure 3). The
damaged trees in the central part of Latvia displayed
stronger correlation to the mean daily temperature differ-
ence and precipitation in August of the preceding year. The
healthy trees showed additional sensitivity to the maximum
temperature in previous August. In the RND site, TRW of
the healthy trees showed the strongest of the observed cor-
relations with precipitation in March. In the UKR site, the
healthy trees showed stronger correlation with PET in May
of the preceding year. In the eastern part of Latvia in the
BAR site, the damaged trees were more affected by tem-
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perature in July and September of the current year, while
the healthy trees were additionally affected by temperature
in September and October of the preceding year. In the
GNB site, the healthy trees were affected by precipitation in
previous September and temperature in April of the current
year, but they were less sensitive to precipitation in previ-
ous July.
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Figure 3. Bootstrapped Pearson’s correlation coefficients calcu-
lated between climatic factors and residual chronologies of tree-
ring width of ash with healthy (A, C, E, G) and damaged crowns
(B, D, F, H) for sites near Barkava (BAR), Gulbene (GBN),
Rundale (RND) and Ukri (UKR), respectively. The period from
1934 (1948 for healthy trees in RND site) to 2010 was analysed.
The significant correlations (at a2 = 0.05) are shown in black. Only
the significant factors are plotted. PET — potential evapotranspira-
tion
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Discussion and conclusions

Most of the TRW series were sufficiently crossdat-
ed, as they had common signature years (narrow tree-rings
in certain years). Yet the individuality of growth was rather
pronounced (Table 1), as the values of expressed population
signal were mainly below 0.85 (Wigley et al. 1984). Such
individual growth patterns apparently caused the noise in
the datasets, hence the values of signal to noise ratio were
below 5.8 (Table 1). Pronounced site-specifics in the
growth patterns were also evidenced by weak correlation
amongst the established chronologies (Figure 2), despite the
fact that, in Latvia, ash occurs near its northern distribution
limit (EUFORGEN 2009), where distinct effect of a com-
mon climatic factor(s) is expected (Fritts 2001). The ob-
served regional differences in agreement of TRW series
(Table 1) matched with the current knowledge on the diver-
sity of tree growth patterns between the central (western)
and eastern part of Latvia (Baumanis et al. 2001, Matisons
et al. 2012). Nevertheless, weaker agreement of the TRW
series was observed in the eastern part of Latvia that might
be explained by stressed growth under harsher climate,
when the effect of competition diversifies growth patterns
(Speer 2010). In contrary, individuality of growth has been
observed also for trees growing in optimum conditions,
where a strict limiting factor is lacking (Fritts 2001). In the
central part of Latvia, where climate is milder, ash, appar-
ently, was less suppressed, hence the common signatures in
TRW were clearer (Table 1). This is supported by the dif-
ferences in agreement between the healthy and damaged
trees. In the central part of Latvia, trees, which had stronger
crown damage, showed better agreement of TRW likely
due to higher sensitivity to environmental variability, sug-
gesting the role of climatic factors in the dieback process
(Thomsen and Skovsgaard 2006, La Porta et al. 2008). In
the eastern part, crown damage, apparently, additionally
stressed the trees, diversifying their growth patterns (Speer
2010).

The susceptibility of ash to fungal infection (Enderle
et al. 2013) appeared to be age-related, as the healthy trees
were mainly younger than the damaged ones (Table 1).
With age, maintenance costs increases (Ryan 1990) and less
resources might be allocated for production of defence
substances (Pallardy 2008). This is supported by higher
autocorrelation in TRW of the damaged trees (Table 1),
suggesting stronger dependence on nutrient reserves (Fritts
2001). Nevertheless, the differences in growth rates be-
tween the tree groups (Figure 2) suggested that the suscep-
tibility to disease might be also related to the social status
(i.e., crown classes) of trees (Martin-Bento et al. 2008). The
damaged trees, apparently, had a higher social status at the
young age, as shown by faster growth (wider tree-rings)
during a few earliest decades of their life. In contrast, trees,
which grew slower, were less susceptible to crown damage
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at the older age. In all sites, the damaged trees showed
reduction of TRW for ca. three recent decades compared to
the healthy ones (Figure 2) suggesting that previously sup-
pressed trees have been infected (Timmermann et al. 2011).
Similarly, stronger symptoms of decline has been observed
for the suppressed oaks (Helama et al. 2009). Simultaneous
reduction of TRW in all sites during the recent decades
(Figure 2) might be explained by the effect of weather con-
ditions, such as the extreme drop of temperature in the
winter of 1978/1979, striking the insufficient hardened trees
and causing shifts in their growth trends (Matisons et al.
2013). The reduction of TRW decreased its annual variation
particularly for the damaged trees (Figure 2) due to the
suppression of growth (Speer 2010), but the patterns be-
came more similar for both tree groups (Figure 2) suggest-
ing clearer effect of common limiting factor(s).

High-frequency variation of TRW was significantly
affected by the tested climatic factors (Figure 3). Still, the
rather low values of correlation coefficients might be ex-
plained by the individuality of TRW variation within a site
due to stresses, when the common response is reduced
(Speer 2010). Similarly, the diversity of the significant
factors amongst the sites and tree groups, particularly in the
eastern part of Latvia (Figure 3), might be explained by the
individuality of growth rhythms (Table 1). This apparently
explains the number of observed significant correlations. In
the sites in the central part of Latvia, the sets of significant
climatic factors were similar (Figure 3), suggesting that
trees have been able to show clearer reaction to weather
conditions. The TRW mainly correlated with climatic con-
ditions in the preceding summer, suggesting effect of nutri-
ent reserves on wood increment (Barbaroux and Breda
2002). In the ring porous species, including ash (Carlquist
2001), nutrient reserves are mainly deployed for early
growth (Barbaroux and Breda 2002) that affects water rela-
tions of tree in the following vegetation period (Tyree and
Zimmermann 2002) and hence the increment. The amount
of precipitation in summer showed positive correlation with
TRW for all groups (Figure 3), suggesting that in the cen-
tral part of Latvia ash has suffered water deficit. Shifting
temperature conditions can burden assimilation and physio-
logical processes (Pallardy 2008), as certain time is needed
for the adjustment of photosynthetic apparatus to current
conditions (Berry and Downton 1982), explaining the ob-
served negative correlations between mean difference in
daily temperature and TRW (Figure 3). The effect of pre-
cipitation and temperature in the preceding August was
significant in all sites (Figure 3), as it is the time when the
formation of nutrient reserves initiates (Barbaroux and
Breda 2002).

In the sites in the eastern part of Latvia, TRW of ash
was mainly negatively affected by temperature (Figure 3),
but the mechanisms of influence shifted during the season.
In autumn, raised temperature can increase respiration,
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causing losses of stored nutrients (Ogren et al. 1997). In
September, increased temperature, apparently, might also
increase evapotranspiration (Traykovic 2005) causing water
deficient, as positive correlation with precipitation was
observed (Figure 3). This applies to current and previous
September temperature. The negative effect of temperature
in current spring might be explained by earlier onset of the
active period or earlier leaf flush, subjecting trees to dam-
age from late frosts (Gu et al. 2008), which are quite com-
mon in the eastern part of Latvia (Avotniece et al. 2010).

In the context of regional and local diversity, the sets
of the significant factors between the healthy and damaged
trees differed slightly (Figure 3), suggesting that climatic
sensitivity had non-drastic effect on susceptibility to the
disease and crown reduction (Figure 2), although the effect
of weather extremes might not be visible in the residual
chronology (Schweingruber 1992). Still, some regional or
stand differences were observed (Figure 3). In the central
part of Latvia, the damaged trees were more affected by
water deficit and temperature regime in the preceding Au-
gust, as shown by higher values of correlation (Figure 3).
Stronger relationships with climatic factors suggested that
under unfavourable conditions, i.e. warm and dry summers,
which are becoming more frequent (Avotniece et al. 2010),
trees are more stressed hence predisposed to the infection
and damage. Nevertheless, negative effect of the maximum
temperature in the preceding August was observed for the
healthy trees (Figure 3), which apparently have been able to
react to additional factor, probably due lower stress (Speer
2010). On the other hand, the negative effect of maximum
temperature in August, which is the second warmest month
(Lizuma et al. 2007), might be related to slower growth of
the healthy trees before 1970s (Figure 2). In the RND site,
only the healthy trees showed positive relationship with
precipitation in March, which had the highest value of cor-
relation coefficients (Figure 3). Precipitation in March is
usually in the form of snow, and its effect might be ex-
plained by the insulating properties of snow layer, which
influences soil temperature, decreases soil freeze (Hardy et
al. 2001) and hence winter mortality of fine roots (Tierney
et al. 2001), affecting water relations of a tree later in spring
(Tyree and Zimmermann 2002). The absence of such rela-
tionship might suggest that the damaged trees have had less
sensitive root system before the infection. The effect of
potential evapotranspiration in the previous May in the
UKR site (Figure 3) might be related to excess of soil water
at the beginning of vegetation season, which influence root
respiration (Pallardy 2008). Still, the differences in reaction
to this factor between the healthy and damaged trees is
difficult to explain. Probably, it might be related to slower
growth of the health trees at younger age, when they have
been more influenced by this factor. In the eastern part of
Latvia in the GBN site, where trees were the oldest, TRW
was influenced by precipitation (Figure 3) that might be
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explained by the age-related sensitivity to water deficit
(Carrer and Urbinati 2004). The damaged trees showed
stronger correlation to precipitation (Figure 3), suggesting
increased susceptibility to water deficit, hence they were
more stressed in the dry years that, presumably, led to the
infection by fungus and reduction of crown (Kowalski et al.
2010). In the BAR site, the differences in sets of the signifi-
cant factors are difficult to explain and might be caused by
the district individuality of growth patterns (Table 1).

Although located near its northern distribution limit,
in Latvia, ash showed site-specific growth patterns and
climatic sensitivity, probably due to the stresses caused by
the pathogen(s). This also approves the complexity of ash
dieback process. In all sites, ash of different crown condi-
tions was affected by the climatic factors related to water
deficit in summer, suggesting that under the changing cli-
mate, growth of ash might become even more stressed. The
sensitivity of growth was higher under more continental
conditions. Trees with different crown condition, apparent-
ly differed by social status, as the damaged trees grew faster
at young age, but the TRW of the healthy trees was the
highest at medium age. Still, the damaged trees showed
growth reduction during recent three decades. The suscep-
tibility to disease also appeared age-related, as the damaged
trees were older than the healthy ones, likely due to the
increasing maintenance costs. Still, some differences in
climatic sensitivity were observed. In general, trees with the
damaged crowns were more affected by the climatic fac-
tors, suggesting that climatic stresses have been at least
partially involved in the development of the disease. Never-
theless, the healthy trees also showed effect of some climat-
ic factors not observed for the damaged ones, suggesting
influence of e.g. microclimate and microtopography on the
susceptibility to the disease. For better understanding of the
role of tree water relations in ash dieback, analysis of wood
vessels might be useful.
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Common ash (Fraxinus excelsior L.) has a widespread distribution throughout Europe, and Latvia
is almost at the north eastern edge of the distribution range. In Europe, ash is threatened by ash
dieback, a disease caused by the introduced ascomycete Hymenoscyphus fraxineus. Chloroplast
and nuclear DNA markers have been used to study the genetic diversity and population structure
of ash both in a broader pan-European context as well as in more restricted regions. Some of the
markers analysed in these previously published reports were also utilised in this study, enabling
comparisons of the genetic parameters calculated from the nuclear SSR marker data and of the
haplotypes identified with the chloroplast markers. Analysis of chloroplast markers revealed one
dominant haplotype in Latvian stands, which corresponds to the haplotype previously found in
Eastern Europe and Scandinavia. A second haplotype, corresponding to a previously reported
central European haplotype was found in all individuals from the Kemeri stand, indicating that this
stand was naturally established from introduced germplasm, which was planted in a neighbouring
park. The nuclear SSR markers revealed low levels of differentiation of Latvian F. excelsior
stands, probably due efficient pollen flow between stands. The analysis of both chloroplast and
nuclear DNA markers has revealed different aspects of the structure and provenance of Latvian
F. excelsior populations.

Key words: pollen flow, population differentiation, introduced germplasm, post-glacial migration.

INTRODUCTION

Common ash (Fraxinus excelsior L.) has a widespread dis-
tribution throughout Europe, with the exception of the cen-
tral and southern parts of the Iberian Peninsula, south-east
Turkey and northern Scandinavia (Dobrowolska et al.,
2011, and references therein). Latvia is almost at the north
eastern edge of the distribution range (Anonymous, 2009),
and F. excelsior comprises approximately 0.5% (14 582 ha)
of the total forested area (Anonymous, 2014). It is mainly
found in mixed stands, together with other deciduous spe-
cies: elm (Ulmus glabra Huds.), oak (Quercus robur L.), as-
pen (Populus tremula L.), birch (Betula pendula Roth.). In
moist sites, it mostly occurs with black alder (Alnus gluti-
nosa (L.) Gaertn.), as observed in other European countries
(Anonymous, 2005; Dobrowolska et al., 2011). Ash grows
on a wide range of site types but dominates mainly on fer-
tile, biologically active, moist and seasonally excessively
moist soil conditions (Laivip$ and Mangele, 2004; Anony-
mous, 2005). In Europe, ash is threatened by ash dieback, a
disease caused by the introduced ascomycete Hymenoscy-
phus fraxineus. This fungus originates from East Asia, and
was confirmed as the causal agent of European ash dieback
in Poland in 2006 (Kowalski, 2006). Since the probable in-
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troduction of this fungus into Europe in the 1990s, it has
spread throughout Europe, and is currently threatening com-
mon ash throughout most of its distributional range (Kowal-
ski and Holdenrieder, 2009).

A limited number of nuclear microsatellite or simple se-
quence repeat (SSR) markers have been developed for F.
excelsior (Brachet et al., 1999; Lefort er al., 1999), which
have been used to study the genetic diversity and population
structure of common ash both in a broader pan-European
context as well as in more restricted regions. In addition, a
set of conserved chloroplast SSR markers have been devel-
oped that have been applied to a wide range of angiosperm
species (Weising et al., 1999). European F. excelsior popu-
lations have been investigated using nuclear SSR markers
(Heuertz et al., 2004a) as well as chloroplast markers
(Heuertz et al., 2004b). Nuclear SSRs have also been used
to study ash populations in Bulgaria (Heuertz et al., 2001),
France (Morand et al., 2002), Romania (Heuertz, 2003),
Scotland (Bacles et al., 2005), Germany (Hebel et al.,
2006), Italy (Ferrazzini et al., 2007) and Bosnia and Herze-
govina (Ballian et al., 2008). In many of these studies, the
DNA markers utilised are at least partially overlapping, en-
abling direct comparisons of the genetic parameters calcu-
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lated from the nuclear SSR marker data and the haplotypes
identified with the chloroplast markers.

Analysis of the European populations of F. excelsior using
chloroplast DNA markers suggest post-glacial recoloniza-
tion of Europe from refugia located in Iberia, Italy, the Alps
and the Balkan Peninsula, as suggested by the allelic rich-
ness in these southern populations. In addition, strong sig-
natures of the post-glacial migration routes remained in the
current northern European populations, which showed high
levels of differentiation of chloroplast haplotypes, indicat-
ing only a small overlap of recolonising maternal lineages
(Heuertz et al., 2004b). In contrast, analysis of European
populations of F. excelsior with nuclear SSR markers re-
vealed very little differentiation of populations ranging from
the British Isles over central Europe to Lithuania and Latvia
(Heuertz et al., 2004a). The discrepancy between the high
levels of population differentiation identified by the chloro-
plast analyses, and the low levels revealed by nuclear SSR
marker analyses has been suggested to be due to efficient
postglacial pollen flow (Heuertz et al., 2004b).

Smaller scale analyses of F. excelsior populations using nu-
clear SSR markers have revealed patterns of genetic diver-
sity and population differentiation which are in agreement
with the pan-European studies. In general, southern popula-
tions have high genetic diversity (e.g Heuertz et al., 2001;
Ferrazzini et al., 2007; Ballian et al., 2008), while the
northern populations have lower levels of genetic diversity
(Bacles et al., 2005). The previous studies also reported low
levels of population differentiation, even between frag-
mented populations at the northern boundary of the distribu-
tion range of F. excelsior (Bacles et al., 2005). In addition,
many of the previous studies reported high inbreeding coef-
ficients (Fis) detected with the nuclear SSR markers (e.g.
Bacles et al., 2005; Ferrazzini et al., 2007; Ballian et al.,
2008). These increased Fis values could be due to biological
factors and population structure (i.e. assortative mating or a
Wahlund effect) or to the presence of null alleles. Null al-
leles are caused by mutations leading to the non-amplifica-
tion of specific alleles by PCR, leading to an apparent ex-
cess of homozygosity. This can have an influence on the
estimation of population genetic parameters (Chapuis and
Estoup, 2007). However, five nuclear SSR markers (M2-30,
Femsatl4, Femsatl5, Femsatl11, Femsatl19) were used to
genotype the progeny of controlled (test) crosses, which al-
lows the Mendelian segregation of alleles to be observed,
thus enabling detection of null alleles. Potential null alleles
were only detected at one locus (Femsatl5), with the other
loci conforming to the expected segregation ratios (Morand
et al., 2002). In addition, the Fis values were not signifi-
cantly positive in all studies utilising these nuclear SSR
markers (e.g. Heuertz et al., 2003), and therefore the high
inbreeding coefficients are probably due to biological fac-
tors and/or structure within the previously analysed F. ex-
celsior populations.

