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12 ‌ 

13 Abstract.‌‌Most‌‌trees‌‌emit‌‌volatile‌‌organic‌‌compounds‌‌(VOCs)‌‌continuously‌‌throughout‌‌their‌‌life,‌‌but‌‌the‌‌rate‌‌of‌‌emission,‌‌                                 

14 and‌ ‌spectrum‌ ‌of‌ ‌emitted‌ ‌VOCs,‌ ‌become‌‌substantially‌‌altered‌‌when‌‌the‌‌trees‌‌experience‌‌stress.‌‌Still,‌‌models‌‌to‌‌predict‌‌the‌‌                                   

15 emissions‌ ‌of‌ ‌VOCs‌ ‌do‌ ‌not‌ ‌account‌ ‌for‌ ‌perturbations‌ ‌caused‌ ‌by‌ ‌biotic‌ ‌plant‌ ‌stress.‌ ‌Considering‌ ‌that‌ ‌such‌ ‌stresses‌ ‌have‌‌                                   

16 generally‌ ‌been‌ ‌forecast‌ ‌to‌ ‌increase‌ ‌in‌ ‌both‌ ‌frequency‌ ‌and‌ ‌severity‌ ‌in‌ ‌future‌ ‌climate,‌ ‌the‌ ‌neglect‌ ‌of‌ ‌plant‌ ‌stress-induced‌‌                                   

17 emissions‌ ‌in‌ ‌models‌ ‌might‌ ‌be‌ ‌one‌ ‌of‌ ‌the‌ ‌key‌ ‌obstacles‌ ‌for‌ ‌realistic‌ ‌climate‌ ‌change‌ ‌predictions,‌ ‌since‌ ‌changes‌ ‌in‌ ‌VOC‌‌                                     

18 concentrations‌ ‌are‌ ‌known‌ ‌to‌ ‌greatly‌ ‌influence‌ ‌atmospheric‌ ‌aerosol‌ ‌processes.‌ ‌Thus,‌ ‌we‌ ‌constructed‌ ‌a‌‌model‌‌to‌‌study‌‌the‌‌                                 

19 impact‌ ‌of‌ ‌biotic‌ ‌plant‌ ‌stresses‌ ‌on‌ ‌new‌ ‌particle‌ ‌formation‌ ‌and‌‌growth‌‌throughout‌‌a‌‌full‌‌growing‌‌season.‌‌We‌‌simulated‌‌the‌‌                                     

20 influence‌ ‌on‌ ‌aerosol‌ ‌processes‌ ‌caused‌ ‌by‌ ‌herbivory‌ ‌by‌ ‌European‌ ‌gypsy‌ ‌moth‌ ‌(‌Lymantria‌ ‌dispar‌)‌ ‌and‌ ‌autumnal‌ ‌moth‌‌                               

21 (‌Epirrita‌ ‌autumnata‌)‌ ‌feeding‌ ‌on‌ ‌pedunculate‌ ‌oak‌ ‌(‌Quercus‌ ‌robur‌)‌ ‌and‌ ‌mountain‌ ‌birch‌ ‌(‌Betula‌ ‌pubescens‌ ‌var.‌ ‌‌pumila‌),‌‌                             

22 respectively,‌‌and‌‌also‌‌fungal‌‌infections‌‌of‌‌pedunculate‌‌oak‌‌and‌‌balsam‌‌poplar‌‌(‌Populus‌‌balsamifera‌‌var.‌‌‌suaveolens‌)‌‌by‌‌oak‌‌                                 

23 powdery‌ ‌mildew‌ ‌(‌Erysiphe‌ ‌alphitoides‌)‌ ‌and‌‌poplar‌‌rust‌‌(‌Melampsora‌‌larici-populina‌),‌‌respectively.‌‌Our‌‌modelling‌‌results‌‌                         

24 indicate‌ ‌that‌ ‌all‌ ‌the‌ ‌investigated‌ ‌plant‌ ‌stresses‌‌are‌‌capable‌‌of‌‌substantially‌‌perturbing‌‌both‌‌the‌‌number‌‌and‌‌size‌‌of‌‌aerosol‌‌                                     

25 particles‌‌in‌‌atmospherically‌‌relevant‌‌conditions,‌‌with‌‌increases‌‌in‌‌the‌‌amount‌‌of‌‌newly‌‌formed‌‌particles‌‌by‌‌up‌‌to‌‌about‌‌one‌‌                                     

26 order‌ ‌of‌ ‌magnitude‌ ‌and‌ ‌additional‌ ‌daily‌ ‌growth‌ ‌of‌ ‌up‌ ‌to‌‌almost‌‌50‌‌nm.‌‌We‌‌also‌‌showed‌‌that‌‌it‌‌can‌‌be‌‌more‌‌important‌‌to‌‌                                             

27 account‌‌for‌‌biotic‌‌plant‌‌stresses‌‌in‌‌models‌‌for‌‌local‌‌and‌‌regional‌‌predictions‌‌of‌‌new‌‌particle‌‌formation‌‌and‌‌growth‌‌during‌‌the‌‌                                       

28 time‌ ‌of‌ ‌infestation/infection‌ ‌than‌‌significant‌‌variations‌‌in‌‌e.g.‌‌leaf‌‌area‌‌index,‌‌and‌‌temperature‌‌and‌‌light‌‌conditions,‌‌which‌‌                                 

29 are‌‌currently‌‌the‌‌main‌‌parameters‌‌controlling‌‌predictions‌‌of‌‌VOC‌‌emissions.‌‌Our‌‌study,‌‌thus,‌‌demonstrates‌‌that‌‌biotic‌‌plant‌‌                                 

30 stress‌‌can‌‌be‌‌highly‌‌atmospherically‌‌relevant.‌‌To‌‌validate‌‌our‌‌findings,‌‌field‌‌measurements‌‌are‌‌urgently‌‌needed‌‌to‌‌quantify‌‌                                 

31 the‌ ‌role‌ ‌of‌ ‌stress‌ ‌emissions‌ ‌in‌ ‌atmospheric‌ ‌aerosol‌ ‌processes‌ ‌and‌ ‌for‌ ‌making‌ ‌integration‌ ‌of‌ ‌biotic‌ ‌plant‌ ‌stress‌ ‌emission‌‌                                   

32 responses‌ ‌into‌‌numerical‌‌models‌‌for‌‌prediction‌‌of‌‌atmospheric‌‌chemistry‌‌and‌‌physics,‌‌including‌‌climate‌‌change‌‌projection‌‌                             

33 models,‌ ‌possible.‌ ‌ 

34 1‌ ‌Introduction‌ ‌ 

35 Formation‌‌and‌‌subsequent‌‌growth‌‌of‌‌atmospheric‌‌aerosol‌‌particles‌‌is‌‌globally‌‌a‌‌major‌‌source‌‌of‌‌cloud‌‌condensation‌‌nuclei‌‌                                 

36 (CCN)‌ ‌(Spracklen‌ ‌et‌ ‌al.,‌ ‌2008;‌ ‌Merikanto‌ ‌et‌‌al.,‌‌2009;‌‌Dunne‌‌et‌‌al.,‌‌2016).‌‌CCN‌‌impact‌‌various‌‌cloud‌‌processes,‌‌such‌‌as‌‌                                       

37 cloud‌ ‌formation,‌ ‌albedo‌ ‌and‌‌lifetime‌‌(Twomey,‌‌1977;‌‌Albrecht,‌‌1989;‌‌Makkonen‌‌et‌‌al.,‌‌2009;‌‌Kerminen‌‌et‌‌al.,‌‌2005),‌‌and‌‌                                   

38 atmospheric‌ ‌aerosol‌ ‌particles‌ ‌are‌ ‌thereby‌ ‌able‌ ‌to‌ ‌influence‌ ‌our‌ ‌climate‌ ‌indirectly,‌ ‌in‌ ‌addition‌ ‌to‌ ‌interacting‌ ‌directly‌ ‌with‌‌                                 
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39 incoming‌‌solar‌‌radiation.‌‌Though‌‌atmospheric‌‌aerosol‌‌particles‌‌provide‌‌the‌‌single‌‌largest‌‌cooling‌‌effect‌‌on‌‌our‌‌climate,‌‌they‌‌                                 

40 are‌‌also‌‌connected‌‌with‌‌the‌‌greatest‌‌uncertainty‌‌in‌‌climate‌‌change‌‌projections‌‌(IPCC,‌‌2013).‌‌Part‌‌of‌‌this‌‌uncertainty‌‌is‌‌caused‌‌                                     