The aim of this study was to initiate a survey of the genetic
diversity and population structure of ash (Fraxinus excelsior
L.) in Latvia. Knowledge of the distribution of genetic di-
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versity within and between populations is required for opti-
mal management of forest genetic resources. In addition,
the analysis of haplotypes using chloroplast markers enables
the post glacial recolonisation pathways to be determined
and also the identification of possible introductions of
germplasm. The results obtained from this study will form a
basis for further studies of F. excelsior in Latvia, and allow
comparison of the obtained results with previously pub-
lished studies of F. excelsior populations in other European
regions.

MATERIALS AND METHODS

Six nuclear and six chloroplast SSR markers were utilised
to analyse 16 naturally regenerated ash stands located
throughout the territory of Latvia. The markers utilised in
this study were also utilised in previous studies of European
F. excelsior populations, thus enabling comparisons of ge-
netic diversity with these previously obtained results.
Leaves were collected from approximately 24 young ash in-
dividuals (1-2 metres in height) from 16 naturally regener-
ated Fraxinus excelsior stands (Fig. 1, Table 1). The
‘Skriveri’ and ‘Bérvircava’ stands have been designated as
F. excelsior genetic resource stands. A total of 372 Fraxinus
excelsior individuals were analysed with the nuclear and
chloroplast SSR markers.

DNA from leaves was isolated using a CTAB-based method
(Porebski et al., 1997). Genotyping was done using six nu-
clear SSR markers — Femsatl4, Femsatl10, Femsatll1,
Femsatl16, Femsatl19 (Lefort et al. 1999) and M2-30
(Brachet er al. 1999) and six angiosperm chloroplast mark-
ers ccmp2, ccmp 4, cemp6, cempl0, ccmp7 and cemp3
(Weising et al., 1999). Each forward primer was labelled
with a different fluorophore (6-FAM, HEX or TMR) to fa-
cilitate visualisation using capillary electrophoresis. The
PCR reactions for the nuclear SSR markers were carried out
in a 20 pl solution containing, 0.2 mM dNTPs, 2.5 mM
MgCl,, 1.5 pl DNA solution, 1x Taq buffer and 1U of re-
combinant Taq DNA polymerase (Thermo Scientific). PCR
cycling conditions consisted of an initial denaturation step
of 95 °C for 4 min; 35 cycles of 94 °C for 30 s, 52 °C for 45
s (56 °C for M2-30), and 72 °C for 60 s; followed by a final
extension step of 72 °C for 10 min. The PCR reactions for

4. Ainazi 5. Piksare

6. Limbazi

14. Sabile
.

o 10. Vestiena

. ~Kemeri

7, Aizpute L Skiiveri, GRM 9 Barkava
.

8. Vainode 16. Bukaiti 17. Bérvircava, GRM

3. Jaunlasi
2. Sedere,

Fig. 1. Location of the sampled Latvian Fraxinus excelsior stands.
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Table 1

COORDINATES AND ELEVATION OF THE SAMPLED LATVIAN
FRAXINUS EXCELSIOR STANDS

Region Stand Coordinates Elevation
X Y (m above
sea level
Coastal lowland 4. Ainazi 523032 6409092 9
15. Vidale 411202 6383595 24
11. Kemeri 470181 6312350 8
Western Kurzeme 7. Aizpute 357289 6287409 75
14. Sabile 415074 6321517 80
8. Vainode 362909 6248835 110
Western Zemgale 17. Bérvircava 486569 6251149 34
16. Bukaisi 452675 6250481 66
Augizeme 3. Jaunlasi 639266 6203264 130
2. Sedere 642444 6194070 171
Northern Vidzeme 6. LimbaZi 531633 6375057 52
5. Piksare 595114 6419336 96
Southern Vidzeme 1. Skriveri 564760 6280660 90
Vidzeme highlands  10. Vestiena 611348 6302999 202
Aiviekste 9. Barkava 661933 6287151 94
13. Vilaka 712240 6346960 122

the chloroplast SSR were similar, but with the addition of a
final concentration of 1% BSA to the reaction. The PCR
profile consisted of an initial denaturation at 96 °C for 5
min followed by 25 cycles of denaturation at 94 °C for 60 s,
annealing at 55 °C for 60 s, and extension at 72 °C for 60 s.
Final extension of amplified DNA occurred at 72 °C for 10
min. All PCR reactions were carried out in an Eppendorf
Mastercycler ep gradient thermal cycler. Amplification
fragments were separated on an ABI Prism 3130x/ Genetic
Analyzer (Applied Biosystems) and visualised with
GeneMapper 3.5.

The chloroplast marker data was combined into haplotypes.
Analysis of nuclear SSR data was done using Fstat version
2.9.3.2 (Goudet, 2001) and GenAlEx 6.5 (Peakall and
Smouse, 2012). Dendrograms were constructed using the
software MEGA 5.2 (Tamura et al., 2011). A Bayesian
clustering approach, implemented using the software
STRUCTURE version 2.1 (Pritchard et al., 2000), was used
to estimate the most likely number of clusters (K) into
which the nSSR genotypes were assigned with certain like-
lihood. The population priors were not used, and a burn-in
period of 50 000 iterations followed by 50 000 iterations
was used. K was set from 1 to 16, and each run was repli-
cated 20 times. The most likely number of clusters was
identified by the delta K criterion (Evanno et al., 2005) with
the STRUCTURE HARVESTER Web version 0.6.93 soft-
ware (Earl and vonHoldt, 2012).

RESULTS

Of the six analysed chloroplast SSR markers, only three
were polymorphic (ccmp6, cemp7, ccmpl0). The genotypes
of these three loci were combined into two haplotypes, of
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which one was found in all individuals from all stands ex-
cept for the ‘Kemeri’ stand, where all individuals had the
second identified haplotype. While the sizes of all the
chloroplast alleles amplified in this study were not identical
to the values reported previously, it was possible to unam-
biguously match the identified haplotypes to previously re-
ported European F. excelsior haplotypes (Heuertz et al.,
2004b). The most common haplotype in this study, which
was found in all stands except ‘Kemeri’ was the haplotype
HO1, which is widespread in Eastern Europe and Scandina-
via. The allele sizes for this haplotype were as follows (with
the previously reported sizes in brackets): ccmp6 — 97 (97);
ccmp7 — 115 (118); ccmpl0 — 104 (103). The haplotype
found exclusively in the ‘Kemeri’ stand corresponds to
HO02, which is the most common haplotype found in central
Europe. The allele sizes for this haplotype were as follows
(with the previously reported sizes in brackets): ccmp6 — 99
(99); ccmp7 — 114 (117); ccmp10 — 105 (104). The HO1 and
HO2 alleles were the most common alleles in European F.
excelsior populations, together representing 68% of the ana-
lysed individuals (Heuertz et al., 2004b). In addition, the
other previously reported haplotypes were able to be ex-
cluded from comparisons with the results from this study,
given the size differences of the polymorphic alleles. The
differences in allele sizing are probably due to the use of
differing genotyping platforms, protocols and reagents
(Pasqualotto et al., 2007).

The total number of alleles identified by each nuclear SSR
markers ranged from 10 (Femsatl16) to 37 (M2-30) (mean
23.17 alleles). The number of effective alleles was consider-
ably lower, ranging from 1.96 (Femsatll16) to 20.88
(M2-30) (mean 9.55 alleles), indicating the high proportion
of low frequency alleles. The expected heterozygosity
ranged from 0.49 (Femsatl16) to 0.95 (M2-30) (mean 0.82),
while the observed heterozygosity was lower, ranging from
0.37 (Femsatl16) to 0.85 (Femsatl19) (mean 0.64). As a re-
sult, the fixation index (F) was positive for all loci, ranging
from 0.06 (Femsatl19) to 0.43 (Femsatl4) (mean 0.23).
These were all significantly higher than zero, with the ex-
ception of the locus Femsatl19 (p < 0.001) (Table 2).

The mean number of alleles found in each population over
all the analysed nuclear SSR loci was similar, ranging from

Table 2

GENETIC DIVERSITY STATISTICS OF THE ANALYSED NUCLEAR
SSR MARKERS

Locus ‘N‘Na‘Ne‘Ho‘He‘ F

Femsatl4 364 23 5.23 0.46 0.81 0.43
Femsatl10 348 33 11.68 0.54 0.91 0.41
Femsatl11 370 16 6.79 0.78 0.85 0.09
Femsatl16 369 10 1.96 0.37 0.49 0.25
Femsatl19 368 20 10.77 0.85 0.91 0.06
M2-30 363 37 20.88 0.83 0.95 0.12

N — number of individuals, Na — number of alleles, Ne — number of effec-
tive alleles, Ho — observed heterozygosity, He — expected heterozygosity,
F — inbreeding coefficient.
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Table 3
GENETIC DIVERSITY STATISTICS OF THE ANALYSED LATVIAN F. EXCELSIOR STANDS

Population |Skriveri| Sedere | Jaun- ‘ iksare | Limba-|Aizpute| Vaino-| Barka- | Vestie-| Kemeri| Vilaka | Abava | Vidale |Bukaisi| Bérvir-| Mean
lasi Zi de va na cava
Na 1233 10.67 11.00 10.17 1050 11.17 12.00 9.00 11.83 9.83 1050 817 11.00 11.83 11.00 11.33 10.77

Na(freq.> 533 567 467 633 533 550 667 450 483 500 500 450 450 617 533 567 531
0.05)
Ne 732 571 591 685 557 657 828 472 638 508 604 400 584 7.07 695 711 621

No.ofpri- 033 0.67 033 000 017 033 017 017 000 000 000 000 000 017 000 000 0.15
vate alleles

He 080 076 075 077 077 076 082 074 077 073 078 0.67 076 078 0.80 083 0.77

Na — number of alleles, Ne — number of effective alleles, He — expected heterozygosity.

8.17 (Vilaka) to 12.33 (Skriveri) (mean 10.77). The number Table 4
of alleles with a frequency of over 0.05 was also similar, FREQUENCY OF PRIVATE ALLELES ACROSS LOCI

ranging from 4.50 (Vainode) to 6.67 (Aizpute) (mean 5.31).

A small number of private or unique alleles (found in only Population Locus Allele size (bp) Frequency
one stand) were only found in eight stands (Skriveri, Skriveri Femsatl4 208 0.042
Sedere, Jaunlasi, Piksare, LimbaZi, Aizpute, Vainode, Skriveri M2-30 210 0.021
Vidale) (ranging from a mean over all loci of 0.17-0.67 al- Sedere Femsatl4 210 0.042
leles) (Table 3). A total of 14 private alleles were identified Sedere Femsatl10 261 0.021
with five nuclear SSR markers (Femsatl4, Femsatl10, Sadere Femsatl16 173 0.063
Femsatl16, Femsatl19, M2-30), of which only three had a $edere M2-30 188 0.021
frequency above 0.05 in their respective stand (Table 4). Jaunlasi Femsatl19 165 0.021
The level of population differentiation detected by the ana- Jé“nlam M2-30 267 002l
lysed nuclear SSR markers was low, but significant (Fst = Pl_ksare_ Femsatl10 161 0043
0.045, p < 0.001), as calculated by AMOVA (999 permuta- ~ LmP# Femsatl10 267 0.042
tions). The maximum pairwise population Fst value was Limbazi Femsadl16 185 0.063
0.151 between Vainode and Vilaka, and these two stands Aizpute Femsadl16 194 0.100
were the most differentiated from each other and also from Vaigode M2-30 225 0.022

the other analysed stands. The pairwise Fst are shown in Ta- Vidale Femsatl16 204 0.021

ble 5. The most genetically differentiated stands are Vilaka,
Sédere, Vestiena and Vainode, with pairwise Fst values
above 0.05. These stands were also differentiated from each
other, with all pairwise Fst values between these four stands AinaA
being higher than 0.075.

bp — base pairs.

Vilaka

The pairwise Nei genetic distances between stands ranged
from 0.10 (Jaunlasi-AinaZi) to 0.75 (Vainode-Vilaka) (mean
0.28). The pairwise Nei genetic distances were used to con-
struct a neighbour-joining dendrogram (Fig. 2). As can be
seen from the branch lengths, the most differentiated stands
were Vilaka, Vainode, Vestiena and Sedere, as previously
shown by the pairwise Fst results. The clustering of the
populations did not show any geographical or other struc-
ture, which was expected due to the low level of population
differentiation as previously reported by the AMOVA.

Sedere

Vestiena

The Bayesian clustering approach, implemented using the
software STRUCTURE version 2.1, identified that the most
likely number of clusters was three (Fig. 3). However, there
were additional peaks in the delta K plot corresponding to a
larger number of clusters. These clusters did not correspond —_—
to any geographic grouping, and differentiated individual
stands with a higher proportion of membership of a particu-
lar cluster. In the case of three clusters, three stands (Sédere, Fig. 2. Neighbour-joining dendrogram of pairwise Nei genetic distances
LimbaZi, Vestiena) had a relatively high proportion (over between the analysed Latvian F. excelsior stands.

Bervircava
Piksare
Vainode
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Table 5

PAIRWISE FST VALUES BETWEEN ANALYSED F. EXCELSIOR STANDS

Skriveri| Sedere | Jaunladi| AinaZi | Piksare| LimbaZi| Aizpute| Vainode| Barkava| Vestie-| Kemeri| Vilaka | Abava | Vidale | Bukaisi| Bérvir-
na cava

0.001 | 0.026 | 0.290 | 0.002 | 0.001 | 0.001 | 0.001 | 0.062 | 0.001 | 0.005 | 0.001 | 0.002 | 0.006 | 0.009 | 0.004 | Skriveri
0.030 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | S&dere
0.012 | 0.056 0.454 | 0.002 | 0.001 | 0.001 | 0.001 | 0.004 | 0.001 | 0.014 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 |Jaunlasi
0.002 | 0.050 | 0.000 0.002 | 0.002 | 0.001 | 0.001 | 0.039 | 0.001 | 0.034 | 0.001 | 0.001 | 0.001 | 0.002 | 0.003 | Ainazi
0.026 | 0.047 | 0.028 | 0.031 0.001 | 0.001 | 0.001 | 0.004 | 0.001 | 0.004 | 0.001 | 0.001 | 0.001 | 0.001 | 0.005 | Piksare
0.021 | 0.028 | 0.042 | 0.024 | 0.042 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 |LimbaZi
0.024 | 0.057 | 0.048 | 0.034 | 0.047 | 0.049 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.002 | 0.001 | 0.001 | Aizpute
0.072 | 0.109 | 0.084 | 0.075 | 0.045 | 0.106 | 0.086 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 |Vaipode|
0.009 | 0.035 | 0.020 | 0.012 | 0.019 | 0.022 | 0.023 | 0.067 0.001 | 0.014 | 0.001 | 0.003 | 0.001 | 0.001 | 0.005 |Barkava
0.047 | 0.077 | 0.058 | 0.046 | 0.070 [ 0.052 | 0.048 | 0.121 | 0.043 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | Vestie-

na
0.017 | 0.052 | 0.015 | 0.013 | 0.020 | 0.030 | 0.038 | 0.061 | 0.015 | 0.049 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | Kemeri
0.045 | 0.091 | 0.054 | 0.035 | 0.091 | 0.063 | 0.063 | 0.151 | 0.058 | 0.107 | 0.076 0.001 | 0.001 | 0.001 | 0.001 | Vilaka
0.020 | 0.057 | 0.028 | 0.033 | 0.039 | 0.041 | 0.038 | 0.090 | 0.019 | 0.066 | 0.037 | 0.072 0.025 | 0.001 | 0.006 | Abava
0.014 | 0.050 | 0.036 | 0.031 | 0.034 | 0.027 | 0.027 | 0.084 | 0.019 | 0.054 | 0.032 | 0.067 | 0.011 0.001 | 0.001 | Vidale
0.013 | 0.049 | 0.024 | 0.021 | 0.031 | 0.048 | 0.039 | 0.082 | 0.032 | 0.059 | 0.026 | 0.069 | 0.029 | 0.040 0.001 | Bukaisi
0.017 | 0.059 | 0.031 | 0.031 | 0.020 | 0.049 | 0.024 | 0.045 | 0.016 | 0.061 | 0.022 | 0.074 | 0.020 | 0.025 | 0.028 Bervir-
cava

Fst values below diagonal, probability P (rand >= data) based on 999 permutations above diagonal. Pairwise Fst values > 0.05 are highlighted.

DeltaK = mean(|L"(K)|) / sd(L(K))

8
K

10 12 14 16

Fig. 3. Plot of delta K (the second order rate of change of the likelihood
function with respect to K) vs. K (predefined number of clusters). The
mode of delta K at K = 3 indicates the most probable number of clusters
(3) in the analysed Latvian F. excelsior individuals.

0.6) of individuals assigned to one cluster; while the
Vainode and Vilaka stands had a high proportion (over 0.7)
of individuals assigned to each of the other two clusters.
The remaining stands had an approximately equal propor-
tion of individuals assigned to each of the three clusters
(data not shown).
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DISCUSSION

The chloroplast DNA markers identified one stand
(Kemeri), where all analysed individuals had the haplotype
HO2, in contrast to the common haplotype HO1 found in all
other stands and individuals. The HO2 haplotype is common
in central Europe, and the closest previously identified natu-
ral F. excelsior stands with this haplotype were in Poland
(Heuertz et al., 2004b). The individuals that were sampled
were young, naturally regenerated individuals, and the
Kemeri stand from which they were collected did not show
any signs of being artificially established. Given the uni-
form presence of this haplotype within the Kemeri stand,
and the complete absence of it in the other analysed popula-
tions, it seems likely that this stand has been established by
ash individuals that have escaped from nearby parks or
other artificial plantings, where genotypes from central Eu-
rope may have been introduced. The Kemeri stand is adja-
cent to the Kemeri sanatorium, which has been in operation
since 1796 (Kupcis, Libietis, 1933/34). In the period be-
tween 1839 and 1846, the nursery owner C. H. Wagner es-
tablished a park adjoining the sanatorium (Dambis et al.,
2007), planting material (including F. excelsior) obtained
from commercial nurseries, the majority of which was
sourced from Western Europe (Zigra, 1805; Wagner, 1822).
This stand and surrounding stands should be examined in
more detail, including sampling mature individuals, to de-
termine the extent of this haplotype in this area. In addition,
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Table 6

COMPARISON OF ALLELE NUMBER AND INBREEDING COEFFICIENTS

Latvia' Scotland® France® Iluly‘ Bu]guria\5 Bosnia and Romania’
Herzegovinaﬁ

Locus Na F Na F Na F Na F Na F Na F Na F
Femsatl4 25 0.455 nd nd 37 0.102 32 0.274 50 0.081 20 0.393 37 0.007
Femsatl10 34 0.421 nd nd nd nd 76 0.332 nd nd 55 0.371 nd nd
Femsatl11 17 0.088 nd nd 40 0.033 42 0.312 32 0.080 24 0.328 32 0.003
Femsatl16 10 0.274 6 0.032 nd nd 9 0.191 10 0.124 12 0.156 10 0.165
Femsatl19 21 0.075 19 0.334 36 0.130 55 0.078 33 0.133 26 0.167 27 -0.07
M2-30 37 0.136 30 0.191 56 0.161 nd nd 59 0.114 nd nd 42 0.043

Na — number of alleles, F- inbreeding coefficient, nd — no data. 1 — this study, 2 — Bacles er al., 2005, 3 — Morand et al., 2002, 4 — Ferrazzini et al., 2007,

5 — Heuertz et al., 2001, 6 — Ballian et al., 2008, 7 — Heuertz et al., 2003.

a survey of the known artificial plantings within the area
would enable comparison to the naturally regenerated
stands in order to determine any genetic relationships be-
tween them. Interestingly, analysis of the nuclear SSR
marker results did not differentiate the Kemeri stand from
the other analysed stands. This is probably due to the effi-
ciency of pollen flow over larger distances, which would re-
duce the differentiation of the naturally regenerated individ-
ual that were descended from the artificially introduced
genotypes, while maintaining the maternally inherited
chloroplast haplotype. Analysis of older individuals may
enable a higher level of differentiation from other Latvian
F. excelsior stands to be identified with the nuclear SSR
markers, however, given that these artificial introductions
have been occurring since the early 19 century, the origi-
nal founder genotypes may not be present in this area, and
only the chloroplast haplotype persists. In addition, popula-
tions from central Europe could be analysed with the
chloroplast and nuclear markers in conjunction with the
Latvian samples. This would enable a direct comparison of
the obtained haplotypes, and to determine the level of dif-
ferentiation identified with the nuclear markers between
Latvian and central European ash populations.

The genetic diversity identified by the nuclear SSR markers
utilised in this study was lower than identified in more
southern populations in previous studies (Table 6). At al-
most all loci that were also analysed in previous studies, the
number of alleles was higher in previous studies, with the
exception of Scotland, where the number of alleles was con-
sistently lower. This is in agreement with the post-glacial
expansion of F. excelsior from southern refugia, with popu-
lations at the northernmost edge having a lower level of ge-
netic diversity. However, the inbreeding coefficients were
significantly positive for most of the loci/studies, with the
exception of Romania, indicating that this could be a feature
of F. excelsior stands, regardless of their location within the
distribution areal. This could be related to the mating sys-
tem of F. excelsior, which is polygamous, with a continuum
between pure male and pure female individuals with her-
maphroditic intermediates (Wallander, 2008), or to other
population structure processes.
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The overall level of genetic differentiation identified with
the nuclear SSR markers between the analysed Latvian
stands was low, which is in agreement with previous
pan-European studies, which found little differentiation of
F. excelsior populations stretching from the British Isles
over central Europe to Lithuania and Latvia (Heuertz et al.,
2004a). Four of the Latvian F. excelsior stands were slightly
more differentiated (Vilaka, Sedere, Vestiena, Vainode).
These were not geographically clustered; however, it is in-
teresting to note that all of these stands had an elevation
above sea level of over 100 m. The remaining stands were
all located at an elevation of less than 100 m above sea
level, with the exception of the Jaunlasi stand, which had an
elevation of 130 m above sea level. The Jaunlasi stand was
geographically close to the Sedere stand (Fig. 1); however
they were not clustered together in the neighbour-joining
dendrogram and the difference in elevation between the two
stands was 41 m. One possibility is that the flowering time
of the stands with a higher elevation is altered in compari-
son to the other stands, thus reducing the amount of gene
flow between these stands and those at a lower elevation.
Each of the elevated stands is geographically separated
from each other as well, also decreasing the level of gene
flow between the elevated stands, as demonstrated by the
pairwise differentiation between the elevated stands as well
as between the stands with a higher elevation and the stands
with a lower elevation. The phenology of these stands
should be further investigated to determine the extent of the
role of flowering time in the differentiation of these stands,
or if there are other possible factors influencing the popula-
tion structure of Latvian F. excelsior stands.

The health status with regard to H. fraxineus, the causal
pathogen of ash dieback, was assessed for a subset of the
analysed F. excelsior populations (I. PuSpure, unpublished
results). This revealed that the lowland coastal stands had
the least favourable health status in comparison to the East-
ern stands, which could be a result of more favourable envi-
ronmental conditions for the pathogen. There was no dis-
cernible correlation of genetic population structure
identified in this study with health status. Plitra et al.
(2011) found significant population differences with regard
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to resistance to H. fraxineus in Lithuania. However, these
results were obtained from progeny trials in three locations.
Therefore, the resistance status of Latvian F. excelsior pop-
ulations should be assessed in a common environment, and
the results of this study could be used as guide for the selec-
tion of the most genetically diverged populations for inclu-
sion into future F. excelsior progeny trials, as well as the
designation of additional genetic resource stands.

CONCLUSIONS

Analysis of chloroplast markers revealed only one dominant
haplotype in Latvian stands, which corresponds to the
haplotype previously found in Eastern Europe and Scandi-
navia. In addition, the central European haplotype was
found in all individuals from the Kemeri stand, indicating
that this stand has originated from introduced germplasm.
The lack of differentiation by the nuclear SSR markers of
the Kemeri stand from the other analysed stands indicates
efficient pollen flow and the natural regeneration of the
stand over several generations since the initial introduction.
The nuclear SSR markers revealed low levels of differentia-
tion of Latvian F. excelsior stands, again, probably due the
efficient pollen flow. The slightly higher differentiation of
stand found at a higher elevation above sea level could be
due to phenological differences, however further investiga-
tion is required to elucidate this. The analysis of both
chloroplast and nuclear DNA markers revealed different as-
pects of the structure and provenence of Latvian F. excel-
sior populations.

ACKNOWLEDGEMENTS

The study was funded by the joint stock company “Latvijas
Valsts MeZi” project “Ash forest destruction and regenera-
tion in Latvia” (5.5.-5.1_0017_101_14_28) and by the For-
est Sector Competence Centre project “Ecological risks of
forest capital management- evaluation methods and recom-
mendations for risk mitigation” (No L-KC-11-0004).

REFERENCES

Anonymous (2005). Fraxigen. Ash Species in Europe: Biological Character-
istics and Practical Guidelines for Sustainable Use. University of Oxford,
Oxford. 128 pp.

Anonymous (2009). EUFORGEN. Distribution maps, Fraxinus excelsior L.
Available at: http://www.euforgen.org/fileadmin/www.euforgen.org/Doc-
uments/Maps/PDF/ Fraxinus_excelsior.pdf (accessed 22 December 2015).

Anonymous (2014). State Forest Service. Forest Statistics 2014 (MS Excel
spreadsheets), CD ROM.

Bacles, C. F., Burczyk, J., Lowe, A. J., Ennos, R. A. (2005). Historical and
contemporary mating patterns in remnant populations of the forest tree
Fraxinus excelsior L. Evolution, 59 (5), 979-990.

Ballian, D., Monteleone, 1., Ferrazzini, D., Kajba, D., Belletti, P. (2008). Ge-
netic characterization of common ash (Fraxinus excelsior L.) populations
in Bosnia and Herzegovina. Periodicum Biologorum, 110 (4), 323-328.

Brachet, S., Jubier, M. F., Richard, M., Jung-Muller, B., Frascaria-Lacoste,
N. (1999). Rapid identification of microsatellite loci using 5’anchored PCR
in the common ash Fraxinus excelsior. Mol. Ecol., 8, 160-163.

Proc. Latvian Acad. Sci., Section B, Vol. 70 (2016), No. 3.

Chapuis, M. P., Estoup, A. (2007). Microsatellite null alleles and estimation
of population differentiation. Mol. Biol. Evol., 24 (3), 621-631.

Dambis, J., Zilgalvis, J., Muceniece, A. (2007). Vesturiskie darzi un parki
[Historical Gardens and Parks]. Valsts Kultiiras piemineklu aizsardzibas
inspekcija, Riga. 143 Ipp. (in Latvian)

Dobrowolska, D., Hein, S., Oosterbaan, A., Wagner, S., Clark, J.,
Skovsgaard, J. P. (2011). A review of European ash (Fraxinus excelsior
L.): Implications for silviculture. Forestry, 84 (2), 133—-148.

Earl, D. A., vonHoldt, B. M. (2012). STRUCTURE HARVESTER: a
website and program for visualizing STRUCTURE output and implement-
ing the Evanno method. Conserv. Gen. Res., 4 (2), 359-361.

Evanno, G., Regnaut, S., Goudet, J. (2005). Detecting the number of clusters
of individuals using the software STRUCTURE: A simulation study. Mol.
Ecol., 14 (8), 2611-2620.

Ferrazzini, D., Monteleone, 1., Belletti, P. (2007). Genetic variability and di-
vergence among Italian populations of common ash (Fraxinus excelsior
L.). Ann. For. Sci., 64 (2), 159-168.

Goudet, J. (2001). FSTAT, a program to estimate and test gene diversities
and fixation indices (version 2.9.3). Available at:
http://www.unil.ch/izea/softwares/fstat.html (accessed 11.11.2015).

Hebel, I, Haas, R., Dounavi, A. (2006). Genetic variation of common ash
(Fraxinus excelsior L.) populations from provenance regions in southern
Germany by using nuclear and chloroplast microsatellites. Silvae
Genetica, 55 (1), 38-43.

Heuertz, M., Hausman, J. F., Tsvetkov, I., Frascaria-Lacoste, N., Vekemans,
X. (2001). Assessment of genetic structure within and among Bulgarian
populations of the common ash (Fraxinus excelsior L.). Mol. Ecol., 10 (7),
1615-1623.

Heuertz, M., Vekemans, X., Hausman, J. F., Palada, M., Hardy, O. J. (2003).
Estimating seed vs. pollen dispersal from spatial genetic structure in the
common ash. Mol. Ecol., 12 (9), 2483-2495.

Heuertz, M., Hausman, J. F., Hardy, O. J., Vendramin, G. G., Frascaria-
Lacoste, N., Vekemans, X. (2004a). Nuclear microsatellites reveal con-
trasting patterns of genetic structure between western and southeastern Eu-
ropean populations of the common ash (Fraxinus excelsior L.). Evolu-
tion, 58 (5), 976-988.

Heuertz, M., Fineschi, S., Anzidei, M., Pastorelli, R., Salvini, D., Paule, L.,
Frascaria-Lacoste, N. Hardy, O.J., Vekemans, X., Vendramin, G. G.
(2004b). Chloroplast DNA variation and postglacial recolonization of
common ash (Fraxinus excelsior L.) in Europe. Mol. Ecol., 13 (11),
3437-3452.

Kowalski, T., (2006). Chalara fraxinea sp nov. associated with dieback of
ash (Fraxinus excelsior) in Poland. For. Pathol., 36, 264-270.

Kowalski, T., Holdenrieder, O., (2009). Pathogenicity of Chalara fraxinea.
For. Pathol., 39, 1-7.

Kupcis, J., Libietis, J. (1933/34). Kemeri. In: Latviesu Konversacijas
Vardnica. 10. s€j. [Latvian Encyclopaedia. Vol. 10]. §vébe, A. (ed.). Riga,
19411-19428 (in Latvian).

Laivins, M., Mangale, D. (2004). Parasta o$a (Fraxinus excelsior) paaugas
izplatiba Latvija [The distribution of young growth of the common ash (F.
excelsior) in Latvia]. MeZzinatne, 13 (46), 61-69 (in Latvian).

Lefort, F., Brachet, S., Frascaria-Lacoste, N., Edwards, K. J., Douglas, G. C.
(1999). Identification and characterisation of microsatellite loci in ash
(Fraxinus excelsior L.) and their conservation in the olive family
(Oleaceae). Mol. Ecol., 8, 1088-1091.

Morand, M. E., Brachet, S., Rossignol, P., Dufour, J., Frascaria-Lacoste, N.
(2002). A generalized heterozygote deficiency assessed with micro-
satellites in French common ash populations. Mol. Ecol., 11 (3), 377-385.

Pasqualotto, A. C., Denning, D. W., Anderson, M. J. (2007). A cautionary
tale: Lack of consistency in allele sizes between two laboratories for a pub-
lished multilocus microsatellite typing system. J. Clin. Microbiol., 45 (2),
522-528.

107

Unauthentifiziert | Heruntergeladen 06.12.19 08:54 UTC



Pautasso, M., Aas, G., Queloz, V., Holdenrieder, O. (2013). European ash
(Fraxinus excelsior) dieback — a conservation biology challenge. Biol.
Conserv., 158, 37-49.

Peakall, R., Smouse, P. E. (2012). GenAIEx 6.5: Genetic analysis in Excel.
Population genetic software for teaching and research-an update.
Bioinformatics, 28, 2537-2539.

Pritchard, J. K., Stephens, M., Donnelly, P. (2000). Inference of population
structure using multilocus genotype data. Genetics, 155 (2), 945-959.

Pliura, A., Lygis, V., Suchockas, V., Bartkevicius, E. (2011). Performance of
twenty four European Fraxinus excelsior populations in three Lithuanian

progeny trials with a special emphasis on resistance to Chalara
fraxinea. Baltic For., 17 (1), 17-34.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S.
(2011). MEGAS5: molecular evolutionary genetics analysis using maxi-
mum likelihood, evolutionary distance, and maximum parsimony meth-
ods. Mol. Biol. Evol., 28 (10), 2731-2739.

Wallander, E., (2008). Systematics of Fraxinus (Oleaceae) and evolution of
dioecy. Plant Syst. Evol., 273, 25-49.