41 by‌ ‌limited‌ ‌knowledge‌ ‌about‌ ‌the‌ ‌aerosol‌ ‌precursor‌ ‌molecules.‌ ‌ 

42 Oxidation‌‌products‌‌of‌‌certain‌‌volatile‌‌organic‌‌compounds‌‌(VOCs)‌‌participate‌‌in‌‌both‌‌the‌‌formation‌‌of‌‌new‌‌particles‌‌                               

43 (Donahue‌‌et‌‌al.,‌‌2013;‌‌Schobesberger‌‌et‌‌al.,‌‌2013;‌‌Kulmala‌‌et‌‌al.,‌‌2014;‌‌Riccobono‌‌et‌‌al.,‌‌2014;‌‌Kirkby‌‌et‌‌al.,‌‌2016;‌‌Tröstl‌‌et‌‌                                           

44 al.,‌‌2016)‌‌and‌‌growth‌‌of‌‌existing‌‌particles‌‌via‌‌gas-to-particle‌‌condensation‌‌(Riipinen‌‌et‌‌al.,‌‌2012;‌‌Ehn‌‌et‌‌al.,‌‌2014;‌‌Bianchi‌‌et‌‌                                       

45 al.,‌ ‌2019).‌ ‌Globally,‌ ‌and‌ ‌especially‌ ‌in‌‌forested‌‌regions,‌‌the‌‌majority‌‌of‌‌these‌‌organic‌‌compounds‌‌originate‌‌from‌‌terrestrial‌‌                                 

46 vegetation‌‌(Kanakidou‌‌et‌‌al.,‌‌2005;‌‌Jimenez‌‌et‌‌al.,‌‌2009).‌‌Thus,‌‌increases‌‌in‌‌the‌‌emissions‌‌of‌‌certain‌‌biogenic‌‌VOCs‌‌can‌‌lead‌‌                                       

47 to‌ ‌enhanced‌ ‌formation‌ ‌of‌‌atmospheric‌‌aerosol‌‌particles‌‌and‌‌subsequently‌‌to‌‌a‌‌rise‌‌in‌‌CCN‌‌concentration‌‌(Kerminen‌‌et‌‌al.,‌‌                                   

48 2012;‌ ‌Paasonen‌ ‌et‌ ‌al.,‌ ‌2013).‌ ‌ 

49 Many‌‌plants‌‌emit‌‌VOCs‌‌constitutively,‌‌i.e.‌‌that‌‌they‌‌emit‌‌VOCs‌‌regardless‌‌of‌‌the‌‌experience‌‌of‌‌stress.‌‌Biotic‌‌plant‌‌                                   

50 stress‌ ‌(i.e.‌ ‌stress‌ ‌caused‌ ‌to‌‌a‌‌plant‌‌by‌‌living‌‌species‌‌such‌‌as‌‌e.g.‌‌herbivores‌‌and‌‌pathogens)‌‌is‌‌known‌‌to‌‌substantially‌‌alter‌‌                                         

51 both‌ ‌the‌ ‌rates‌ ‌of‌ ‌emission‌ ‌and‌ ‌spectrum‌ ‌of‌ ‌VOCs‌ ‌emitted‌ ‌constitutively‌ ‌(Holopainen‌ ‌and‌ ‌Gershenzon,‌‌2010;‌‌Niinemets,‌‌                               

52 2010;‌ ‌Niinemets‌ ‌et‌ ‌al.,‌‌2013;‌‌Faiola‌‌and‌‌Taipale,‌‌2020).‌‌For‌‌example,‌‌constitutively‌‌emitted‌‌isoprene,‌‌which‌‌is‌‌thought‌‌to‌‌                                   

53 suppress‌‌the‌‌formation‌‌of‌‌new‌‌atmospheric‌‌aerosol‌‌particles‌‌(Kiendler-Scharr‌‌et‌‌al.,‌‌2009,‌‌2012;‌‌Lee‌‌et‌‌al.,‌‌2016;‌‌McFiggans‌‌                                   

54 et‌ ‌al.,‌ ‌2019;‌ ‌Heinritzi‌ ‌et‌ ‌al.,‌‌2020),‌‌is‌‌usually‌‌reduced‌‌in‌‌response‌‌to‌‌such‌‌stress‌‌(e.g.‌‌Brilli‌‌et‌‌al.,‌‌2009;‌‌Copolovici‌‌et‌‌al.,‌‌                                             

55 2014,‌ ‌2017;‌ ‌Jiang‌ ‌et‌ ‌al.,‌ ‌2016),‌ ‌while‌ ‌the‌ ‌emissions‌ ‌of‌ ‌other‌ ‌VOCs‌ ‌are‌‌greatly‌‌increased.‌‌Emissions‌‌of‌‌VOCs‌‌which‌‌are‌‌                                       

56 increased,‌ ‌or‌ ‌started‌ ‌to‌ ‌be‌ ‌emitted,‌ ‌in‌ ‌response‌ ‌to‌‌plant‌‌stress,‌‌are‌‌referred‌‌to‌‌as‌‌induced‌‌plant‌‌volatile‌‌emissions.‌‌A‌‌large‌‌                                         

57 fraction‌ ‌of‌ ‌stress-induced‌ ‌compounds‌ ‌(e.g.‌ ‌monoterpenes,‌ ‌sesquiterpenes,‌ ‌4,8-dimethyl-1,3,7-nonatriene‌ ‌(DMNT)‌ ‌and‌‌                   

58 methyl‌ ‌salicylate)‌ ‌has‌ ‌a‌ ‌high‌ ‌potential‌ ‌to‌ ‌produce‌ ‌and‌ ‌grow‌ ‌atmospheric‌ ‌aerosol‌ ‌particles‌ ‌(e.g.‌ ‌Mentel‌ ‌et‌ ‌al.,‌ ‌2013;‌‌                                   

59 Joutsensaari‌ ‌et‌ ‌al.,‌‌2015;‌‌Yli-Pirilä‌‌et‌‌al.,‌‌2016;‌‌Ylisirniö‌‌et‌‌al.,‌‌2020),‌‌while‌‌other‌‌induced‌‌compounds‌‌(e.g.‌‌methanol‌‌and‌‌                                     

60 lipoxygenase‌‌oxidation‌‌products‌‌(LOX),‌‌which‌‌mostly‌‌include‌‌C‌6‌ ‌aldehydes,‌‌alcohols‌‌and‌‌esters)‌‌are‌‌anticipated‌‌to‌‌suppress‌‌                               

61 aerosol‌ ‌processes‌ ‌(e.g.‌ ‌Mentel‌ ‌et‌ ‌al.,‌ ‌2013).‌ ‌ 

62 While‌ ‌much‌ ‌attention‌ ‌has‌ ‌been‌ ‌given‌‌to‌‌representing‌‌constitutive‌‌emissions‌‌of‌‌VOCs‌‌in‌‌numerical‌‌models,‌‌VOC‌‌                               

63 emissions‌‌caused‌‌by‌‌stress,‌‌and‌‌in‌‌particular‌‌biotic‌‌stress,‌‌have‌‌been‌‌mostly‌‌excluded‌‌(Grote‌‌et‌‌al.,‌‌2013;‌‌Faiola‌‌and‌‌Taipale,‌‌                                       

64 2020),‌‌despite‌‌the‌‌fact‌‌that‌‌biotic‌‌plant‌‌stress‌‌is‌‌largely‌‌ubiquitous.‌‌This‌‌is‌‌mainly‌‌due‌‌to‌‌a‌‌lack‌‌of‌‌measurements,‌‌combined‌‌                                         

65 with‌ ‌the‌ ‌fact‌ ‌that‌ ‌variations‌ ‌in‌ ‌emission‌ ‌responses‌ ‌are‌ ‌highly‌ ‌stressor-specific‌ ‌(e.g.‌ ‌Holopainen‌ ‌and‌ ‌Gershenzon,‌ ‌2010;‌‌                               

66 Niinemets,‌ ‌2010;‌ ‌Faiola‌ ‌and‌‌Taipale,‌‌2020).‌‌Thus,‌‌no‌‌consistent‌‌mechanism‌‌for‌‌the‌‌emissions‌‌of‌‌VOCs‌‌from‌‌plants‌‌under‌‌                                   

67 stress‌ ‌exists.‌ ‌Though‌ ‌the‌ ‌most‌ ‌extensively‌ ‌used‌ ‌biogenic‌ ‌emissions‌ ‌model,‌ ‌MEGAN‌ ‌(Guenther‌ ‌et‌‌al.,‌‌2012),‌‌considers‌‌a‌‌                                 