Wagner, C. H. (1822). Preis-Courant derjenigen Gemiise-, Blumen-,
Biiume-, und Striucher- Samen bei C. H. Wagner. Riga, 2 s. (in German).

Zigra, J. H. (1805). Verzeichnis derjenigen exotischen Pflanzen, Biiume,
Striucher, welche in der Gartenhandlungen J. H. Zigra zu Riga. Gedruckt

Received 12 January 2016 bei Wilchelm Ferdinand Hicker, Riga. 42 s. (in German).

LATVIJAS OSU (FRAXINUS EXCELSIOR L.) AUDZU GENETISKAS DAUDZVEIDIBAS UN POPULACIJAS STRUKTURAS
ANALIZE, IZMANTOJOT KODOLA UN HLOROPLASTU SSR MARKIERUS

Parastais osis (Fraxinus excelsior L.) ir plasi izplatits Eiropa. Latvija ir oSu izplatibas areala ziemelos. Eiropa novérojama osu audzu
masveida atmir$ana, ko izraisa patogéna séne askomicéte Hymenoscyphus fraxineus. OSu genétiskas daudzveidibas un populaciju struktiru
izpetei Eiropas limeni, ka ari tas atseviSkos regionos, ir izmantoti hloroplastu un kodola DNS markieri. Darba izmantotie markieri ar tiem
vismaz dalgji sakrit, dodot iesp&ju salidzinat Latvijas un citus Eiropas regionu ofu audzu genétiskos parametrus. Ar hloroplastu markieriem
veiktas analizes Latvijas audz€s uzradija tikai vienu domingjoSo haplotipu, kas sakrita ar Austrumeiropas un Skandinavijas haplotipu.
Savukart visos Kemeru audzes individos atrasts Centraleiropas haplotips, kas norada, ka §i audze dabigi izveidojusies no blakus esoSaja
parka introducétajiem oSiem. Kodola SSR markieri uzradija zemu Latvijas oSu audZu diferenciaciju, kas, iesp&jams, ir saistits ar efektivu
puteksnpu plismu starp audzém. Gan ar hloroplastu, gan kodola DNS markieriem veiktas analizes atklaj dazadus Latvijas oSu populaciju
struktdras un izcelsmes aspektus.
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Intense dieback of Fraxinus excelsior L. has been causing rapid changes in advance growth of
trees and understory shrub growth of the affected stands. In this study, changes in composition
and density of understory were studied in 15 permanent plots (each 235.6 m®), repeatedly sam-
pled in 2005, 2010, and 2015. Within each plot, the number and average height of understory in-
dividuals were determined. The successional changes in understory were assessed by Detrended
Correspondence Analysis. In total, 11 advance growth and 20 undergrowth species were re-
corded. A significant increase in the density of understory was observed only in 2015, mainly due
to understorey growth of Corylus avellana L., Padus avium Mill., and Lonicera xylosteum L. Re-
garding advanced growth, the highest density was observed for Ulmus glabra Huds., F. excelsior
and Acer platanoides L.; the density of A. platanoides and F. excelsior increased particularly in
the period from 2010-2015. The observed successional changes suggested individuality of devel-
opment of the affected stands according to the composition of the remaining and neighbouring
canopy trees.

Key words: Fraxinus excelsior, succession, advance growth, undergrowth, Hymenoscyphus frax-

ineus, recovery.

INTRODUCTION

Studies of understory dynamics, i.e. advance growth of trees
(AG) and understory growth of shrubs (UG), are mostly re-
lated to the changes fallowing disturbance of canopy
(Klinka et al., 1996) caused by weather, harvesting (Mallik,
2003), pests (Ehrenfeld, 1980) or disease (Mackey and
Sivec, 1973; McCormick and Platt, 1980; Lygis et al.,
2014). Since the mid-1990s, in Europe, intense dieback
caused by the pathogenic fungus Hymenoscyphus fraxineus
(T. Kowalski) Baral, Queloz, Hosoya, comb. nov. has se-
verely decreased the abundance of Fraxinus excelsior L.
(Vasiliauskas et al., 2006). Studies conducted prior to the
dieback showed successful self-regeneration of F. excelsior
(Laivin$ and Mangale, 2004; Anonymous, 2005; Dobrowol-
ska et al., 2011), but since the dieback, the regeneration has
decreased sharply (Bakys, 2013). Simultaneously, changes
in the understory species composition and density have
been observed in the affected stands (Lygis et al., 2014). A
similar succession was observed also in stands after Dutch
elm disease (Ophiostoma novo-ulmi Brasier), as significant
changes in UG were observed in stands with severe die-
back, while minor changes were observed in healthy stands
(Dunn, 1986). Huenneke (1983) showed that after Dutch
elm disease, species composition and its change were influ-
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enced by the progression of individual tree dieback, the
number of dead trees, gap size and the presence of adjacent
gaps. McCormick and Platt (1980) suggested that changes
in species composition after chestnut-blight mainly de-
pended on the time since the disturbance and on local con-
ditions. A dense UG layer is also known to strongly com-
pete with AG regeneration (Beckage et al., 2000; Royo and
Carson, 2006), thus altering the rate and direction of the
succession (Givnish, 2002).

Considering that F. excelsior planting has been stopped (Ki-
risits et al., 2011, Bakys, 2013), knowledge about the natu-
ral succession of affected stands is crucial for assessment of
their potential and for planning of further management. The
future development of stands might be already guessed
from the present composition of understory. Bakys (2013)
and Lygis et al. (2014) showed that damaged F. excelsior
stands tend to transform to stands dominated by early suc-
cessional tree species like Betula pendula Roth, Alnus in-
cana L. and Populus tremula L. The absence of pre-
disturbance data is a major problem for many studies on
forest response to sudden changes; therefore, long-term
vegetation surveys are useful for understanding of succes-
sional processes (Sulser, 1971; Henry and Swan, 1974;
Brewer, 1980; Sheil, 2001). The aim of the study was to
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evaluate changes in AG and UG species composition in af-
fected F. excelsior stands during the recent decade and to
assess potential transformations in the future. We hypothe-
sised that the incidence of F. excelsior regeneration in pre-
viously F. excelsior dominated stands has decreased, and
hence the species might be replaced by others (early succes-
sional tree species).

MATERIALS AND METHODS

Studied sites, pling, and ts. In this study,
15 permanent plots were established in 2005 in uneven-
aged stands initially dominated by F. excelsior, but later
subjected to a different degree of dieback. The age of the
stands ranged from 51 to 138 years. The plots were scat-
tered across the territory of Latvia (Fig. 1) to characterize
the climatic differences and the prevailing site types of
F. excelsior stands. Most of the plots were situated on soils
with a normal moisture regime and a few plots (e.g. Kemeri,
Ainazi) were located on over-moist soils. Site types of the
plots mostly were Aegopodiosa, Dryopteriosa, Oxalidosa
turf. mel, and Filipendulosa (Buss, 1976). The climate can
be classified as moist continental. The mean annual tem-
perature is +7.2 and +6.1 °C, with January being the coldest
(-1.8 and 4.5 °C) and July being the warmest (+17.4 and
+17.9 °C) months in the western and eastern region of Lat-
via, respectively. The mean annual precipitation in western
Latvia is 748, and in eastern Latvia — 665 mm.

The data were collected in three observation periods during
the recent decades, i.e. in 2005, 2010, and 2015. For the de-
scription of the overstorey, in each stand, one circular plot
with a radius of 15 m was established, where all trees with
diameter at breast height (DBH) exceeding 6 cm were mea-
sured and their health condition (living or dead) recorded.
Within each plot, three smaller circular plots with the total
area of 235.6 m~ were placed in three directions (0°, 120°,
240°) at seven meter distance from the centre for the de-
scription of understory. In these plots, height of all UG and
AG individuals with DBH < 6 cm was measured with the
precision of 0.5 m.

Data analysis. The composition of the understory and sepa-
rately of AG and UG species among the sites and observa-

Vestiena
L

Kemeri123
Bérvircava
ri .Ru

Vainode

Uk ndal

0 25 50 100 Jaunlasi
m O

Fig. 1. The location of the studied sites (plots).
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tion periods was compared using a chi-square test. The
t-test was used to assess the significance of differences in
mean height between the three periods for the understory as
well as for individual species. ANOVA was used to assess
the differences in total and individual species density be-
tween the observation periods. The relationships between
understory as well as AG and UG density separately and the
density of dead F. excelsior were determined by Pearson
correlation analysis. Detrended Correspondence Analysis
(DCA), based on the AG density, was used to assess the
successional changes in species composition during the ob-
servation period following canopy F. excelsior dieback. A
randomization test with 107 iterations was performed to de-
termine the significance of DCA components. All analyses
were calculated in the software R v. 3.1.2 (Anonymous,
2014) at the significance level a = 0.05.

RESULTS

In total, in all observation periods, 13 canopy species were
recorded (Table 1), but their distribution differed among the
sites; e.g. P. tremula and Tilia cordata Mill., Quercus robur
L., and Alnus glutinosa (L.) Gaertn. occurred only in three,
four and five sites, respectively; F. excelsior, Ulmus glabra
Huds., Acer platanoides L., and Picea abies (L.) H. Karst.
occurred in more than eight sites. The highest density (> 70
trees ha'l) was observed for F. excelsior, P. abies,
U. glabra, and A. glutinosa (Table 1), although, after the
second observation period, the density of F. excelsior de-
creased sharply (Fig. 2a). A slight decrease in the density of
canopy U. glabra was observed after the second observation
period, as in the AinaZi, Piksare, and Viesite sites, many
U. glabra entered the canopy from AG to canopy, while in
the third observation period, a dieback (mortality of 35%)
occurred in the Kemeri2 and Kemeri3 sites. In the Vidale
site, a decrease (65%) of P. abies density occurred due to a
windfall in the second period. An increase in number of
T. cordata (from 142.86 trees ha™ in 2005 to 285.71 trees
ha™ in 2015), P. tremula (from 1.00 trees ha™ in 2005 to
242.68 trees ha! in 2015) and A. platanoides (from 28.57
trees ha”' in 2005 to 471.42 trees ha™ in 2015) was ob-
served in the Vilaka, Jaunlasi, and LimbaZi sites, respec-
tively.

In total, 11 AG and 20 UG species were recoded (Table 1).
Significant differences (p-value 0.001) in the composition
of understory species were observed between all observa-
tion periods. A. incana was observed in AG only in 2005;
Cerasus avium (L.) Moench and Crataegus curvisepala
Gand. were observed in UG only in 2010. The highest num-
ber of species was in 2015, when seven species, which were
absent before, were found (Table 1). Species with the high-
est occurrence in all three periods remained unchanged; in
the AG layer — F. excelsior, A. platanoides and U. glabra,
but in the UG — Padus avium Mill., Corylus avellana L.,
and Sorbus aucuparia L. (Table 1). The occurrence of
Q. robur, A. glutinosa, T. cordata, and Viburnum opulus L.
increased gradually. Nevertheless, the proportion of AG and
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Table 1

UNDERSTORY AND CANOPY SPECIES DENSITY (D, INDIVIDUALS HA™') AND OCCURRENCE (O, %) CALCULATED BASED ON ALL PLOTS

IN THREE OBSERVATION PERIODS

Understory Canop
2005 2010 2015 2005 2010 2015
D 6] D (6] D (0] D D D

Acer platanoides 920.03 73 696.39 73 1729.65 73 24.52 42.44 60.36
Alnus glutinosa 22.65 13 16.99 20 373.67 20 71.68 71.68 72.62
Alnus incana 14.15 13 0.00 0 0.00 0 - - -
Betula pendula 1132 13 22.65 13 16.99 13 25.46 21.69 17.92
Fraxinus excelsior 645.44 73 871.90 80 1930.64 100 256.53 131.10 94.31
Picea abies 87.76 33 79.26 33 62.28 40 106.57 99.97 101.86
Populus tremula 93.42 27 56.62 27 192.50 20 8.49 18.86 21.69
Quercus robur 31.14 27 33.97 33 53.79 53 12.26 11.32 13.20
Tilia cordata 62.28 13 121.73 20 124.56 20 18.86 26.41 29.24
Ulmus glabra 1554.14 47 1406.94 60 1208.78 73 96.20 105.63 83.94
Cerasus avium 0.00 0 2.83 7 0.00 0
Cornus sanguinea 25.48 7 0.00 0 110.40 7
Corylus avellana 2692.14 73 2697.81 80 3204.53 73
Crataegus curvisepala 0.00 0 2.83 7 0.00 0
Dafne mezereum 0.00 0 0.00 0 2.83 7
Euonymus europaeus 90.59 33 59.45 33 110.40 33
Frangula alnus 16.99 13 8.49 20 48.12 13
Lonicera xylosteum 266.10 33 418.97 33 854.92 33
Malus sylvestris 8.49 13 8.49 13 59.45 27 0.94 0.94 2.83
Padus avium 2635.53 100 2525.12 100 4996.46 100 11.32 9.43 18.87
Prunus divaricata 0.00 0 0.00 0 2.83 7
Rhamnus cathartica 5.66 7 2.83 7 5.66 13
Ribes nigrum 90.59 27 62.28 27 34253 40
Ribes pubescens 0.00 0 0.00 0 2.83 7
Ribes rubrum 0.00 0 0.00 0 11.32 7
Salix caprea 0.00 0 0.00 0 2.83 7 1.89 1.89 1.89
Sambucus nigra 0.00 0 0.00 0 2.83 7
Sorbaria sorbifolia 0.00 0 0.00 0 14.15 7
Sorbus aucuparia 67.94 67 124.56 67 229.30 67 7.55 6.60 4.72
Viburnum opulus 53.79 10 50.96 33 325.55 53

UG individuals remained relatively stable (36 and 64%, re-
spectively), with fluctuations of only up to 2%.

In most of the sites, density of understory individuals was
quite similar in 2005 (688 + 221 and 1190 + 178, respec-
tively) and 2010 (660 + 145 and 1192 + 183, respectively),
but in 2015, it was higher (p-value 0.001) and nearly dou-
bled (1138 + 228 and 2065 + 312, respectively) (Fig. 3), ex-
cept for the Kemeri3 site, where a decrease was observed
(Fig. 2b). During all periods, U. glabra (1390 trees ha'l),
F. excelsior (1149 trees ha’l) and A. platanoides (1115 trees
ha") had the highest densities in AG (Fig. 4), but in
2015, significantly higher density was observed for
A. platanoides, F. excelsior, and A. glutinosa (Fig. 4, Table
1). In UG, density of P. avium (3386 individuals ha’l),
C. avellana (2865 individuals ha']), and Lonicera
xylosteum L. (513 individuals ha"l) remained stable during
all observation periods. However, their density, as for Ribes
nigrum L., V. opulus, Frangula alnus Mill., and Euonymus
europaeus L. was significantly higher in 2015 (Fig. 4).

Proc. Latvian Acad. Sci., Section B, Vol. 70 (2016), No. 3.

Thus, the increase of UG or AG density was caused by a
particular species (Table 1). With the rapid increase in num-
ber of recruits, the average height of AG and UG decreased,
particularly in the third observation period (mean height of
AG decreased from 2.21 to 0.94 cm in 2005 and 2015, re-
spectively) (Fig. 3).

The DCA ordination (Fig. 5) showed that the sites had an
expressed grouping according the composition of AG spe-
cies, hence three groups were arbitrarily distinguished. The
first group consisted of the Ainazi (Fig. 5, site 1), Piksare
(8), Kemeril (4) and Kemeri2 (5) sites, which were domi-
nated by U. glabra. The second group was characterized by
the Bérvircava (2), Vidale (13), Ukri (10), Vestiena (12),
Jaunlasi (3) sites, which were distinguished by the domi-
nance of F. excelsior with Q. robur, and B. pendula. The
third group consisted of the Viesite (14), Vainode (11),
LimbaZi (7), Vilaka (15) and Rundale (9) sites, in which,
however, AG was dominated by many species. The
successional changes in AG were the most expressed in the
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tors. Some sites (AinaZi (1), Kemeril (4) and Vainode (11))
had only slight and reversing vectors, suggesting stability of
the species composition in AG. The AG composition and its Fig. 3. Average density and height of understory tree advance growth and
changes mainly coincided with the canopy species in the shrubs in the studied plots.

particular sites (Table 1). The correlation between under-
story density and the amount of dead canopy F. excelsior
was not significant in any period (Fig. 6), although in a few

Tree
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Tree
Shrub
Tree
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sites, density of understory increased with the F. excelsior
dieback (Jaunlasi, Kemeril, Kemeri2) (Fig. 2a, b).
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DISCUSSION abundance of UG increased only in larger gaps (after death

Although understory is known to form a monodominant
layer with abundant ground cover vegetation after the
dieback of canopy trees (Royo and Carson, 2006), our re-
sults indicated the opposite, as an increase in number of UG
species followed the dieback of canopy F. excelsior, while
the number of AG species remained the same (Table 1).
This could be explained by the fact that UG species,
which are adventitious and/or temporary (e.g. Prunus
divaricate Ehrh., Sorbaria sorbifolia (L.) A. Braun and
Ribes sp.), can adapt to altered environmental conditions
more quickly than AG (Gonzales et al., 2002). Changes in
species composition were minimal in the sites where the
mortality of canopy F. excelsior was low, e.g., Piksare and
Vilaka (Fig. 2a), as observed after Dutch elm disease, when
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of two or more canopy trees) (Huenneke, 1983). Hence,
changes in understory after disturbance can alter the course
of succession, and diversification of stand composition
might be expected in future (de la Cretaz and Kelty, 2002;
Mallik, 2003).