68 stress‌‌emission‌‌category,‌‌the‌‌treatment‌‌is‌‌not‌‌quantitative.‌‌The‌‌emission‌‌factor‌‌for‌‌stress‌‌VOCs‌‌is,‌‌for‌‌example,‌‌the‌‌same‌‌for‌                                       

69 all‌ ‌plant‌ ‌functional‌ ‌types‌ ‌and‌ ‌is‌ ‌supposed‌ ‌to‌ ‌represent‌ ‌a‌ ‌large‌ ‌range‌ ‌of‌ ‌different‌ ‌types‌ ‌of‌ ‌stresses.‌ ‌Recently,‌ ‌Grote‌‌et‌‌al.‌‌                                         

70 (2019)‌ ‌proposed‌ ‌a‌ ‌new‌ ‌modelling‌ ‌framework‌ ‌for‌ ‌estimating‌ ‌emissions‌ ‌of‌ ‌VOCs‌‌induced‌‌by‌‌both‌‌biotic‌‌and‌‌abiotic‌‌plant‌‌                                   

71 stresses,‌ ‌while‌ ‌Douma‌ ‌et‌ ‌al.‌ ‌(2019)‌ ‌developed‌‌a‌‌model‌‌to‌‌predict‌‌both‌‌the‌‌emissions‌‌and‌‌concentrations‌‌of‌‌stress-induced‌‌                                   

72 VOCs,‌ ‌which‌ ‌was‌ ‌parameterized‌ ‌to‌ ‌simulate‌‌a‌‌gypsy‌‌moth‌‌infested‌‌black‌‌poplar‌‌canopy.‌‌Both‌‌are‌‌promising‌‌tools,‌‌but‌‌in‌‌                                     

73 their‌‌current‌‌states,‌‌they‌‌exclude‌‌important‌‌storage‌‌emissions‌‌which‌‌are‌‌usually‌‌released‌‌upon‌‌wounding‌‌(e.g.‌‌Blande‌‌et‌‌al.,‌‌                                   

74 2009;‌ ‌Faiola‌ ‌et‌ ‌al.,‌ ‌2018;‌ ‌Kari‌ ‌et‌ ‌al.,‌ ‌2019),‌ ‌and‌ ‌they‌ ‌do‌ ‌not‌ ‌fully‌ ‌(Grote‌ ‌et‌ ‌al.,‌ ‌2019)‌ ‌-‌ ‌or‌‌at‌‌all‌‌(Douma‌‌et‌‌al.,‌‌2019)‌‌-‌‌                                                     

75 consider‌‌how‌‌the‌‌constitutive‌‌emissions‌‌of‌‌isoprene‌‌are‌‌modulated.‌‌This‌‌is‌‌as‌‌such‌‌understandable‌‌considering‌‌that‌‌emissions‌‌                                 

76 of‌‌isoprene‌‌might‌‌be‌‌either‌‌reduced‌‌(e.g.‌‌Brilli‌‌et‌‌al.,‌‌2009;‌‌Copolovici‌‌et‌‌al.,‌‌2017)‌‌or‌‌increased‌‌(e.g.‌‌Schaub‌‌et‌‌al.,‌‌2010;‌‌Ye‌‌                                             

77 et‌‌al.,‌‌2019)‌‌in‌‌response‌‌to‌‌biotic‌‌plant‌‌stress,‌‌but‌‌nevertheless‌‌problematic‌‌since‌‌isoprene‌‌is‌‌globally‌‌the‌‌VOC‌‌that‌‌is‌‌emitted‌‌                                         

78 in‌‌largest‌‌quantities‌‌(Guenther‌‌et‌‌al.,‌‌2012)‌‌and‌‌it‌‌is‌‌thought‌‌to‌‌suppress‌‌the‌‌formation‌‌of‌‌aerosol‌‌particles‌‌(see‌‌above).‌‌Whilst‌‌                                         

79 Grote‌ ‌et‌ ‌al.‌ ‌(2019)‌ ‌assumed‌ ‌a‌ ‌linear‌ ‌response‌ ‌to‌ ‌the‌ ‌degree‌ ‌of‌ ‌damage,‌ ‌which‌ ‌has‌ ‌been‌ ‌shown‌ ‌not‌ ‌always‌ ‌to‌ ‌be‌ ‌true,‌‌                                           

80 especially‌‌at‌‌severe‌‌stress‌‌levels‌‌(e.g.‌‌Niinemets‌‌et‌‌al.,‌‌2013;‌‌Jiang‌‌et‌‌al.,‌‌2016;‌‌Yli-Pirilä‌‌et‌‌al.‌‌2016;‌‌Copolovici‌‌et‌‌al.,‌‌2017;‌‌                                           

81 Faiola‌‌and‌‌Taipale,‌‌2020),‌‌it‌‌is‌‌not‌‌obvious‌‌how‌‌the‌‌model‌‌results‌‌by‌‌Douma‌‌et‌‌al.‌‌(2019)‌‌depend‌‌on‌‌the‌‌degree‌‌of‌‌damage,‌‌                                             

82 as‌ ‌they‌ ‌operate‌ ‌with‌ ‌“number‌ ‌of‌ ‌larvae”‌ ‌rather‌ ‌than‌ ‌a‌ ‌stand‌‌level‌‌of‌‌defoliation.‌‌Additionally,‌‌Grote‌‌et‌‌al.‌‌(2019)‌‌did‌‌not‌‌                                         
2‌ ‌ 
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83 account‌ ‌for‌ ‌an‌ ‌explicit‌ ‌dependency‌ ‌of‌ ‌the‌ ‌emissions‌ ‌on‌ ‌temperature,‌ ‌which‌ ‌is‌ ‌usually‌ ‌considered‌ ‌as‌ ‌one‌ ‌of‌ ‌the‌ ‌most‌‌                                     

84 important‌‌environmental‌‌parameters‌‌for‌‌emissions‌‌of‌‌VOCs‌‌(e.g.‌‌Grote‌‌et‌‌al.,‌‌2013).‌‌Common‌‌for‌‌both‌‌studies‌‌is‌‌that‌‌they‌‌                                     

85 only‌ ‌simulate‌ ‌rather‌ ‌short‌ ‌time‌ ‌scales‌ ‌(i.e.‌ ‌a‌ ‌few‌ ‌days).‌ ‌ 

86 Since‌‌measurements‌‌have‌‌clearly‌‌illustrated‌‌that‌‌biotic‌‌plant‌‌stress‌‌is‌‌able‌‌to‌‌significantly‌‌influence‌‌the‌‌amount‌‌and‌‌                                 

87 size‌ ‌of‌ ‌formed‌ ‌atmospheric‌ ‌aerosol‌ ‌particles‌ ‌over‌ ‌short‌ ‌periods‌ ‌at‌ ‌least‌ ‌(Mentel‌ ‌et‌ ‌al.,‌ ‌2013;‌ ‌Joutsensaari‌ ‌et‌ ‌al.,‌ ‌2015;‌‌                                     

88 Yli-Pirilä‌‌et‌‌al.,‌‌2016;‌‌Faiola‌‌et‌‌al.,‌‌2019,‌‌2018)‌‌via‌‌perturbations‌‌in‌‌VOC‌‌emissions,‌‌there‌‌is‌‌an‌‌urgent‌‌need‌‌to‌‌quantify‌‌the‌‌                                           

89 atmospheric‌ ‌importance‌ ‌of‌ ‌biotic‌ ‌plant‌ ‌stress.‌ ‌This‌‌need‌‌is‌‌amplified‌‌by‌‌the‌‌fact‌‌that‌‌insect‌‌outbreaks‌‌and‌‌fungal‌‌diseases‌‌                                     

90 generally‌‌are‌‌expected‌‌to‌‌increase‌‌in‌‌both‌‌frequency‌‌and‌‌severity‌‌in‌‌the‌‌future‌‌(Cannon,‌‌1998;‌‌Bale‌‌et‌‌al.,‌‌2002;‌‌Harrington‌‌                                       

91 et‌ ‌al.,‌ ‌2007;‌ ‌Pautasso‌‌et‌‌al.,‌‌2012;‌‌Boyd‌‌et‌‌al.,‌‌2013).‌‌Unfortunately,‌‌such‌‌quantitative‌‌estimates‌‌are‌‌currently‌‌very‌‌scarce,‌‌                                     

92 connected‌ ‌with‌ ‌a‌ ‌large‌ ‌degree‌ ‌of‌‌uncertainty,‌‌and‌‌not‌‌necessarily‌‌reaching‌‌the‌‌same‌‌conclusions.‌‌For‌‌example,‌‌Berg‌‌et‌‌al.‌                                     

93 (2013)‌ ‌used‌ ‌bark‌ ‌beetle-induced‌ ‌monoterpene‌ ‌emission‌ ‌responses‌ ‌and‌ ‌several‌ ‌years‌ ‌of‌‌bark‌‌beetle-induced‌‌tree‌‌mortality‌‌                             

94 data‌ ‌from‌ ‌western‌ ‌North‌ ‌America‌ ‌as‌ ‌input‌ ‌to‌ ‌a‌ ‌global‌ ‌model‌ ‌in‌ ‌order‌ ‌to‌‌investigate‌‌the‌‌impact‌‌of‌‌bark‌‌beetle‌‌attacks‌‌on‌‌                                           

95 regional‌ ‌secondary‌ ‌organic‌ ‌aerosol‌ ‌(SOA)‌ ‌formation.‌ ‌The‌ ‌authors‌ ‌found‌ ‌that‌ ‌the‌ ‌concentration‌ ‌of‌ ‌SOA‌ ‌might‌ ‌increase‌‌                               

96 regionally‌‌by‌‌up‌‌to‌‌40‌‌%‌‌or‌‌300‌‌%‌‌in‌‌case‌‌of‌‌bark‌‌beetle‌‌attacks‌‌on‌‌lodgepole‌‌pine‌‌and‌‌spruce‌‌trees,‌‌respectively‌‌(Berg‌‌et‌‌al.,‌‌                                                 

97 2013).‌‌At‌‌the‌‌same‌‌time,‌‌Berg‌‌et‌‌al.‌‌(2013)‌‌concluded‌‌that‌‌the‌‌enhancement‌‌in‌‌the‌‌concentrations‌‌of‌‌SOA‌‌is‌‌in‌‌most‌‌cases‌‌                                           

98 small‌‌in‌‌comparison‌‌to‌‌the‌‌impact‌‌of‌‌wildfires‌‌on‌‌total‌‌organic‌‌aerosol‌‌in‌‌western‌‌North‌‌America.‌‌Bergström‌‌et‌‌al.‌‌(2014),‌‌on‌‌                                         

99 the‌ ‌other‌ ‌hand,‌ ‌used‌ ‌a‌ ‌regional‌ ‌chemical‌ ‌transport‌ ‌model‌ ‌to‌ ‌simulate‌ ‌the‌ ‌impact‌‌of‌‌‌de‌‌novo‌‌emissions,‌‌induced‌‌by‌‌aphid‌‌                                       

100 infestation,‌‌on‌‌SOA‌‌formation,‌‌and‌‌estimated‌‌that‌‌these‌‌induced‌‌emissions‌‌currently‌‌account‌‌for‌‌20-70‌‌%‌‌of‌‌total‌‌biogenic‌‌                                   

101 SOA‌‌in‌‌northern‌‌and‌‌central‌‌European‌‌forests.‌‌Meanwhile,‌‌Joutsensaari‌‌et‌‌al.‌‌(2015)‌‌calculated‌‌a‌‌local‌‌increase‌‌of‌‌up‌‌to‌‌480‌‌                                       

102 %‌ ‌in‌ ‌aerosol‌ ‌mass‌ ‌and‌‌45‌‌%‌‌in‌‌CCN‌‌concentration,‌‌when‌‌it‌‌was‌‌assumed‌‌that‌‌10‌‌%‌‌of‌‌the‌‌boreal‌‌forest‌‌area‌‌experienced‌‌                                             

103 stress‌ ‌which‌ ‌increased‌ ‌constitutive‌ ‌monoterpenes‌ ‌emission‌ ‌rates‌ ‌by‌ ‌an‌ ‌order‌ ‌of‌ ‌magnitude.‌ ‌Using‌ ‌satellite‌ ‌observations,‌‌                             

104 Joutsensaari‌‌et‌‌al.‌‌(2015)‌‌also‌‌found‌‌a‌‌2-fold‌‌increase‌‌in‌‌aerosol‌‌optical‌‌depth‌‌over‌‌Canadian‌‌pine‌‌forests‌‌during‌‌a‌‌bark‌‌beetle‌‌                                         

105 outbreak.‌‌Thus,‌‌the‌‌degree‌‌of‌‌necessity‌‌of‌‌considering‌‌biotic‌‌plant‌‌stress‌‌emissions‌‌for‌‌predictions‌‌of‌‌new‌‌particle‌‌formation‌‌                                   

106 in‌‌the‌‌atmosphere‌‌is‌‌still‌‌uncertain,‌‌and‌‌therefore‌‌there‌‌is‌‌a‌‌great‌‌need‌‌for‌‌field‌‌observations‌‌of‌‌different‌‌scales‌‌to‌‌constrain‌‌                                         

107 and‌ ‌quantify‌ ‌the‌ ‌role‌ ‌of‌ ‌stress‌ ‌emissions‌ ‌in‌‌SOA‌‌formation,‌‌but‌‌also‌‌for‌‌innovative‌‌model‌‌approaches‌‌which‌‌improve‌‌the‌‌                                     

108 quantitative‌ ‌representation‌ ‌of‌ ‌the‌ ‌emissions.‌ ‌To‌ ‌our‌ ‌knowledge,‌ ‌no‌ ‌one‌ ‌has‌‌previously‌‌considered‌‌the‌‌dynamics‌‌of‌‌insect‌‌                                 

109 herbivory‌‌when‌‌simulating‌‌the‌‌emitted‌‌VOCs‌‌and‌‌produced‌‌and‌‌grown‌‌aerosols‌‌from‌‌stressed‌‌plants.‌‌Additionally,‌‌there‌‌has‌‌                                 

110 so‌ ‌far‌ ‌been‌ ‌no‌ ‌attempts‌ ‌to‌ ‌measure‌ ‌nor‌ ‌model‌ ‌the‌ ‌impact‌ ‌of‌ ‌pathogenic‌ ‌infections‌ ‌on‌ ‌atmospheric‌ ‌aerosol‌ ‌processes.‌ ‌ 

111 We‌ ‌constructed‌ ‌a‌ ‌conceptual‌ ‌model‌ ‌to‌ ‌investigate‌ ‌the‌ ‌atmospheric‌ ‌impacts‌ ‌of‌ ‌biotic‌‌plant‌‌stresses.‌‌We‌‌used‌‌this‌‌                                 

112 model‌ ‌to‌‌simulate‌‌formation‌‌and‌‌growth‌‌of‌‌atmospheric‌‌aerosol‌‌particles‌‌throughout‌‌a‌‌growing‌‌season‌‌in‌‌pure‌‌oak,‌‌poplar‌‌                                   

113 and‌‌birch‌‌forest‌‌stands‌‌in‌‌stress-free‌‌conditions‌‌and‌‌under‌‌herbivory‌‌or‌‌fungal‌‌stress.‌‌By‌‌considering‌‌the‌‌dynamics‌‌of‌‌insect‌‌                                     

114 herbivory‌ ‌and‌ ‌pathogenic‌ ‌infections‌ ‌in‌ ‌combination‌ ‌with‌ ‌seasonal‌ ‌changes‌ ‌in‌ ‌environmental‌ ‌parameters,‌ ‌our‌ ‌aim‌ ‌was‌ ‌to‌‌                               

115 contribute‌ ‌to‌ ‌a‌ ‌discussion‌ ‌about‌ ‌whether‌ ‌biotic‌ ‌plant‌ ‌stress‌ ‌perturbs‌‌atmospheric‌‌aerosol‌‌processes‌‌sufficiently‌‌to‌‌warrant‌‌                               

116 their‌ ‌inclusion‌ ‌in‌ ‌larger‌ ‌scale‌ ‌models.‌‌ ‌  

117 ‌ 

118 2‌ ‌Materials‌ ‌and‌ ‌methods‌ ‌ 

119 We‌ ‌constructed‌ ‌a‌‌0D‌‌box‌‌model‌‌that‌‌includes‌‌modules‌‌for‌‌emissions‌‌of‌‌VOCs‌‌from‌‌stress-free‌‌and‌‌biotically‌‌stressed‌‌tree‌‌                                     

120 species‌‌(Sec.‌‌2.4),‌‌boundary‌‌layer‌‌meteorology‌‌(Sec.‌‌2.5),‌‌atmospheric‌‌chemistry‌‌(Sec.‌‌2.6)‌‌and‌‌aerosol‌‌dynamics‌‌(Sec.‌‌2.7).‌‌                                 