The DCA, and particularly directions of the successional
vectors, showed that the course of succession in the affected
F. excelsior stands was diverse (Fig. 5), likely due to the
differences in growing conditions and seed sources. The
DCA also showed that in the first observation period
U. glabra was a major species in AG in several sites (e.g.
Ainazi, Piksare, and Kemeri3), but afterwards its abundance
decreased due to poor health condition and dieback of the
canopy trees, reducing the seed source (Fig. 5), probably
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due to Ophiostoma novo-ulmi (Huenneke, 1983). At pres-
ent, U. glabra is being rapidly replaced by A. glutinosa
(Fig. 5), likely due to moist conditions, for which alder is
better adapted. In the third period, in sites where
A. platanoides co-occurred in canopy, i.e. LimbaZi and
Rundale, the growth of AG A. platanoides was released by
the F. excelsior dieback (Figs. 4, 5), suggesting that it could
become the dominant species there.

In Lithuania a rapid increase in the number of primary spe-
cies (P. tremula, B. pendula) has been observed after can-
opy F. excelsior dieback, (Bakys, 2013; Lygis et al., 2014),
but this was observed only in the Rundale site (Figs. 4, 5),
probably due to lack of these species in the canopy of the
surrounding stands of other sites. Nevertheless, the increase
in the number of AG F. excelsior, especially in the third ob-
servation period (Fig. 4), suggested recovery of F. excel-
sior, which might be explained by the natural selection of
the most resistant genotypes (Pliura et al., 2015).

Many studies indicate that the increase of understory den-
sity has been caused by canopy thinning, hence reduction
of competition and the improvement of light conditions (de
la Cretaz and Kelty, 2002; Coomes et al., 2003; Royo and
Carson, 2006). In contrast, in this study, the increase of
understory density was not associated with the dieback of
canopy F. excelsior (Fig. 6), suggesting that F. excelsior has
had minimal effect on the UG species, except in the
Jaunlagi, Kemeril and Kemeri2 sites, where such tendencies
persisted. Alternatively, this could be related to delayed re-
sponse of UG to such changes, as the strongest dieback was
observed between first two observations (132.98 shoots
ha’l), hence the increase in understory density might still be
expected. Some UG species are also known to persist within
a territory for a long time after the disturbance, competing
with AG in longer term (Latham, 2003; Mallik, 2003; Royo
and Carson, 2006), hence making AG more susceptible to
other disturbances (Pallardy, 2008).

Increase of UG due to canopy disturbance can suppress AG
regeneration directly through competition, allelopathy, lim-
ited seedling germination and growth (Runkle, 1990; Gill-
man et al., 2003; Royo and Carson, 2006), thus stalling suc-
cession for decades (Schnitzer et al., 2000). However, the
proportion of AG and UG varied little (Fig. 3), suggesting
similar competitiveness of the species under altered condi-
tions following the disturbance. This might be also ex-
plained by a quite rapid growth of AG that reached the can-
opy, hence shaded the understory, as observed for
A. platanoides and T. cordata and U. glabra in the Limbazi,
Vilaka and Kemeri3 sites, respectively.

Our results showed that the changes of species composition
and density after the F. excelsior dieback have been occur-
ring with different rates in relation to the local conditions.
Therefore it is difficult to generalize further transformation
of F. excelsior stands. The temporal stability of AG and UG
composition and density suggested similar competitiveness
of the species, contraindicating the formation of shrub land.
Although the dieback of canopy trees has been progressing,
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increase of F. excelsior AG in the later observation period
suggested improvement of regeneration, and hence there is
a chance that F. excelsior could remain as an admixture spe-
cies in these stands in the future. Still, monitoring of the
stands is necessary to assess further recovery.
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KRUMU STAVA IZMAINAS PARASTA OSA AUDZU DESTRUKCIJAS REZULTATA LATVUA

Péc Fraxinus excelsior L. audzu destrukcijas, Sajas audz&s novérotas straujas pameZa un paaugas (kriimu stava) sugu sastava un biezuma
izmainas. Saja petijuma sugu sastava un biezuma izmainas krimu stava pétitas 15 ilglaicigajos parauglaukumos (katrs 235,6 mz) 2005.,
2010. un 2015. gada. Katra parauglaukuma uzskaititas visas kriimu stava sugas un nomerits to augstums. Sukcesionalas izmainas krimu
stava novertétas, izmantojot detrendéto korespondentanalizi. Kopa uzskaititas 11 pameZa un 20 paaugas sugas. Butiska kriimu stava
biezuma palielinaSanas noveérota tikai 2015. g., galvenokart pieaugot pameZzam — Corylus avellana L., Padus avium Mill. un Lonicera
xylosteum L. Paauga lielakais biezums konstatéts Ulmus glabra Huds., F. excelsior un Acer platanoides L.; turklat A. platanoides un F. ex-
celsior biezums 2015. gada palielinajas. Novérota sukcesija norada, ka katrai slimibas skartajai audzei raksturiga individuala attistiba

atkariba no paliku§as un blakus esosas audzes sastava.
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Abstract

In Latvia, two European ash (Fraxinus excelsior) genetic resource forests (GRF) have been designated in Skriveri
and Bervircava. However, as the degree of damage of ash by the pathogenic fungus Hymenoscyphus fraxineus has
increased, many stands have died and many do not comply anymore with minimum requirements for GRF. The aim
of the present research was to evaluate and examine the quality of ash GRFs. In each forest unit, one 20x20 m plot
was established, and the first (E3) and second (E2) layer projective cover of each species was determined in August
2014. All undergrowth and advance regeneration species were counted and the degree of ash damage by H. fraxineus
was determined along a diagonal 25x1 m transect in each plot. In total, 101 plots were established. Quality evaluation
was carried out according to the basic criteria for selection of GRF as well as based on criteria cited in other research.
Their variation was established by using principal component analysis. Ash in layer E3 was better maintained in
Skriveri, but ash regeneration there was worse, as well as a higher degree of damage by H. fraxineus was observed.
Ash regeneration density is significantly influenced by its cover on layers E3 and E2 as well as by tree species
dominating the growth. The most valuable GRFs have been maintained in Skriveri where 50% of units were rated of

average quality and few of bad quality. In Bérvircava, 56% of forest units were of bad and very bad quality.
Key words: Descriptors, natural regeneration, ash dieback, European Forest Genetic Resource Program.

Introduction

The objective of genetic resource forests (GRF) is
to maintain the genetic diversity and gene pool of a
concrete tree species; and additionally they also have
potential economic, environmental, scientific and
social value (The State of..., 2014). These forests can
provide for adaptation and evolutionary processes of
the forest and trees growing in it; they also foster stand
productivity (The State of..., 2014).

Within the framework of the European Forest
Genetic Resource Program (EUFORGEN), 59
European ash (Fraxinus excelsior) gene reserve forests
and protected forest areas have been designated in
Europe, two of them are situated in Latvia (Plitira and
Heuertz, 2003). The EUFORGEN database indicates
that the forest areas are managed for wood production
and/ or multiple uses or services (Plitira and Heuertz,
2003), but several genetic resource forest units are
also specified as woodland key habitats, therefore
economic activity in these forest units is restricted. In
Bervircava, selective cutting is allowed in three forest
units for research purposes.

Ash GRFs are threatened by the ever-
increasing infection rate with the pathogenic fungus
Hymenoscyphus fraxineus which leads to ash dieback.
In the last 20 years, the disease has spread widely
throughout Europe and it has been found in more
than 20 countries. The Baltic states were among the
first where ash stand destruction was identified at the
beginning of the 1990s (Stener, 2013), but the disease
was confirmed in Latvia in 2007 (Kenigsvalde et al.,
2010).

Prior to ash dieback, European ash was the most
common hard-wood tree species in Latvia and one of

the few tree species that regenerated well naturally
(Laivip§ and Mangale, 2004). Natural regeneration
is one of the basic GRF requirements (Koskela
et al., 2013). At present, European ash comprises
only 14 582 ha (0.5%) of the total forest area. The
increasing degree of ash damage can lead to serious
ecological consequences to European biodiversity
and forest ecosystems (Pautasso et al., 2013). In
Britain, 953 species are connected with ash stands,
and the existence of 44 species fully depends on
ash (Mitchella et al.,, 2014). Notwithstanding the
extended history of the disease, further development
of ash stands cannot be foreseen, because it greatly
depends on persistence of natural resistance and
further host organism and pathogen interaction over a
longer period of cohabitation (McKinney et al., 2011).
Therefore genetic resource forests (GRF) stands have
become scientifically important forest stands and they
are genetic reserves of European ash.

Pan-European minimum requirements for dynamic
gene conservation units stipulate that each GRF
stand must have a management plan which, based
on systemic surveys, is updated every 5 or 10 years
(Koskela et al., 2013). In the present study all ash
GRF units were surveyed. As ash dieback increases, it
becomes evident that ash GRF minimum requirements
stipulating that the minimum size ofa genetically viable
population is 50, preferably 500 to 1000 trees and 400
reproducing trees per hectare (Koskela et al., 2013),
cannot be fulfilled in many forest units. At present,
EUFORGEN have not established requirements for
re-evaluation of the existing stands, so the study is
based on the aforementioned requirements for new
GFR stand selection. In Latvia, the features of genetic
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Table 1
Ash GREF criteria for division into quality classes
Primary descriptors Secondary descriptors
Ash Degree Broad "
quality and Ash projective Ash Second and Spruce ong. leaved Competition
descriptor cover, % regeneration, | undergrowth | projective fraxineus | projective of other
class ’ specimens per | layer cover, | cover E3, | - damage‘ cover E3 species,
1 o/ 2 0, ] ) 3
B3 B hectare % E2, % % % number
1. >17 >11 > 6001 0-30 0-0.5 0-10 6 0-15
2. 13-16 4-10 |3001 - 6000 31-50 1-3 11-25 4-5 16 -35
3. 8§-12 1-3 1001 - 3000 51-70 4-8 26-60 3 36 - 60
4. 4-7 0.5 801 - 1000 71-80 9-15 61-99 1-2 61-100
S. 0-3 0 0-800 > 81 >16 100 0 >101

! The number of ashes counted in transect has been recalculated to hectares.

2 Total projective E2 cover.

3 Other regeneration growths and undergrowths counted in transect.

forests, namely descriptors, have been developed
within the framework of the research ‘The long-term
maintenance and sustainable use of Latvian forest
tree genetic resources’ (Gailis et al., 2008), but the
descriptors have not been adopted and are not used
in practice.

The objective of the research was to survey both
GRF ash stands in Latvia, determine their present
state and to give a quality evaluation according to a
framework of five classes. As ash cover has decreased
dramatically, one of the tasks set by the research was
to determine the factors that influence the generation
of new ash advance regeneration. Whereas Latvian
descriptors have been established for Norway spruce
(Picea abies) genetic resource forests, one of the
objectives of the research was to identify and analyse
the features that best characterize European ash
forests.

Materials and Methods

The research was carried out in August 2014 in
two ash genetic resource forests, which are situated
in the central part of Latvia: Skriveri region (Skriveri,
geographical location: X 564257, Y 6281096 ) and
Jelgava region (B@rvircava, geographical location:
X 486817 , Y 6251196). Skriveri forest area is
155.2 ha, on which 28 GRF units were surveyed. In
Bervircava forest 73 units covering 239.6 ha were
surveyed. In both regions there were ash stands of
different age, with ash being the principal species
with wych elm (Ulmus glabra), aspen (Populus
tremula), alder (Alnus glutinosa), and silver birch
(Betula pendula) admixture; in several units ash was
the admixture species for birch, spruce etc. forests.
Both regions are characterized by fertile development
conditions, mostly Aegopodiosa, on rare occasions
Dryopteriosa or Mercurialiosa ameliorated forest
types, characterized by various broad leaved species.

In each unit one 20x20 m plot was established,
and the projective cover percentage of the first (E3,
above 7.0 m) and second (E2, 0.5 — 7.0 m) layer of
each species was determined. In each plot, all advance
regenertion and undergrowth species (up to 7.0 m) were
counted and degree of ash damage by H. fraxineus
(Table 1) was determined in the framework of five
classes along a diagonal 25x1 m transect. H. fraxineus
damage has been assessed according to the visually
determined degree of damage of the tree crown and
trunk. The final rating was assigned based on the
number of woody plants in each damage class. If
there were no new specimens found in the transect,
the degree of damage was not established. Twenty
eight units were surveyed in Skriveri and 73 units in
Bérvircava.

GREF formation criteria were used as the basis for
evaluation of forest quality (Koskela et al., 2013),
supplemented by the descriptors listed in the report
by A. Gailis et al. (2008). After a complex evaluation,
each region was given a quality rating in classes
from 1 to 5. The number of classes was determined
based on the number of descriptor classes in the
research made in Latvia (Gailis et al., 2008). The
descriptors are divided into two groups: primary (if
all descriptors were given equal rating — quality class
could be established without taking into account other
descriptors), corresponding to GRF formation basic
requirements, and secondary — derived from A. Gailis
et al. (2008) (Table 1). Criteria class values have been
established according to median, quartile, minimum
and maximum values of the evaluations obtained in
all samples. In ash regeneration and E3 covering class
division, Pan-European minimum requirements have
been taken into account, stipulating that for an ash
stand to be qualified as a GRF at least 50 mature trees
and 400 saplings per hectare are required (Koskela et
al., 2013). Based on these rules, it was supposed that
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the minimum number of advance regeneration ash
trees has to be above 800 trees per hectare to qualify
as a GRF (Table 1).

Tree level dominance structure has been
established according to the principle of dominant
and codominant species (Simpson, 2006), where the
dominant species comprise > 50% of the total covering
or at least exceeds the covering of other species by
20%, and the codominant species is 25 — 50% of
the total cover. Vegetation description and growth
inventory was done during the 2014 growing season.

In characterizing unit similarities and factors
having influence upon them, the detrended
correspondence analysis (DCA) method was used.
In determining which factors best characterize
fluctuation, principal component analysis (PCA) was
carried out, the second matrix being basic criteria for
GREF selection. Thus criteria were obtained that most
precisely characterized forest unit quality; they were
taken into account upon determining quality classes.
The canopy dominant species’ influence on advance
regeneration and undergrowth content was analysed
by using the DCA method. In determining gradient
importance, a randomization test was used for both
methods.

The correlation between the degree of ash damage
by H. fraxineus and the dominant tree species, forest
type, new ash advance regeneration density (in
classes), shrub layer cover and ash cover in E3 layer,
was determined by the general linear model (GLM)
method. Analysis of variance (ANOVA) was used
to determine whether the number of ash in advance
regeneration has been significantly influenced by
the forest type and dominant tree species. For the
evaluation of ash advance regeneration density, tree
and shrub layer projective cover as well as correlations

Dominant tree species,
% of forest stands
I s

73

1 2 3 4 5 6 7 8

mDominant tree species Skriveri

between the number of other species listed in advance
regeneration and undergrowth, Pearson and Kendall
correlation analysis was carried out. By using the
Kendall ratio, it was determined if there was a
correlation between shrub layer cover and the number
of ash trees in layers E3 and E2. The analyses were
carried out at o = 0.05. Statistical analyses were
made using PC-ORD 6 (Peck, 2010) and R computer
programmes.