121 The‌ ‌calculated‌ ‌canopy‌ ‌VOC‌ ‌emissions‌ ‌from‌ ‌biotically‌ ‌stressed‌ ‌trees‌ ‌depend‌ ‌on‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌the‌ ‌biotic‌ ‌stressors‌ ‌of‌‌                                   

122 interest‌‌(Sec.‌‌2.1‌‌and‌‌2.2)‌‌and‌‌changes‌‌in‌‌the‌‌leaf‌‌area‌‌index‌‌(Sec.‌‌2.3).‌‌‌The‌‌model‌‌is‌‌programmed‌‌in‌‌Fortran‌‌and‌‌the‌‌time‌‌                                             

123 step‌ ‌for‌ ‌each‌ ‌module‌ ‌is‌ ‌60‌ ‌s.‌ ‌The‌‌model‌‌was‌‌simulating‌‌one‌‌day‌‌at‌‌a‌‌time.‌‌The‌‌purpose‌‌of‌‌our‌‌study‌‌was‌‌to‌‌simulate‌‌the‌‌                                                 

124 influence‌ ‌of‌ ‌low-volatility‌ ‌organic‌ ‌compounds‌ ‌on‌ ‌the‌ ‌evolution‌ ‌of‌ ‌aerosol‌ ‌number‌ ‌size‌ ‌distribution‌ ‌via‌ ‌new‌ ‌particle‌‌                               
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125 formation‌‌and‌‌subsequent‌‌particle‌‌growth.‌‌Thus,‌‌we‌‌were‌‌interested‌‌in‌‌changes‌‌in‌‌the‌‌nucleation‌‌mode‌‌dynamics,‌‌and‌‌not‌‌in‌‌                                     

126 aerosol‌ ‌mass‌ ‌concentration.‌ ‌The‌ ‌individual‌ ‌processes‌ ‌included‌ ‌in‌ ‌the‌ ‌model‌ ‌(Sec.‌ ‌2.1-2.7)‌ ‌are‌ ‌aimed‌ ‌to‌ ‌imitate‌ ‌our‌ ‌best‌‌                                   

127 mechanistic‌ ‌understanding‌ ‌of‌ ‌those‌‌processes.‌‌The‌‌descriptions‌‌of‌‌several‌‌of‌‌the‌‌individual‌‌processes‌‌have‌‌been‌‌evaluated‌‌                               

128 separately‌ ‌in‌ ‌earlier‌ ‌studies‌‌by‌‌either‌‌us‌‌or‌‌by‌‌other‌‌researchers‌‌(following‌‌the‌‌references‌‌provided‌‌in‌‌the‌‌sections‌‌below).‌‌                                     

129 The‌ ‌model’s‌ ‌ability‌ ‌to‌ ‌reproduce‌ ‌the‌ ‌influence‌ ‌of‌ ‌organic‌ ‌compounds‌ ‌on‌ ‌aerosol‌ ‌formation‌ ‌and‌ ‌growth‌ ‌in‌ ‌biotically‌‌                                 

130 stress-free‌ ‌conditions‌ ‌has‌ ‌furthermore‌ ‌been‌ ‌tested‌ ‌by‌ ‌constraining‌ ‌and‌ ‌validating‌ ‌the‌ ‌model‌ ‌with‌ ‌observations‌ ‌from‌ ‌the‌‌                               

131 SMEAR‌ ‌II‌ ‌station‌ ‌(the‌ ‌Station‌ ‌for‌ ‌Measuring‌ ‌Ecosystem-Atmosphere‌ ‌Relations‌ ‌II)‌ ‌in‌ ‌Hyytiälä,‌ ‌Finland‌ ‌(Taipale,‌ ‌in‌ ‌prep).‌ ‌ 

132 2.1‌ ‌Simulations‌ ‌of‌ ‌larval‌ ‌infestation‌ ‌dynamics‌ ‌ 

133 Whereas‌ ‌mountain‌ ‌birch‌ ‌(‌Betula‌ ‌pubescens‌ ‌var.‌ ‌pumila‌;‌ ‌former‌ ‌‌spp.‌ ‌czerepanovii‌,‌ ‌Fig.‌‌1c)‌‌is‌‌the‌‌main‌‌host‌‌for‌‌autumnal‌‌                                   

134 moths‌‌(‌Epirrita‌‌autumnata‌,‌‌Fig.‌‌1g,‌‌Klemola‌‌et‌‌al.,‌‌2004;‌‌Ammunét‌‌et‌‌al.,‌‌2011),‌‌European‌‌gypsy‌‌moth‌‌(‌Lymantria‌‌dispar‌,‌‌                                   

135 Fig.‌ ‌1d)‌ ‌is‌ ‌one‌ ‌of‌ ‌the‌ ‌major‌ ‌defoliating‌ ‌insects‌ ‌feeding‌ ‌on‌ ‌pedunculate‌ ‌oak‌ ‌(‌Quercus‌ ‌robur‌,‌ ‌Fig.‌ ‌1a,‌‌                                 

136 https://www.cabi.org/isc/datasheet/31807#tohostsOrSpeciesAffected,‌ ‌last‌ ‌accessed‌ ‌11th‌ ‌of‌ ‌June,‌ ‌2021).‌ ‌The‌ ‌larval‌‌eggs‌‌of‌‌                     

137 both‌‌moths‌‌hatch‌‌in‌‌spring‌‌synchronously‌‌with‌‌bud‌‌burst‌‌(Kaitaniemi‌‌et‌‌al.,‌‌1997;‌‌Kaitaniemi‌‌and‌‌Ruohomäki,‌‌1999;‌‌Spear,‌‌                                   

138 2005;‌‌McManus‌‌et‌‌al.,‌‌1989).‌‌Both‌‌sexes‌‌have‌‌five‌‌larval‌‌stages‌‌(instar),‌‌though‌‌female‌‌gypsy‌‌moths‌‌have‌‌six.‌‌These‌‌stages‌‌                                       

139 are‌‌separated‌‌by‌‌periods‌‌of‌‌molting‌‌where‌‌the‌‌larvae‌‌do‌‌not‌‌feed.‌‌A‌‌complete‌‌defoliation‌‌of‌‌vast‌‌areas‌‌can‌‌occur‌‌within‌‌4-6‌‌                                           

140 weeks‌‌by‌‌autumnal‌‌moth‌‌(Kaitaniemi‌‌and‌‌Ruohomäki,‌‌1999)‌‌and‌‌within‌‌6-8‌‌weeks‌‌by‌‌gypsy‌‌moth‌‌(McManus‌‌et‌‌al.,‌‌1989).‌‌                                     

141 Several‌ ‌thousands‌ ‌of‌ ‌square‌ ‌kilometres‌ ‌of‌ ‌birch‌ ‌forests‌ ‌have‌ ‌previously‌ ‌been‌‌reported‌‌to‌‌become‌‌defoliated‌‌due‌‌to‌‌just‌‌a‌‌                                     

142 single‌ ‌outbreak‌ ‌of‌ ‌autumnal‌ ‌moth‌ ‌in‌‌Fennoscandinavia‌‌(Tenow‌‌1975;‌‌Nikula‌‌1993),‌‌while‌‌gypsy‌‌moth,‌‌in‌‌North‌‌America‌‌                                 

143 alone,‌‌is‌‌estimated‌‌to‌‌have‌‌defoliated‌‌>95‌‌million‌‌acres‌‌of‌‌forest‌‌during‌‌years‌‌1920‌‌to‌‌2020‌‌(Coleman‌‌et‌‌al.,‌‌2020).‌‌Adults‌‌do‌‌                                           

144 not‌ ‌feed‌ ‌on‌ ‌leaves‌ ‌(Tammaru‌ ‌et‌ ‌al.,‌ ‌1996;‌ ‌Waring‌ ‌and‌ ‌Townsend,‌ ‌2009).‌ ‌For‌ ‌simulations‌ ‌of‌ ‌autumnal‌ ‌moth‌ ‌infested‌‌                                   

145 mountain‌ ‌birch,‌ ‌our‌ ‌model‌ ‌incorporates‌ ‌atmospheric‌ ‌and‌ ‌ecological‌ ‌conditions‌ ‌observed‌ ‌at‌ ‌the‌ ‌Station‌ ‌for‌ ‌Measuring‌‌                             

146 Ecosystem-Atmosphere‌ ‌Relations‌‌(SMEAR‌‌I,‌‌Fig.‌‌1h),‌‌Värriö,‌‌Eastern‌‌Finnish‌‌Lapland‌‌(e.g.‌‌Hari‌‌et‌‌al.,‌‌1994),‌‌due‌‌to‌‌the‌‌                                   

147 high‌ ‌data‌ ‌quality‌ ‌and‌ ‌availability,‌ ‌and‌ ‌since‌ ‌autumnal‌ ‌moth‌ ‌infested‌ ‌mountain‌ ‌birch‌‌is‌‌common‌‌at‌‌the‌‌site‌‌(Hunter‌‌et‌‌al.,‌‌                                       

148 2014).‌‌In‌‌our‌‌simulations,‌‌bud‌‌burst‌‌occurs‌‌on‌‌6‌th‌ ‌of‌‌June,‌‌the‌‌subsequent‌‌full‌‌leaf‌‌state‌‌is‌‌attained‌‌on‌‌10‌th‌ ‌of‌‌June‌‌(dates‌‌are‌‌                                               

149 based‌‌on‌‌long-term‌‌observations‌‌from‌‌the‌‌station),‌‌and‌‌senescence‌‌onsets‌‌on‌‌20‌th‌ ‌of‌‌August‌‌(Gill‌‌et‌‌al.,‌‌2015).‌‌We‌‌assumed‌‌                                       

150 that‌‌the‌‌larvae‌‌feed‌‌for‌‌five‌‌weeks,‌‌starting‌‌on‌‌6‌th‌ ‌of‌‌June‌‌and‌‌they‌‌pupate‌‌on‌‌11‌th‌ ‌of‌‌July‌‌(Kaitaniemi‌‌and‌‌Ruohomäki,‌‌1999).‌‌                                             

151 The‌‌larvae‌‌dynamics‌‌(i.e.‌‌relative‌‌leaf‌‌consumption‌‌and‌‌time‌‌spent‌‌in‌‌each‌‌larval‌‌stage)‌‌that‌‌is‌‌incorporated‌‌in‌‌our‌‌model‌‌is‌‌                                         

152 based‌ ‌on‌ ‌Lempa‌ ‌et‌ ‌al.‌ ‌(2004).‌‌For‌‌simulations‌‌of‌‌European‌‌gypsy‌‌moth‌‌infested‌‌pedunculate‌‌oak,‌‌our‌‌model‌‌incorporates‌‌                                   

153 mainly‌‌atmospheric‌‌conditions‌‌observed‌‌at‌‌the‌‌Meteorological‌‌Observatory‌‌Hohenpeißenberg‌‌(e.g.‌‌Birmili‌‌et‌‌al.,‌‌2003),‌‌rural‌‌                             

154 southern‌ ‌Germany‌ ‌(Fig.‌ ‌1h),‌ ‌since‌ ‌this‌ ‌station‌ ‌has‌ ‌been‌ ‌classified‌ ‌as‌ ‌a‌ ‌representative‌ ‌measurement‌ ‌location‌ ‌for‌ ‌central‌‌                                 

155 Europe‌ ‌(Naja‌ ‌et‌ ‌al.,‌ ‌2003),‌‌where‌‌oak‌‌is‌‌a‌‌very‌‌common‌‌species.‌‌In‌‌our‌‌simulations,‌‌bud‌‌burst‌‌occurs‌‌on‌‌15‌th‌ ‌of‌‌May,‌‌the‌‌                                             

156 subsequent‌ ‌full‌ ‌leaf‌ ‌state‌ ‌is‌ ‌attained‌ ‌20‌ ‌days‌ ‌later‌ ‌on‌ ‌4‌th‌ ‌of‌‌June,‌‌and‌‌senescence‌‌onsets‌‌on‌‌20‌th‌ ‌of‌‌September‌‌(Gill‌‌et‌‌al.,‌‌                                             

157 2015).‌ ‌Durations‌ ‌of‌ ‌the‌ ‌various‌ ‌developmental‌ ‌states‌ ‌of‌ ‌the‌ ‌larvae‌ ‌are‌ ‌based‌ ‌on‌ ‌Zúbrik‌ ‌et‌ ‌al.‌ ‌(2007),‌ ‌which‌ ‌is‌ ‌also‌ ‌in‌‌                                         

158 agreement‌‌with‌‌Stoyenoff‌‌et‌‌al.‌‌(1994).‌‌Though‌‌the‌‌length‌‌of‌‌the‌‌larval‌‌state‌‌of‌‌female‌‌larvae‌‌feeding‌‌on‌‌pedunculate‌‌oak‌‌is‌‌                                         

159 typically‌‌a‌‌few‌‌days‌‌longer‌‌than‌‌the‌‌total‌‌duration‌‌of‌‌the‌‌male‌‌larval‌‌state‌‌(e.g.‌‌Zúbrik‌‌et‌‌al.,‌‌2007),‌‌we‌‌did‌‌not‌‌differentiate‌‌                                             

160 between‌‌the‌‌two‌‌genders,‌‌but‌‌utilised‌‌the‌‌length‌‌of‌‌the‌‌female‌‌larval‌‌state‌‌due‌‌to‌‌simplification‌‌and‌‌since‌‌the‌‌female‌‌is‌‌the‌‌                                           

161 main‌ ‌consumer‌ ‌(Miller‌ ‌et‌‌al.,‌‌1991).‌‌We‌‌assumed‌‌that‌‌the‌‌larvae‌‌feed‌‌for‌‌41‌‌days‌‌(Zúbrik‌‌et‌‌al.,‌‌2007),‌‌starting‌‌on‌‌15‌th‌ ‌of‌‌                                             

162 May‌‌and‌‌they‌‌pupate‌‌on‌‌25‌th‌ ‌of‌‌June.‌‌The‌‌relative‌‌leaf‌‌consumption‌‌within‌‌the‌‌different‌‌larval‌‌stages‌‌is‌‌based‌‌on‌‌Kula‌‌et‌‌al.‌‌                                             

163 (2013).‌‌The‌‌ratio‌‌in‌‌relative‌‌leaf‌‌consumption‌‌between‌‌4‌th‌ ‌and‌‌5‌th‌ ‌instar‌‌is‌‌also‌‌within‌‌the‌‌range‌‌that‌‌is‌‌reported‌‌by‌‌Stoyenoff‌‌                                           

164 et‌‌al.‌‌(1994)‌‌(where‌‌no‌‌other‌‌ratios‌‌were‌‌provided).‌‌We‌‌neglected‌‌periods‌‌of‌‌molting,‌‌as‌‌those‌‌are‌‌typically‌‌in‌‌the‌‌order‌‌of‌‌                                           

165 less‌‌than‌‌one‌‌day‌‌(Ayres‌‌and‌‌MacLean,‌‌1987).‌‌We‌‌assumed‌‌that‌‌either‌‌30‌‌%‌‌or‌‌80‌‌%‌‌of‌‌the‌‌total‌‌leaf‌‌area‌‌in‌‌the‌‌forest‌‌stand‌‌                                                   

166 was‌ ‌consumed‌ ‌by‌ ‌the‌ ‌end‌ ‌of‌ ‌the‌ ‌feeding‌ ‌period‌ ‌(Fig.‌ ‌2a,b).‌ ‌ 
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Figure‌‌1.‌‌‌The‌‌plant‌‌species‌‌and‌‌biotic‌‌stresses‌‌we‌‌considered‌‌together‌‌with‌‌locations.‌‌Non-infected‌‌leaves;‌‌‌(a)‌‌‌pedunculate‌‌                                 

oak‌‌(‌Quercus‌‌robur‌)‌,‌‌‌(b)‌‌balsam‌‌poplar‌‌(‌Populus‌‌balsamifera‌‌var.‌‌‌suaveolens‌)‌‌and‌‌‌(c)‌‌‌mountain‌‌birch‌‌(‌Betula‌‌pubescens‌‌var.‌‌                                 

pumila‌;‌‌former‌‌spp.‌‌‌czerepanovii‌).‌‌Fungal‌‌infected‌‌or‌‌moth‌‌infested‌‌leaves;‌‌pedunculate‌‌oak‌‌infested‌‌by‌‌‌(d)‌‌European‌‌gypsy‌‌                                 

moth‌ ‌(‌Lymantria‌ ‌dispar‌)‌ ‌or‌‌infected‌‌by‌‌‌(e)‌‌oak‌‌powdery‌‌mildew‌‌(‌Erysiphe‌‌alphitoides‌),‌‌‌(f)‌‌‌poplar‌‌infected‌‌by‌‌rust‌‌fungus‌‌                                   