Results and Discussion

In the majority of GRF units, ash trees were
found in admixture with other broad leaved species,
complying with ecological requirements (Ahlberg,
2014). In Skriveri the E3 layer was dominated by
birch (29% of units), small-leaved lime (7ilia cordata)
and elm (both 14%), whereas in Beérvircava it was
dominated by ash (27%) and aspen (21%) (Figure 1).
In Latvia the following species are recommended as
ash satellite species: birch, alder, grey alder (4lnus
incana) and pedunculate oak (Quercus robur) (Sakss,
1997). Apart from these species, lime and elm are also
emphasised in Europe (Dobrowolska et al., 2008),
although ash trees in elm forests in Latvia have seldom
regenerated, based on previous research (Laivins
and Mangele, 2004). In Skriveri, the most common
broad leaved tree species are the typical Aegopodiosa
forest site type species - lime, elm and ash. Analysis
of variance indicated that ash regeneration density
in Skriveri has been significantly influenced by the
dominant species in layer E3 (p = 0.001) and forest
type (p = 0.03), whereas in Bérvircava none of
these factors was decisive. In the framework of this
research, ash was regenerated best in Aegopodiosa
and Mercurialiosa mel. forest site types, namely, in
habitats that are rich in nutrients, biologically active,
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Figure 1. Dominant tree species and ash saplings density: 1 — Betula pendula; 2 — Fraxinus excelsior;

3 — Populus tremula; 4 — Tilia cordata; 5 — Ulmus glabra; 6 — Alnus incana; 7 — Picea abies;

8 — Betula pendula/Ulmus glabra; 9 — Fraxinus excelsior/Ulmus glabra;

10 — Alnus incana/Fraxinus excelsior; 11 — Alnus incana/Betula pendula;

12 — Betula pendula/Populus tremula; 13 — Betula pendula/Fraxinus excelsior;

14 — Alnus glutinosa; 15 — Quercus robur.
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Figure 2. Ash advance regeneration damage degree intensity in stands with different dominant species in
Skriveri: 1 — Alnus glutinosa; 2 — Alnus incana; 3 — Alnus incana/Betula pendula; 4 — Alnus incana/Fraxinus
excelsior; 5 — Betula pendula; 6 — Betula pendula/Fraxinus excelsior; 7 — Betula pendula/Populus tremula;
8 —Betula pendula/Ulmus glabra; 9 — Fraxinus excelsior; 10 — Fraxinus excelsior/Ulmus glabra; 11 — Picea
abies; 12 — Populus tremula; 13 — Quercus robur; 14 — Tilia cordata; 15 — Ulmus glabra.

moist and seasonally excessively moist, but it was
not as successful regenerating in Dryopteriosa, as
has previously been mentioned in other research
carried out in Latvia (Laivip§ and Mangele, 2004;
Kenigsvalde et al., 2010).

Better and more regular ash regeneration was
observed in Skriveri, where, in the framework of
this research, the greatest number of ash specimens
were found in birch/elm (10 000 trees ha'') and grey
alder/birch (7 200 trees ha™') stands (Figure 1). In ash/
elm mixed stands, 6 600 trees ha! were counted. In
Bervircava the best ash regeneration was observed
in oak (7 400 trees ha') and alder (4 200 trees ha'')
stands. Ash regeneration below ash stands was not
characteristic of any region, but it was higher in
Bervircava (2 000 trees ha™') (Figure 1).

GLM analysis showed that in Skriveri the new
ash advance regeneration degree of damage was
statistically significantly different between stands

v

o v

Axis 2

° o

Other tree species

T
OBroad leaved E3 H. fraxinea damage clas:

with various dominant species. In Skriveri the highest
degree of damage of new ash trees was found in alder
stands (p = 0.0004) (Figure 2). The second class
damage degree was found in grey alder, but a higher
degree of damage was also found in birch and elm
stands. In Be@rvircava ash trees damage degree was
much lower and statistically did not differ between
stands with various dominant species.

In DCA both locations were firstly divided by
their different geographical position, because they are
situated in differing geobotanical regions. In DCA all
gradients were important and they showed that areas
differed in canopy composition, and it had significant
impact on ash regeneration density, as mentioned in
research by M. Laivins$ and D. Mangale (2004). The
DCA first variable was best characterized by grey alder
and aspen (DCAL1) (p = 0.02), the second by spruce
(DCA2) (p =0.03), and the third by ash together with
oak (Figure 3).

P. abies E3
Quality class
R 02
. e3
DCA2 . o4
P. abies E2 *5

.
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Figure 3. Ash forest quality criteria in PCA analysis.
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Ash regeneration density had a statistically
significant correlation with a number of woody
plants listed in advance regeneration in Bérvircava
(p = 0.03, © = 0.184), confirming the previous
research in Latvia which showed that regeneration
of ash and other woody plants most often takes place
in canopy and thinned out places (Sakss, 1997). In
Bérvircava two tree species dominated the advance
regeneration composition — grey alder (55% of the
total number of species, 3 704 trees ha') and ash
(34%, 2 290 trees ha') (Figure 4). Formation of
pronouncedly mixed stands with elm (58%, 4 243
trees ha'), ash (29%, 4 214 trees ha™), lime (17%,
2 514 trees ha') and Norway maple (Acer platanoides)
(16%, 2 329 trees ha™) is typical of Skriveri. Species
composition corresponds to the species listed in ash
clear-cuts in Lithuania, only the cover was different:
birch (in Lithuania — 32.9%), grey alder (32.4%),
aspen (11.2%), elm (6.4%) and ash (4.3%, but
13 941 trees ha') (Lygis et al., 2014). The results
of this research indicated that pure ash stands are
not formed by means of natural regeneration, but in
both locations ash is maintained as an admixture
species. In research by Laivin§ and Mangele (2004)
it is foreseen that ash will be maintained in tree layer
as a permanent admixture only on average in 5% of
broad leaved forests. In Skriveri the same species
regenerate that dominate layer E3 (lime, elm), the
same correlation has also been observed in Lithuania
(Lygis et al., 2014). Whereas in Bervircava, where
the dominant species is ash, undergrowth species
regenerate - hazel (Corylus avellana) and bird
cherry (Padus avium), indicating the beginning of a
pronounced process of shrub overgrowth.

In Skriveri three species were dominant in
undergrowth: cherry (39%, 1 071 trees ha'), hazel
(33%, 914 trees ha') and fly honeysuckle (Lonicera
xylosteum) (21%, 586 trees ha™), but in Bérvircava -

Sorbus aucuparia
Cornus sanguinea
Loniceraxylosteum
Corylus avellana

cherry (63%, 12 433 trees ha™') and hazel (20%, 3 945
trees ha'') (Figure 4). Although hazel is considered a
valuable ash forest species (Loidi, 2004), together with
cherry they comprised more than 50% of all species
composition in both areas, thus leaving little room
for growth to other species. The correlation indicated
that as the shrub layer cover increases, the density of
new ash trees decreases, but statistically it was not
significant. Research carried out in Denmark (Bakys
et al., 2013) showed that there is greater degree of
ash damage in thinned stands, but it is not correlated
with ash tree density. In the present research, identical
results were obtained, although in Skriveri it was
found out that a higher degree of damage (class 2)
can be established in stands with denser shrub cover
(Figure 5), in several plots, the degree of damage
reached class 3 and 4 in units with greater ash density,
but the correlation was not significant. On average,
the degree of damage was lower than indicated in
the Lithuanian research (Lygis et al., 2014), because
80.8% were rated as class 1,while in Lithuania only
29.3% were considered visually healthy (Lygis et al.,
2014). It could not be established that the degree of
ash damage is significantly influenced by ash cover
in the tree layer, but in stands with greater ash cover,
more often a higher regeneration growth degree of
damage was found.

GLM analysis showed that statistically the new
ash advance regeneration degree of damage does not
differ significantly among forest types. The lowest
new ash advance regeneration’s degree of damage
was established in Mercurialiosa mel. forest site type
(p=1.26E-05), where it was not higher than class 1 in
any of the units. The highest degree of damage was
established in Dryopteriosa forest site type (most
often class 2). Although there is no united opinion in
Europe on whether there is a correlation between ash
degree of damage and the ecological conditions in the

Padus avium
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Figure 4. Species composition in advance regeneration and undergrowth.
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Figure 5. Ash degree of damage depending
on shrub layer density in Skriveri.

locations (Bakys et al., 2013), this research shows that
there is a higher degree of damage by H. fraxineus
in moist circumstances than indicated in A. Gross’s
research (Gross et al., 2014).

According to the basic criteria for GRFs, the
Skriveri plots corresponded to higher quality classes.
In both locations ash regeneration density was
statistically significantly influenced by the total canopy
cover (p = 0.02, T = 0.16) confirming that ash during
its first years of life is ombrophile (Dobrowolska et
al., 2008). In research by R. Harmer et al. (2005)
it was concluded that the number of ash seedlings
was positively related to the number of parent trees,
which was also confirmed during this research (p =
0.001, T = 0.22). The number of ash trees in any of
the regions was not influenced by DCA1 variable grey
alder/ aspen (p>0.05), but it negatively influenced
the number of spruce in layers E3 and E2. It was
more pronounced in Bérvircava (p = 0.02, T = -0.2),
confirming that spruce in Latvia is not recommended
as an ash satellite species because it decreases soil
productivity and creates a strong root system which
outcompetes ash (Sakss, 1997). Ash regeneration was
strongly influenced by the number of broad leaved
species in layer E3 (p = 0.005, T = 0.21) emphasizing
the importance of mixed stands (Ahlberg, 2014).

The PCA of all criteria showed that without
GRF basic criteria ash stand variation is also well
characterized by spruce cover in layers E3 and E2, the
total cover of layer 2 and undergrowth layer, DCAI,
the number of broad leaved species in layer E3 and
other criteria (Figure 3). However, the correlations of
these variables with ash regeneration density indicated
that DCA1 and the number of broad leaved species do
not have a significant impact. Evaluating all criteria
(Table 1) better forest condition was found in Skriveri,
where 50% of units were rated with the quality class
3 and there were no evaluations of the lowest class 5
(Figure 6). In Bérvircava, 19% units were rated with
class 5 and a relatively similar number of units were
rated with class 3 and 4. In several units ash trees have
not been maintained neither in layer E3 nor layer E2.
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Figure 6. Ash GRF quality evaluation in classes.

In both GRFs, the new ash is mostly young and it is
difficult to foresee its further development as well as
changes in the evaluation of stands.

Conclusions

1. In the beginning, 12 quality indicators were set
for GRF quality evaluation, out of which during
the research only 9 were recognized as significant,
3 of them (ash projective cover in canopy and
midstorey, ash regeneration density) are considered
primary, others have a secondary importance.

2. In the majority of stands, ash is not the dominant
species anymore, but a statistically significant
correlation remains, namely, ash regenerate best
in stands with greater ash projective cover in the
canopy, although the number of specimens is
comparatively small (2000 trees ha' in Skriveri,
400 trees ha'! in Bérvircava).

3. In stands where ash was the dominant species
prior to ash dieback, intense shrub overgrowth
has started, indicating that change of species is
significantly influenced by dominant tree layer
species which is typical of F. excelsior stands.

4. Ash stand destruction in both regions developed
differently. Although ash is better maintained in
Bérvircava, the overall state of GRF stands was
recognized as worse there, and 19% of units do not
comply with GRF criteria anymore.
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Abstract

Due to the dieback caused by ascomycete Hymenoscyphus fraxineus, common ash (Fraxinus excelsior L.) regeneration
currently occurs only naturally and is crucial for existence of the species. Hence, in this study, we assessed the success of the nat-
ural regeneration and health condition of common ash in 90 diverse young stands. Additionally, the age structure of ash advance
growth (saplings and seedlings) was characterized in four plots, initially dominated by ash. Ash was abundant in the advance
growth in the studied plots with the mean density of 4185 + 401 trees ha™'. Ash advance growth density and health condition de-
creased with increasing height and age. From the 7533 accounted regeneration ashes, 75% were considered as healthy, 15% dam-
aged and 10% were already dead. Ash regeneration density was the highest and the degree of H. firaxineus damage was the lowest
in young stands on drained mineral soils. The best ash health condition was found in the densest stands with increased number of
advance growth and undergrowth individuals. The highest ash mortality (ca 20%) was found in pure young stands. In the young
stands, which were previously formed by ash, regeneration density was relatively low (4319 + 592 trees ha'), but the mortality
intermediate (ca. 10% of all trees). In contrast, in the stands dominated by black alder and birch, the density of ash advance
growth was higher — 7300 + 6300 and 6933 + 2711 trees ha™', respectively, but the number of dead ash was lower (ca. 5%). Ash
appeared more susceptible to the disease in the dense and unmanaged stands, as the health condition of ash regeneration was pos-
itively related to the number of tendings. A significant correlations between diameter, age and height of ash was observed, yet the
analysis of the dimension showed, that the ash regeneration after harvesting and/or dieback has been occurring at different rates.

Keywords: Fraxinus excelsior; advance growth; establishment; young stand; ash dieback; natural succession; hemiboreal

forest zone

Introduction

Intensive dieback of common ash (Fraxinus excel-
sior L.) caused by the ascomycete fungus Hymenoscyphus
fraxineus (T. Kowalski) Baral, Queloz, Hosoya, comb. nov.
has been observed in Europe since the mid-1990s (Kow-
alski 2006). The Baltic countries were among the first re-
gions, where the ash dieback was described (Bakys et al.
2009, Stener 2013); yet in Latvia, the disease was con-
firmed only in 2007 (Kenigsvalde et al. 2010). According to
the national inventory conducted in 2009, one third of all
ash forest in Latvia has been lost (Kenigsvalde et al. 2010).
At present, common ash forms ca. 0.5% (14582 ha) of the
total forest area, of which ca. 25% are young stands. Due to
the rapid spread of the dieback (Kirisits and Freinschlag
2011, Pliara et al. 2011), ash planting has been stopped as
economically non-sustainable (Kirisits et al. 2011, Bakys

2013). Nevertheless, ash has been regenerating naturally in
Latvia (Laivin§ and Mangale 2004) and all Europe
(FRAXIGEN 2005, Dobrowolska et al. 2011). In the United
Kingdom (Wardle 1961) and Sweden (Dobrowolska et al.
2011), ash has been considered as a pioneer species, while
in Denmark it is considered as intermediate between the
pioneer and permanent component of forest (Ahlberg
2014). In Central Europe, ash has been associated with
invasive species (Wagner 1990, FRAXIGEN 2005), while
in northern Europe the term "fraxinisation", which repre-
sents the successful self-regeneration of ash, has been used
(FRAXIGEN 2005). Still, during the last 10 years, the situ-
ation has radically changed, e.g. in Sweden, ash is now a
Red listed species (Gérdenfors 2010). Therefore, the as-
sessment of the natural regeneration pathways of ash is
necessary to improve the management of existing stands
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aiming to maintain existence and better health condition of
the species by applying silvicultural activities.

In many European countries, the damaged ash stands
are transformed every year and certain part of those territo-
ries is left for the natural regeneration, subjecting ash to
competition with other species that causes stress. In rich
and moist sites, the most common competitors to ash ad-
vance growth (saplings and seedlings) are the early succes-
sional or pioneer species such as grey alder (Alnus incana
(L.) Moench), silver birch (Betula pendula Roth.) and, in
some cases, common aspen (Populus tremula L.) (Lygis et
al. 2014). Natural regeneration of ash differs amongst site
with diverse soil types. Prior to the dieback in Latvia, the
best regeneration of ash was observed on mineral and
drained mineral soils, especially in stands dominated by ash
(Sakss 1958, Laivins and Mangale 2004). Due to the differ-
ent views on the H. fraxineus spread and aggressiveness in
diverse growing conditions (Kirisits et al. 2011, Stener
2013, Bakys 2013, Bakys et al. 2013), it has been unclear,
how the dieback of mature ashes affects its natural regener-
ation, spread and health condition. At present, there is a
large uncertainty about the development of ash forests, as
since the onset of the disease, only a few studies dealing
with the regeneration of damaged stands have been con-
ducted (Ahlberg 2014, Lygis et al. 2014). Still, the optimis-
tic forecasts suggest that, after a certain period of time, ash
should recover from the dieback (Plitra et al. 2011). The
aim of this study was to evaluate the density and health
condition of different young stands of common ash in Lat-
via. We hypothesised that the intensity of the damage was
higher in the denser stands on the drained soil types. We
also assumed that the susceptibility to damage has been
affected by the ash advance growth dimensions.

Material and methods

Study sites, ipling and t

Ash regeneration was studied in 90 stands (Figure 1)
distributed across Latvia. In Latvia, ash occurs in the mixed
forests together with other deciduous trees (e.g., aspen,
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birch, alder, spruce (Picea abies Karst.), etc.); pure stands
are rare. Ash is distributed quite frequently, but mainly the
stands occur in the central part of Latvia, where soils are
fertile and the climate milder (Nikodemus et al. 2009). The
climate in Latvia can be classified as transitional maritime
to continental, the continentality increases eastwards. Ac-
cordingly, the territory can be divided into three regions:
the western, central and eastern part of Latvia (Figure 1). In
these regions, the mean temperature in January is ca. -1.8, -
3.2 and -4.5 °C, but in July ca. 17.4, 18.2 and 17.9 °C, re-
spectively. The mean precipitation in July in these regions
is about 748, 619 and 665 mm, respectively.