(‌Melampsora‌ ‌larici-populina‌)‌ ‌and‌ ‌‌(g)‌‌‌mountain‌‌birch‌‌infested‌‌by‌‌autumnal‌‌moth‌‌(‌Epirrita‌‌autumnata‌).‌‌‌(‌h‌)‌‌‌location‌‌of‌‌the‌‌                               

two‌‌sites‌‌that‌‌serve‌‌as‌‌boundary‌‌conditions‌‌in‌‌our‌‌simulations.‌‌Photo‌‌courtesy:‌‌a+c:‌‌Juho‌‌Aalto,‌‌b:‌‌Yifan‌‌Jiang,‌‌d+e:‌‌Haruta‌‌                                       

Ovidiu,‌ ‌University‌ ‌of‌ ‌Oradea,‌ ‌Bugwood.org,‌ ‌f:‌ ‌Ülo‌ ‌Niinemets,‌ ‌g:‌ ‌Tero‌ ‌Klemola.‌ ‌ 

‌ 

2.2‌ ‌Simulations‌ ‌of‌ ‌fungal‌ ‌infection‌ ‌dynamics‌ ‌ 

Oak‌‌powdery‌‌mildew‌‌(‌Erysiphe‌‌alphitoides‌)‌‌is‌‌one‌‌of‌‌the‌‌main‌‌foliar‌‌diseases‌‌of‌‌pedunculate‌‌oak‌‌(‌Quercus‌‌robur‌)‌‌in‌‌Europe‌‌                                     

(Desprez-Loustau‌‌et‌‌al.,‌‌2011).‌‌Among‌‌the‌‌Melampsora‌‌species,‌‌‌Melampsora‌‌larici-populina‌‌is‌‌the‌‌most‌‌widespread‌‌poplar‌‌                             

rust‌ ‌(Vialle‌‌et‌‌al.,‌‌2011).‌M.‌‌larici-populina‌‌has‌‌five‌‌morphologically‌‌and‌‌functionally‌‌different‌‌spore‌‌stages‌‌during‌‌its‌‌life‌‌                                   

cycle,‌‌where‌‌the‌‌two‌‌first‌‌stages‌‌are‌‌retrieved‌‌on‌‌larch‌‌and‌‌the‌‌last‌‌three‌‌on‌‌poplar‌‌(Vialle‌‌et‌‌al.,‌‌2011).‌‌The‌‌pathogenic‌‌fungal‌‌                                             

infections‌‌do‌‌not‌‌decrease‌‌the‌‌leaf‌‌area‌‌of‌‌their‌‌victim,‌‌but‌‌as‌‌they‌‌cover‌‌the‌‌leaf,‌‌they‌‌absorb‌‌nutrients‌‌from‌‌the‌‌cells‌‌of‌‌the‌‌                                               

leaf‌‌(Glawe,‌‌2008)‌‌and‌‌change‌‌the‌‌physiology‌‌of‌‌the‌‌leaf‌‌(e.g.‌‌Major‌‌et‌‌al.,‌‌2010;‌‌Voegele‌‌and‌‌Mendgen,‌‌2003;‌‌El-Ghany‌‌et‌‌                                         

al.,‌‌2009).‌‌The‌‌severity‌‌and‌‌spread‌‌of‌‌fungal‌‌infections‌‌depend‌‌largely‌‌on‌‌weather‌‌and‌‌growth‌‌conditions‌‌(e.g.‌‌Åhman,‌‌1998;‌‌                                     

Johansson‌‌and‌‌Alström,‌‌2000;‌‌Covarelli‌‌et‌‌al.,‌‌2013),‌‌where‌‌especially‌‌high‌‌rainfall‌‌in‌‌the‌‌beginning‌‌of‌‌the‌‌summer‌‌greatly‌‌                                     

enhances‌‌both‌‌the‌‌severity,‌‌but‌‌also‌‌the‌‌onset‌‌of‌‌infection‌‌(Covarelli‌‌et‌‌al.,‌‌2013;‌‌Pinon‌‌et‌‌al.,‌‌2006).‌‌The‌‌onset‌‌of‌‌attack‌‌by‌‌                                             

oak‌‌powdery‌‌mildew‌‌is‌‌limited‌‌by‌‌its‌‌morphological‌‌development,‌‌hence‌‌the‌‌infection‌‌usually‌‌starts‌‌to‌‌appear‌‌between‌‌the‌‌                                   

end‌ ‌of‌ ‌June‌ ‌and‌ ‌August‌ ‌(in‌ ‌France;‌ ‌Marçais‌ ‌et‌ ‌al.,‌ ‌2009;‌ ‌Marçais‌ ‌and‌ ‌Desprez-Loustau,‌ ‌2014;‌ ‌Bert‌ ‌et‌ ‌al.,‌ ‌2016).‌ ‌‌M.‌‌                                       

larici-populina‌ ‌has‌ ‌been‌ ‌observed‌ ‌to‌ ‌attack‌ ‌young‌ ‌poplar‌ ‌trees‌ ‌as‌ ‌early‌ ‌as‌ ‌June‌ ‌(in‌ ‌Italy,‌ ‌Covarelli‌ ‌et‌ ‌al.,‌ ‌2013),‌‌though‌‌                                       

generally‌‌the‌‌disease‌‌emerges‌‌between‌‌July‌‌and‌‌September‌‌(in‌‌France‌‌and‌‌Italy,‌‌Gérard‌‌et‌‌al.,‌‌2006;‌‌Covarelli‌‌et‌‌al.,‌‌2013).‌‌                                       

In‌‌our‌‌simulations,‌‌we‌‌assumed‌‌that‌‌both‌‌fungi‌‌started‌‌to‌‌infect‌‌their‌‌host‌‌on‌‌1‌st‌ ‌of‌‌August.‌‌In‌‌the‌‌case‌‌of‌‌‌M.‌‌larici-populina‌‌                                             

we‌‌only‌‌simulated‌‌the‌‌attack‌‌on‌‌poplar‌‌as‌‌the‌‌host‌‌(and‌‌not‌‌larch).‌‌‌Populus‌‌balsamifera‌‌var.‌‌‌suaveolens‌‌was‌‌chosen‌‌as‌‌the‌‌                                         

poplar‌ ‌species‌ ‌due‌‌to‌‌the‌‌availability‌‌of‌‌suitable‌‌published‌‌VOC‌‌emissions‌‌measurements.‌‌Based‌‌on‌‌Bert‌‌et‌‌al.‌‌(2016),‌‌we‌‌                                     

assumed‌‌that‌‌the‌‌severity‌‌of‌‌infection‌‌increases‌‌linearly‌‌with‌‌time,‌‌starting‌‌on‌‌1‌st‌ ‌of‌‌August‌‌and‌‌ending‌‌on‌‌20‌th‌ ‌of‌‌September.‌‌                                         

We‌ ‌assumed‌ ‌that‌ ‌either‌ ‌30‌ ‌%‌ ‌or‌ ‌80‌ ‌%‌ ‌of‌ ‌the‌ ‌total‌ ‌leaf‌ ‌area‌ ‌in‌ ‌the‌ ‌forest‌ ‌stands‌ ‌was‌‌covered‌‌by‌‌fungi‌‌by‌‌the‌‌end‌‌of‌‌the‌‌                                                     
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growing‌ ‌season‌ ‌(Fig.‌ ‌2c,d).‌ ‌For‌ ‌these‌ ‌simulations,‌ ‌our‌ ‌model‌ ‌incorporates‌ ‌the‌ ‌same‌ ‌atmospheric‌ ‌conditions‌ ‌as‌ ‌for‌‌                               

simulations‌‌of‌‌gypsy‌‌moth‌‌infested‌‌oak.‌‌Poplar‌‌bud‌‌burst‌‌occurs‌‌on‌‌20th‌‌of‌‌April‌‌in‌‌our‌‌model‌‌(Tripathi‌‌et‌‌al.,‌‌2016)‌‌and‌‌we‌‌                                             

assumed‌ ‌the‌ ‌same‌ ‌timing‌ ‌of‌ ‌senescence‌ ‌as‌ ‌for‌ ‌simulations‌ ‌of‌ ‌oak‌ ‌(Gill‌ ‌et‌ ‌al.,‌ ‌2015;‌ ‌Tripathi‌ ‌et‌ ‌al.,‌ ‌2016).‌ ‌  