The young stands of common ash, where in previous
rotation ash formed > 40% of standing volume, with the age
of 5 to 40 years and the size > 1 ha, were selected from the
State Forest Service inventory database. All age groups
(distinguished by the step of ten years) were presented by
19-25 plots (Table 1). Stands corresponded to four soils
types, mostly dry mineral (46 plots) and drained mineral
(26 plots). The studied sites have undergone up to four
tending events (mostly once or twice).

.
%4
Western Latvia »

Eastern Latvia

Figure 1. The location of study sites. Dots indicate the studied
common ash regeneration plots. Squares denote the plots where
stem discs have been collected for the estimates of age (1 —
Plakanciems, 2 — Bauska, 3 — Ainazi, 4 — Lejasstradi)

Table 1. Classes of ash height, age and Hymenoscyphus fraxineus damage

Class Age Height Degree of ash  Damage visual characteristics
years cm damage%

| <10 <50 0-10 Tree looks healthy or slightly damaged individual leaves.

1l 11-20 50-100 11-25 Damaged several pages, some necrosis of the bark.

1] 21-30 101-150 26 - 60 Fully damaged / dead separate branch; damaged part of the foliage; necrosis of the
bark on large areas.

v 31-40 151-200 61-99 Completely broken up dead part of the crown; partially damaged the entire crown; live
separately branches in secondary crown.

Vv 201 - 250 100 Tree completely dead.

Y 251-300

Vil > 300
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Within each young stand, one 2 x 100 m sampling
plot was established along the longest diagonal of the forest
district. Within each plot, all trees were accounted and their
height was determined with the precision of 0.5 m (Table
1). All species were divided in two groups: advance growth
containing all tree species, and undergrowth (shrub spe-
cies). For each ash, degree of H. fraxineus damage was
recorded according to five classes described in Puspure et
al. (2015) (Table 1).

To assess the relationship between ash height, diam-
eter, age and the degree of damage, four of the studied
young stands (two six-year old and two eight-year old),
were selected (Figure 1, indicated by squares). In each
stand, one 2 x 100 m sampling plot was established. In the
sampling plots, all ashes were sampled, the cutting was
done at the soil level and their height was measured with
the precision of one cm. From each stem, a sample at its
base (stem disc) was taken. The degree of H. fraxineus
damage was recorded according to the five classes as de-
scribed above. The number of felled trees per stand ranged
from 108 to 160; at least 10 ashes in each height class were
sampled. In the laboratory, stem discs were grinded and
tree-rings were counted under a microscope.

Growth inventory in the study stands was conducted
from mid-June to September 2015 when the damage of
H. fraxineus was clearly visible and identifiable (Lygis et
al. 2014). Ash samples were collected in August 2015.
Dominant canopy species in previous rotation were deter-
mined according to the national inventory 2015; mostly
they were ash (48% of all plots), ash with silver birch
(14%) and grey alder (7%) admixture, spruce (8%) ect. The
dominance of species in the advance growth was distin-
guished according to Simson (2006) (the dominant species
comprises > 50% of the total number of advance growth
individuals and exceeds other species by 20%; the codomi-
nant species comprises 25-50% of all individuals). Soil
types were distinguished according to data from the Na-
tional State Forest Service inventory. Peat soils were con-
sidered if thickness of peat layer exceeds 30 cm.

Data analysis

To assess the effect of region and species composi-
tion on ash regeneration, generalized linear models (GLM)
were applied. Differences in ash density according to soils
and stand age (classes) were determined by the generalized
linear mixed models (GLMM). The region (western, central
and, eastern part of Latvia) as well as site was included in
the models as the random factors. In both models, Gaussian
distribution with “log” function was used. The models were
based on the mean values for sampling plots. The GLMM
method was also used to determine the factors (ash height
and age, soil type, ash density, dominant species in advance
growth, number of tending events) affecting ash health
condition. For the tested factors, the central part of Latvia,
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aspen and dry mineral soils were chosen as the reference
levels, to which other levels were compared. Such reference
levels were chosen as the largest ash forests occur in the
central part of Latvia, ash grows best on the mineral soils
(Sakss 1958) and its health condition is the best in the
stands with admixture of aspen. The significance of the
GLMM was evaluated using the Likelihood ratio test (West
et al. 2006). The relationships between ash density and
height (classes from I to VI, Table 1), between health con-
dition and height, and between the number of undergrowth
and advance growth species were quantified by a boot-
strapped (Johnson 2001) Pearson correlation analysis. The
relationships between the ash diameter, age and height,
were evaluated using a linear model. The differences in ash
diameter, height and age between the sites and health clas-
ses were assessed by one-way ANOVA. The mean values
of the gradation classes were compared using the Tukey
HSD post-hoc test. The distributions of the dimensions of
trees were compared by the chi-square test. All analyses
were calculated at the significance level a=0.05 in the
program R v. 3.1.2 (R Core Team 2014) using libraries
“lme4” (Bates et al. 2014) and “ImerTest” (Kuznetsova et
al. 2015).

Results

Species composition and ash regeneration

In total, 11 advance growth and 23 undergrowth species
were accounted in the studied young stands, which had the
mean density of 18410 + 1040 trees ha™'. The proportion of
the advance growth and undergrowth individuals was 48.4
vs. 51.6. The undergrowth was dominated by two species —
bird-cherry (Padus avium Mill.) (55% of total number of
species, 5163 + 638 shoots ha™) and hazel (Corylus avella-
na L.) (15%, 1399 + 172 shoots ha™") (Figure 2). The ad-
vance growth density differed greatly and ranged from
1050 to 22900, with the mean value of 7150 + 558 trees
ha™'. The highest advance growth density was observed for
ash with 4185 + 401 (ranging from 50 to 17750) trees ha
followed by grey alder (1620 + 321 trees ha™), silver birch
(681 + 114 trees ha') and aspen (687 = 134 trees ha™") (Fig-
ure 2).
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Figure 2. Mean density of the main understorey (advanced- and
undergrowth) species
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Ash advance growth density was similar amongst
the regions (p-value = 0.06), age groups (p-value = 0.29),
soil types (p-value = 0.58) and stands with different canopy
species in the previous rotation (p-value = 0.06) (Figure 3a-
d), yet some tendencies were observed. Ash density de-
creased with the increasing ash height and age. The density
in the age group I was 5405 % 951 trees ha”', while in the
group IV 3036 + 486 (Figure 3b). Although the correlation
between ash advance growth density and ash height (up to
three meters) was not significant (r = -0.08, p-value = 0.30),
the highest density occurred in the height group 1 — 1857
trees ha”', but in the following groups, it decreased three
time.

The highest number of ash was observed in the
stands on the drained peat (mean 4584 + 917 trees ha™), dry
mineral (4275 + 565 trees ha™') and drained mineral soils
(4269 + 846 trees ha™), but the lowest in the stands on wet
mineral soil (1880 + 331 trees ha™) (Figure 3c). The GLM
analysis showed that the ash advance growth density was
not significantly (p-value =0.59) affect by the species
composition. Yet the highest density of ash advance growth
occurred in the stands where black alder (7300 + 6 300
trees ha’l) and birch (6933 £ 2711 trees ha'l) were the main
species, but the lowest (less than 2000 ash trees ha) in
stands dominated by lime and aspen (Figure 3d).

Incidence of Hymenoscyphus fraxineus in ash un-
dergrowth

Of the 7533 accounted young ashes, 75% (5644
trees.) were considered as healthy, 15% (1134 trees) were
damaged to varying degree, while 10% (755 trees) were
dead. The degree of damage differed significantly (p-
value < 0.001) among the regions (Figure 3a). The best ash
health condition was observed in the central part of Latvia,
where 78% of ash was healthy and 8% was dead, but the
worst — in the western part of Latvia, where only 49% were
healthy and 27% of ashes were already dead.

The degree of damage increased with age and height
of ashes that was confirmed by the GLMM analysis (Figure
3b, 4). Significant correlation (r = 0.28, p-value < 0.001)
was observed between disease intensity and height of ash.
Up to 3 m height, 81% of ashes were healthy, but 4% were
dead, while above the height of 3 m, these numbers were
54% and 33%, respectively. The age of young ash also had
a significant (p-value < 0.001) effect on the occurrence of
the disease. In the age group I, 81% of all ash trees were
healthy, but in the group IV, it decreased to 58%, while the
amount of dead trees was 3% and 24%, respectively.

The incidence of H. fraxineus damage differed sig-
nificantly (p-value < 0.001) among the stands on different
soils (Figure 3c). Similarly to ash density, health condition
was the best in stands on the dry mineral and drained soils,
e.g. 79% of ashes on drained mineral soils and 76% on dry
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species in advance growth (d) of Latvia. The asterisks indicate the
differences from the central part of Latvia (a), youngest age class
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ence level (Ref.). Significance codes: * - p <0.05, ** <0.01, *** -
p <0.001. Dominant species in advance growth: 1 — Populus
tremula, 2 — Alnus glutinosa, 3 — A. incana 4 — A. incana/F. ex-
celsior, 5 — Acer platanoides, 6 — Betula pendula, 7 — F. excelsior,
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Figure 4. Ash health conditions in he studied young stands de-
pending on tree height compared to the smallest height class, used
as the reference level (Ref.). Significance code: * - p < 0.05, ** <
0.01, *** - p <0.001

mineral soils had minimal or no symptoms. The highest
degree of the damage of ashes was observed in stands on
the wet mineral soils, where only 54% of trees were healthy
and 27% were dead.

Although the relationship between ash density and
ash health condition differed among sites, a significant (p-
value < 0.001) negative logarithmic relationship between
the mean health condition class and ash density was ob-
served (Figure 5). Ash density was < 2000 tree ha™ when
the mean health class exceeded 4.3 (Figure 5). Analogical-
ly, negative correlations were observed between the ash
density and the density of advance growth and undergrowth
density, r = - 0.23 and - 0.24, respectively. The highest ash
mortality was observed in the pure stands where 20% of ash
was dead. In contrast, in stands where ash was in the ad-
mixture, its health condition was better and 82-95% of ash
trees were healthy and only 1% was dead.

Health condition of ash significantly differed (p-
value < 0.001) among the young stands with diverse domi-
nant species (Figure 3d). The main species in the advance
growth composition in the plots where ash (53% of the
plots), grey alder (10%), grey alder/ash (9%) and
spruce/ash (6%), yet the greatest H. fraxineus damage was
observed in young stands formed by spruce/ash (40% of ash
were dead), maple (Acer platanoides L.) (14%) and spruce
(12%), but the lowest in ash/birch (87% of ash were
healthy), birch (87%) and aspen (89%) young stand.

Health condition of the young stands was influenced
by management. The intensity of ash dieback differed sig-
nificantly (p-value < 0.001) among the stands with different
number of tending events performed. The best ash health

Table 2. Ash measurement in stem discs collection plots

ISSN 2029-9230 213

condition was in the young stands, which were tended four
times, as the mean value of disease class score was 1.12,
but it gradually increased with the decreasing number of
tending events reaching 1.70 for untended stands. All dif-
ferences among stands with different number of tending
events were strictly significant (p-value < 0.001).
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Figure 5. The relationship between the health condition and densi-
ty of the common ash in the studied plots

Advance growth dimensions

The mean height of ash did not differ significantly
(p-value = 0.57) among the studied four plots (regions), but
the mean diameter (p-value = 0.001) and age of ash did (p-
value < 0.001) (Table 2), although the mean age of ash in
the first three height classes (up to 150 cm) was five years.
A significant (p-value <0.001) linear relationship between
the diameter and height of ash was observed (Figure 6). The
relationship between ash age and height was also signifi-
cant (p-value <0.001), still during the first 5-8 years, the
height of ash increased irregularly and individually as ra-
ther high variability was present at each age (Figure 6).

Ash height distribution did not differ significantly
between the sites (p-value = 0.57), but the diameter distri-
bution differed only between Bauska and Lejasstradi sites
(p-value = 0.02). In contrast, the age distribution was simi-
lar only in the same two sites (Figure 7). Ash height was
significantly (p-value = 0.002) affected by the disease, but
significant differences were observed only between the
health classes I and II (p-value = 0.005).

Mean density, Young stand Mean age, Std. Mean height, Std. Mean diameter, Std.
ash ha’! age, years years Error cm Error mm Error

Ainazi 4850 8 6.23 0.26 159.77 9.87 264.74 15.81
Bauska 5100 6 7.38 0.32 178.83 11.53 307.83 18.39
Lejasstradi 14850 6 7.23 0.35 166.02 10.32 211.63 13.97
Plakanciems 11650 8 3.71 0.22 175.30 9.50 266.60 16.19
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Figure 7. The age distribution of common ash in the understory of
the studied plots

The best health condition was observed for the low-
est trees. Similarly, ash diameter was affected by the dis-
ease (p-value < 0.001); smaller diameter trees were healthi-
er. Ash health condition class differed significantly among
the age classes (p-value < 0.001) and decreased with age.

Discussion

This study showed that the density of advance
growth and undergrowth (18410 1040 ashes ha') was
similar as observed before the decline (15— 30 th. shoots
ha'') (Sakss 1958), though growing conditions might have
altered due to changing climate . The floristic composition
of regeneration of ash stands, appeared little affected by the
dieback as the same species have been observed before
(Sakss 1958) and after (Figure 2; Lygis et al. 2014) the
outbreak of the disease. Still, the proportions of regenera-
tions species have been altered. In the studies stands, in-
creased proportion of the undergrowth species was ob-
served (Figure 2), suggesting ongoing changes in the
stands. Although ash dieback can facilitate development of
the undergrowth species, which consumes nutrients and
alter light climate stressing ash (Keer 1998, Givnish 2002,
Royo and Carson 2006, Skovsgaard et al. 2010), ash ad-
vance growth density was higher in stands with dense un-

dergrowth (r = ca. -0.23). In the stands with the densest
undergrowth (> 15 th. individuals ha™), ash advance growth
also had the best health condition, likely due to higher spe-
cies diversity.

Ash advance growth density (Table 2) was consider-
ably higher than recently observed in the neighbouring
Lithuania (Lygis et al. 2014) (4185 = 401 vs. 599 trees ha™',
respectively), suggesting regional differences in intensity of
the dieback. Considering that the disease was spreading
from south, better ash health condition in Latvia might be
related to longer time available for the adaptation (Plitra et
al. 2011). Yet it was lower than before the outbreak of the
disease in Europe, when more intense natural regeneration
of ash (150000 young ashes ha™) occurred (Sakss 1958,
Tabari and Lust 1999, Lygis et al. 2014). Nevertheless,
Ahlberg (2014) suggested that in Denmark optimal ash
advance growth density is 1500 individuals ha™', when the
interspecific competition is the lowest. Ash advance growth
density was inversely related to the disease intensity (Fig-
ure 5) that might be explained by the increased mortality
and differences in the resistance of young ash. Similar rela-
tionships due to rapid development of the disease was ob-
served by Enderle et al. (2013).

Ash density decreased with increasing age and
height (Figures 3b, 4) as the density of the stands younger
than 10 years was ca. 5000 trees ha™, but at the age of 31—
40 years, it was only up to 56% of that density, thus follow-
ing the reverse-J shape distribution of the natural regenera-
tion. Normally, ca. 40-50% of the recruiting young ashes
die annually, but under intensive disturbance, e.g. dieback,
mortality can reach up to 85% (Harmer et al. 2005). Ash is
a gap specialist, which is shade-tolerant at the sapling
phase, but is light-demanding when reaches canopy
(Petritan at al. 2009, Kerr and Cahalan 2004), hence insuf-
ficient light conditions decreases its competitiveness with
other species (Niemeld et al. 1992, Guzman and Dirzo
2001) and resistance against pathogens (Bakys at al. 2013)
thus increasing mortality. Probably, the density of young
stands was also decreased by the dieback, as a considerable
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part of seedlings might be weakened and outcompeted by
the herbaceous vegetation (Wardle 1961, de la Cretaz and
Kelty 2002), especially in fertile sites (Dobrowolska et al.
2011). Still, the amount of dead seedlings (10% of total
number) was lower compared to Lithuania (Lygis et al.
2014), supporting regional differences in health condition
of ash. Skovgaard et al. (2010) showed that in a planted
stand, small- and medium-sized trees were more susceptible
to the disease. However, in this study in the naturally re-
generating stands, the opposite was observed as the smaller
ashes (height ca. 160 £+ 50 cm and diameter ca. 23 = 7 mm,
which comprised 39% of all measured) were the most
healthy (Figure 4), but the largest ashes (H > 240 cm, D >
45 mm which comprised 20% of all measured) were the
most damaged, suggesting age-related increase in suscepti-
bility to the disease.

Although diverse opinions about the effect of site
type on the susceptibility to H. fraxineus damage persist in
Europe (Bakys et al. 2013), in Latvia, higher susceptibility
of ash was observed in the wet sites, as previously shown
by Gross et al (2014). Ash is susceptible to prolonged wa-
terlogging (Wardle 1961), hence the most abundant ash
regeneration with the best health condition was observed in
stands growing in well-drained and dry mineral soils (Fig-
ure 3c). The positive effects of drainage system on ash
health condition has been emphasized in Denmark (Ahlberg
2014), Germany (Schumacher 2011) and other countries
(Dobrowolska et al. 2011) as in the over-moist sites, trees
have been more stressed, hence less resistant to disease.

Ash regeneration (mean 8064 trees ha’l) and health
condition (82-95% of ash trees were healthy) was better in
the mixed stands. In Central Europe, establishment and
development of ash seedlings is influenced by the canopy
species composition (Gotmark et al. 2005). Similarly, lower
degree of damaged ash and better increments have been
observed in mixed rather than pure stands (Dobrowolska et
al. 2011, Schumacher 2011, Stener 2013). The lowest ash
sampling mortality was observed in stands where certain
satellite species occured (Givnish 2002). Likewise, in this
study, the most abundant ash regeneration with the best
health condition, was observed in stands formed by black
alder and birch 7300 + 6300 and 6933 + 2711 trees ha™,
respectively (Figure 3d), as demonstrated previously
(FRAXIGEN 2005, Dobrowolska et al. 2011, Ahlberg
2014). Although ash is considered to have the lowest re-
generation in sites with acidic humus layer (Tabari et al.
1999, Dufour and Piegay 2008), we found rather high re-
generation density also in stands formed by spruce (5650 +
2650 trees ha™). This might be related to decreased compe-
tition with other broadleaved species likely due to poor
light conditions. Yet, ash health condition was considerably
lower compared to broadleaved stands (Figure 3d) likely
due to stress caused by root competition between ash and
spruce (Lei et al. 2012). Although in mixed stands young
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ash has rapid development (Le Goff and Ottorino 1996,
Keer 2004) thus outcompeting others (Rysavy and Roloff
1994, Dobrowolska et al. 2011), the disease might severely
decrease its competitiveness. Hence, decreased ash health
condition was observed in stands with maple admixture
(Figure 3d) pointing to increased competition, as both spe-
cies have similar growth strategies (Petritan et al. 2009), but
the competitiveness of ash (Urbinati and Cillia 1995) has
been weakened. In stands where ash was the canopy spe-
cies, its regeneration density was lower (4319 + 592 ash
trees ha™) likely due to intraspecific competition.

High site-specificity of the increments of ash has
been observed, as ash dimensions had a wide range within
each of the four studied sites (Table 2), suggesting the plas-
ticity of the species. The management of young stands had
an effect not only on the height and diameter, but also on
the health condition of ash advance growth. In the stands
that have undergone several tendings, young ashes had a
higher stem diameter and best health condition (Table 2,
Figure 5), as the highest susceptible to disease has been
observed in dense and unmanaged stands (Cech and Hoyer-
Tomiczek 2007, Skovsgaard et al. 2010, Bakys et al. 2013).
After thinning, the competition amongst ashes is decreased,
thus minimizing biotic (competition) and abiotic (increased
moisture) stresses (Niemeld et al. 1992, Guzman and Dirzo
2001). Hence, thinning might be recommended as one of
the means to improve ash condition (Guzman and Dirzo
2001, Niemeld et al. 1992, FRAXIGEN 2005) also in Lat-
via. Though, excessive tending can also promote the dis-
ease (Bakys et al. 2013).

Conclusions

Our study showed that after 15 years since the initia-
tion of the ash dieback, natural regeneration has been taking
place in sufficient quantities. The floristic composition of
advance growth and undergrowth species in the declining
ash stands have remained similar with pre-dieback stands,
yet the proportion of undergrowth species has increased,
apparently altering the succession. It is expected that ash
regeneration would continue on dry or drained sites, where
the species was more abundant and their health condition
was the best. Still, at present, 75% of the studied young ash
trees are healthy, but mostly they are two to six years old,
hence further monitoring is necessary. Considering current
health condition and regeneration density, ash will appar-
ently could remain as an admixture species in rich sites.
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Abstract

During the recent decades, the ascomycete Hymenoscyphus fraxineus has been spreading across Europe causing dieback
of European ash (Fraxinus excelsior) and threatening the existence of the species. Still, several studies have suggested
positive effect of stand diversity on ash health condition. The aim of this study was to evaluate the effect of stand
composition and structure on the health condition of ash in young stands in Latvia. Among the tested stand properties,
number of shrub species and tree height were the main factors affecting ash health condition, yet their effect differed
regionally. In the eastern part of Latvia, richness of shrub species in forest stands showed positive relationship with ash
health, while the taller trees displayed worsening health condition. In the western part of Latvia, the relationships were
inverse. Such differences in the biotic relationships might be related to the differences in climate, hence spread and

development of the pathogen, and/or genetically determined susceptibility of different populations of ash.

Keywords: Fraxinus excelsior; Hymenoscyphus fraxineus, species diversity; dieback; mixed stands; populations

Introduction

Since the 1990s, dieback of European ash (Fraxinus
excelsior L.), caused by the ascomycete Hymenoscyphus
fraxineus (T. Kowalski), has been marching across Europe,
devastating most of the stands and threatening the exist-
ence of the species (Pautasso et al. 2013, Gross et al. 2014).
Accordingly, numerous efforts have been made to under-
stand the mechanisms of the dieback and to improve the
resistance of ash stands (Skovsgaard et al. 2017). The fun-
gus affects trees, irrespectively of size and age, subjecting
them to infestation by the secondary agents and decreasing
their lifespan severely (Bakys et al. 2009, Schumacher et al.
2010); still, some studies have shown that ash has suffered
less damage in mixed, compared to pure stands (Dobrowolska
etal. 2011, Schumacher 2011, Stener 2013, Puspure et al. 2017).
Higher resilience of European ash in the mixed stands has
been related to chemical, physical, and biological barriers
limiting the spread of the primary and secondary pathogen(s)
(Loreau et al. 2001, Jactel et al. 2005, Pautasso et al. 2005,
Kosawang etal. 2018). Additionally, some population-related
differences in the susceptibility of European ash to the patho-
gen suggest genetic aspect of the resistance (Plitira et al.
2015). They, however, are modulated by weather conditions
(Papic et al. 2018), hence by the dynamics of development of
the pathogen (Hietala et al. 2013, Dvorak et al. 2016), thus
adding complexity to the species-host interactions.

The aim of this study was to assess the effect of com-
position and structure of young stands on the health con-
dition of European ash in the hemiboreal conditions in
Latvia. We hypothesised that the health condition of ash
was related to species richness of woody plants within a
stand, yet the effect might differ regionally (between meta-
populations, or due to the climate).

Material and Methods

Study sites and measurements

In total, 35 young stands (26—36 years old), where Eu-
ropean ash formed >30% of standing volume and had area
=1 ha, were selected from the national forest inventory da-
tabase. The stands were scattered across the western and
eastern part of Latvia and represented two local provenance
regions (Hewitt 1999, Jansons and Baumanis 2005; Figure
1), differing by the tree growth responses to the environ-
ment. The stands were growing in hemiboreal lowland con-
ditions (altitude <250 m a.s.l.) on mesotrophic silty soils
(Oxalidosa type); the topography of the sites was flat. The
climate was temperate, yet it was milder in the western part
of Latvia. The mean annual temperature (+ standard devia-
tion) in the western and eastern part of Latvia was 7.8+1.8
and 6.2+1.5 °C, respectively. In the western part of Latvia,
the mean monthly temperature ranged from 2.1£2.6 to
18.1£0.4 °C, and, in the eastern part of Latvia, from 3.8+2.2
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to 16.8+0.5°C in January and July, respectively. The mean
annual precipitation in the western and eastern part of Latvia
was 690+78 and 740+71 mm, respectively.

In each stand, a 2x100 m sampling plot was established
along the longest diagonal of forest patch, and height of all
trees within it was measured with the 0.2 m precision. For
each ash tree, the degree (percentage) of H. fraxineus dam-
age was recorded according to five grades, where “1” rep-
resented trees with slight or no damage, and “5” represented
recently dead trees (Puspure et al. 2015). The survey was
made by the same person in August 2017.

Data Analysis

The relationships of ash health condition with the struc-
ture and composition of stands were assessed by the mixed
ordinal regression. Tree was considered as observation and
sampling plots were used as random intercepts. In the mod-
els, 1) height of trees, 2) mean height of trees in a plot, 3)
number of tree, 4) shrub species in a plot, 5) forest type, 6)
region (the western or eastern part of Latvia; Figure 1), 7)
proportion of ash within a plot, 8) stand density, 9) dominant
species of a plot, 10) species diversity in a plot (Shannon
diversity index), and their combinations were tested as the
linear predictors of ash health conditions. Considering that
development of the pathogen is affected by climatic factors
(Hietala et al. 2013, Dvorak et al. 2016), mean air temperature,
precipitation sum and standardized precipitation-evapo-
transpiration index (Vicente-Serrano et al. 2010) for the July—
August and May—August periods (Dvorak et al. 2016) in
2017 were also tested. Gridded climatic data were used (Harris
et al. 2014). The best combination of predictors was deter-
mined by manual stepwise-forward selection; up to seven
factors were tested simultaneously. The performance of the
models was assessed by the Akaike information criterion
(AIC) and conformity with biological realism; the significant
predictors were tested for multicollinearity (Fox and Weisberg
2011). The distribution of tree and shrub species between
the western and eastern part of Latvia was compared by the
¢ test. Data analysis was conducted in R v. 3.5.1 (R Core
Team 2018), using packages ‘ordinal’ (Christensen 2018) and
‘car’ (Fox and Weisberg 2011).

Results

The studied stands were formed by 715 tree and shrub
species. The most common tree species, besides European
ash, were Alnus glutinosa, A. incana, Corylus avellana,
Padus avium, Picea abies, Tilia cordata, and Betula spp.
The distribution of the most common species significantly
(p-value < 0.01) differed between the western and eastern
part of Latvia; the abundance of 4. glutinosa, C. avellana, P.
abies, and T. cordata was higher in the eastern, while the
abundance of 4. incana, P. avium, as well as European ash
was higher in the western part of Latvia. The density of the
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studied stands ranged from 4,400 to 74,900 trees ha', and
ash formed 40-100% of all trees. The mean height of all trees
in the studied stands ranged from 1.07 to 4.73 m, yet the mean
height of ash trees ranged from 0.45 to 7.54 m; trees were ca.
65% higher in the eastern part of Latvia. The mean health
grade of ash ranged from 1.0 to 4.1 indicating diverse levels
of dieback among the stands, yet the mean health grade was
higher (worse health condition) in the eastern than in the
western part of Latvia, 2.4 and 1.7, respectively.

Among 156 combinations of the factors tested, the
combination of tree height and number of shrub species in
a stand were the best predictors of ash health condition,
yet both their effects were highly significantly (p-value <
0.01) interacted by the provenance regions (Table 1). The
next best model displayed notably weaker performance (AIC
was 5201 vs. 4727 of the best model). Although the regions
differ by climate, the tested climatic factors were excluded
during the selection process, likely as in 2017, the differ-
ences between the regions were small (e.g. 0.3 °C for July-

Table 1. Description of the best mixed ordinal regression
model predicting health condition of European ash in young
mixed stands based on stand and tree properties

Fixed effects

Estimate  Std. error  z-value
Number of shrub species -0.68 0.32 -2.12
Region (westem) -5.76 1.78 -3.23
Tree height 0.17 0.02 6.68
Number of shrub species * region (western) 1.09 0.38 2.89
Region (western) x tree height 0.09 0.03 3.07
Threshold coefficients
Health grade Estimate  Std. error  z-value
1vs. 2 -2.38 1.40 -1.71
2vs.3 -0.11 1.39 -0.08
3vs. 4 0.41 1.39 0.29
4vs. 5 0.68 1.39 0.49
Random effects

Variance Std. error
Stand (intercept) 1.321 1.149
Model analysis of deviance table, type Il test

o Degree
L:s’il:)h(;?g gf p-value
’ freedom

Number of shrub species 0.14 1 0.71
Region 0.48 1 0.49
Tree height 245.04 1 <0.001
Number of shrub species x region 9.12 1 <0.01
Region x tree height 9.43 1 <0.01

August temperature). In the stands in the western part of
Latvia (Figure 1), the number of shrub species was posi-
tively related to the health grade of European ash (Figure
2A), indicating worse health condition in more diverse
stands. The opposite was observed in the eastern part of
Latvia, and the effect of shrub species richness there was
even stronger. Nevertheless, tree height showed positive
relationship with the health grade of ash, particularly in the
eastern part of Latvia, implying that health condition was
worse for the larger trees (Figure 2B). Only slight effect (the
regression line was almost horizontal) of tree height was
observed in the western part of Latvia, where the mean tree
height was lower. Some models, in which the effect of the
dominant species of stand showed a p-value of ca. 0.06,
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Figure 1. Location of studied stands of
European ash. Broken line denotes two
parts of Latvia (western and eastern) with
differing tree growth (provenance regions)
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Figure 2. The relationship between health
condition (health grade) of European ash
in young mixed stands and number of
shrub species (A), and tree height (B) in
the western and eastern parts (provenance
regions) of Latvia. The polygons (enve-
lopes) denote confidence intervals

suggested that the presence of P. abies tended to worsen
health of ash (not shown).

Discussion

The richness of shrub (woody) species in stand had
effect on health condition of European ash in young stands
(Figure 2A), as observed previously (Dobrowolska et al.
2011, Schumacher 2011, Stener 2013, Skovsgaard et al. 2017).
The richness of shrub species can be related to fertility, as
well as history, hence structural diversity of stands
(Fescenko et al. 2014). The explicit regional differences in
the effect of shrub species richness on ash health condi-
tion (Table 1, Figure 2) might be related to the climatic condi-
tions, as suggested by Papic et al. (2018). In the western
part of Latvia, warmer climate, apparently, facilitated devel-
opment of H. fraxineus (Kowalski and Bartnik 2010, Dvorak
et al. 2016) in longer term, suppressing growth of ash, as

hinted by shorter tree height, and marginal effect of tree
height on ash health grade (Figure 2B). Under such condi-
tions, the admixture species, apparently, competed with ash
decreasing its vigour, thus explaining positive linkage with
the health grade (Figure 2A).

Under cooler climate in the eastern part of Latvia,
which is less favourable for H. fraxineus (Kowalski and
Bartnik 2010), the diversity of shrub species had posi-
tive effect on the health condition of ash (Figure 2A),
likely acting as mechanical barriers (in mixed stand, ash
tress are scattered and the composition of debris is di-
verse), hindering spread and development of the inocu-
lum of the pathogen (Jactel et al. 2005, Pautasso et al.
2005). Higher species richness also can provide more
habitats for antagonists of the disease (Kosawang et al.
2018), acting as biological barriers. Although ashes suf-
fered more damage, they were also taller, indicating bet-
ter growing conditions under more continental climate,
as previously shown by Papic et al. (2018). This sug-
gests, that higher diversity of woody species in a stand
might be applied for the improvement of survival of ash
as previously suggested by Givnish (2002), at least in
the eastern part (provenance region) of Latvia. Unfortu-
nately, considering the numbers of sampled stands and
admixture species, it was impossible to determine, which
shrub species had the strongest effect on ash health
condition. Still, the presence of P. abies in stand tended
to worsen ash health condition (not shown), likely due
to the competition for light, soil, as well as soil acidifica-
tion (Lei et al. 2012). Also, the understory under P.abies
is poor, providing weak barriers for the spread of the
disease (Pautasso et al. 2005).

Alternatively, regional differences in the relationships
of health condition of ash with stand diversity and tree
height might be related to the two populations of European
ash that colonised post-glacial Eastern Europe (Hewitt
1999), hence genetic components of the resistance to
dieback is appeared (Plitira et al. 2015). Diverse stand com-
position might be mentioned as another cause of regional
differences in health grade. Still, the positive relationship
between height and health grade of ash (Figure 2B) sug-
gested cumulative effect of the pathogen as the trees grow.

Conclusion

The hypothesis was verified only partially, as linkage
between the richness of shrub species, growth, and health
status of ash was observed. The observed relationships sug-
gested that management for higher diversity might be ap-
plied to decrease the effects of dieback under more continual
climate in the eastern part of Latvia. The negative effect of
richness of woody species under milder and warmer climate
in the western part of Latvia suggested that decrease of ash
health conditions is still expectable due to the warming. Ac-
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cordingly, efforts to preserve ash stands should be primarily
focussed in the areas with more continental climate.
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