‌ 

‌ 

Figure‌ ‌2.‌ ‌‌Infection‌ ‌dynamics.‌ ‌‌(a)‌ ‌birch‌ ‌infested‌ ‌with‌ ‌autumnal‌ ‌moth‌ ‌larvae,‌ ‌‌(b)‌‌oak‌‌infested‌‌with‌‌European‌‌gypsy‌‌moth‌‌                                   

larvae,‌ ‌‌(c)‌ ‌oak‌ ‌infected‌ ‌by‌ ‌oak‌ ‌powdery‌ ‌mildew‌ ‌and‌ ‌‌(d)‌ ‌poplar‌ ‌infected‌ ‌by‌ ‌rust‌ ‌fungus.‌ ‌The‌ ‌infection‌ ‌dynamics‌ ‌of‌ ‌oak‌‌                                       

powdery‌‌mildew‌‌and‌‌rust‌‌fungus‌‌is‌‌assumed‌‌to‌‌be‌‌similar,‌‌but‌‌the‌‌duration‌‌of‌‌growth‌‌of‌‌the‌‌two‌‌tree‌‌species‌‌is‌‌different.‌‌The‌‌                                             

dynamics‌‌are‌‌specific‌‌to‌‌the‌‌locations‌‌of‌‌Lapland‌‌‌(a)‌‌and‌‌central‌‌Europe‌‌‌(b-d)‌.‌‌30‌‌%‌‌(moderate‌‌infection‌‌scenario)‌‌or‌‌80‌‌%‌‌                                         

(severe‌ ‌infection‌ ‌scenario)‌ ‌of‌ ‌the‌ ‌total‌ ‌leaf‌ ‌area‌‌in‌‌the‌‌forest‌‌stands‌‌is‌‌assumed‌‌to‌‌be‌‌consumed‌‌by‌‌the‌‌end‌‌of‌‌the‌‌feeding‌‌                                             

period‌ ‌or‌ ‌infected‌ ‌by‌ ‌fungi‌ ‌by‌ ‌the‌ ‌onset‌ ‌of‌ ‌senescence.‌ ‌Note‌ ‌the‌ ‌different‌ ‌time‌ ‌axes.‌ ‌ 

‌ 

2.3‌ ‌Treatment‌ ‌of‌ ‌the‌ ‌leaf‌ ‌area‌ ‌index‌ ‌ 

Low‌‌soil‌‌temperatures‌‌usually‌‌prevent‌‌growth‌‌of‌‌a‌‌second‌‌leaf‌‌flush‌‌in‌‌birch‌‌trees‌‌(Aphalo‌‌et‌‌al.,‌‌2006).‌‌Thus,‌‌we‌‌assumed‌‌                                         

that‌ ‌the‌ ‌leaf‌ ‌area‌ ‌index‌ ‌(LAI)‌ ‌of‌ ‌a‌ ‌non-infested‌ ‌mountain‌ ‌birch‌ ‌stand‌ ‌in‌ ‌Lapland‌ ‌increases‌ ‌linearly‌ ‌from‌ ‌0‌ ‌–‌‌2.0‌‌m‌2‌ ‌m‌-2‌ ‌                                           

(Dahlberg‌ ‌et‌ ‌al.,‌ ‌2004)‌ ‌in‌ ‌the‌ ‌time‌ ‌period‌ ‌6‌th‌-10‌th‌ ‌of‌ ‌June‌ ‌(bud‌ ‌burst‌ ‌to‌ ‌full‌ ‌leaf),‌ ‌and‌ ‌stays‌ ‌constant‌ ‌until‌ ‌the‌ ‌onset‌ ‌of‌‌                                             

senescence‌ ‌(Fig.‌ ‌3a).‌ ‌The‌ ‌LAI‌ ‌of‌ ‌an‌ ‌infested‌ ‌stand‌ ‌decreases‌ ‌proportionally‌ ‌with‌ ‌the‌ ‌level‌ ‌of‌ ‌defoliation‌ ‌(Fig.‌ ‌3a).‌‌                                   

Refoliation‌ ‌only‌ ‌occurs‌ ‌in‌ ‌totally,‌ ‌or‌ ‌near-totally,‌ ‌defoliated‌ ‌mountain‌ ‌birch‌ ‌trees‌ ‌(Kaitaniemi‌ ‌et‌ ‌al.,‌ ‌1997).‌ ‌Hence,‌ ‌we‌‌                                 
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assumed‌ ‌that‌ ‌the‌ ‌LAI‌‌of‌‌a‌‌heavily‌‌defoliated‌‌stand‌‌resumes‌‌to‌‌70‌‌%‌‌of‌‌the‌‌original‌‌LAI‌‌within‌‌three‌‌weeks‌‌of‌‌defoliation‌‌                                           

(personal‌‌communication‌‌with‌‌adj.‌‌Prof.‌‌Dr.‌‌Pekka‌‌Kaitaniemi,‌‌University‌‌of‌‌Helsinki,‌‌Fig.‌‌3a).‌‌Poplar‌‌trees‌‌produce‌‌leaves‌‌                                 

throughout‌ ‌the‌ ‌season,‌ ‌and‌ ‌we‌ ‌therefore‌ ‌assumed‌ ‌that‌ ‌the‌‌LAI‌‌of‌‌poplar‌‌stands‌‌increases‌‌quadratically‌‌from‌‌20‌th‌ ‌of‌‌April‌‌                                     

(bud‌‌burst)‌‌until‌‌15‌th‌ ‌of‌‌August‌‌(Fig.‌‌3c,‌‌Tripathi‌‌et‌‌al.,‌‌2016).‌‌Oak,‌‌on‌‌the‌‌other‌‌hand,‌‌usually‌‌only‌‌produces‌‌one‌‌significant‌‌                                           

leaf‌‌flush,‌‌hence‌‌we‌‌assumed‌‌that‌‌the‌‌LAI‌‌of‌‌oak‌‌stands‌‌increases‌‌with‌‌a‌‌sigmoid‌‌shape‌‌from‌‌15‌th‌ ‌of‌‌May‌‌(bud‌‌burst)‌‌until‌‌4‌th‌ ‌                                               

of‌‌June‌‌(full‌‌leaf‌‌state‌‌attained)‌‌(Fig.‌‌3b,‌‌Oláh‌‌et‌‌al.,‌‌2012).‌‌In‌‌our‌‌simulations,‌‌the‌‌maximum‌‌LAI‌‌of‌‌poplar‌‌and‌‌oak‌‌is‌‌5.0‌‌m‌2‌ ‌                                                 

m‌-2‌.‌‌The‌‌LAI‌‌of‌‌a‌‌gypsy‌‌moth‌‌infested‌‌oak‌‌stand‌‌decreases‌‌proportionally‌‌with‌‌the‌‌level‌‌of‌‌defoliation‌‌(Fig.‌‌3b).‌‌The‌‌fungal‌‌                                         

infections‌‌do‌‌not‌‌decrease‌‌the‌‌leaf‌‌area‌‌of‌‌their‌‌host,‌‌nor‌‌do‌‌they‌‌prevent‌‌the‌‌tree‌‌from‌‌producing‌‌multiple‌‌flushes‌‌of‌‌leaves‌‌                                           

(Marçais‌‌and‌‌Desprez-Loustau,‌‌2014).‌‌The‌‌LAI‌‌might,‌‌however,‌‌in‌‌reality‌‌be‌‌less‌‌in‌‌an‌‌infected‌‌stand‌‌than‌‌in‌‌a‌‌non-infected‌‌                                       

stand,‌ ‌though‌ ‌this‌ ‌depends‌ ‌highly‌ ‌on‌ ‌the‌ ‌specific‌‌genotypes‌‌and‌‌their‌‌individual‌‌fungal‌‌resistance‌‌(Verlinden‌‌et‌‌al.,‌‌2013;‌‌                                   

Shifflett‌‌et‌‌al.,‌‌2016),‌‌but‌‌naturally‌‌also‌‌on‌‌the‌‌timing‌‌of‌‌infection.‌‌Since‌‌most‌‌summer‌‌leaves‌‌already‌‌appear‌‌before‌‌the‌‌onset‌‌                                         

of‌ ‌infection,‌ ‌we‌ ‌did‌ ‌not‌ ‌assume‌ ‌a‌ ‌decrease‌‌in‌‌LAI.‌‌Severe‌‌powdery‌‌mildew‌‌infection‌‌(>50‌‌%)‌‌has‌‌been‌‌shown‌‌to‌‌greatly‌‌                                         

reduce‌ ‌the‌ ‌infected‌ ‌leaf‌ ‌lifespan‌ ‌(Hajji‌ ‌et‌ ‌al.,‌ ‌2009).‌ ‌The‌ ‌median‌ ‌time‌ ‌before‌ ‌shedding‌ ‌of‌‌deformed‌‌oak‌‌leaves‌‌has‌‌been‌‌                                       

estimated‌ ‌to‌ ‌be‌ ‌10-31‌ ‌days‌ ‌(Hajji‌ ‌et‌ ‌al.,‌‌2009).‌‌In‌‌our‌‌scenario‌‌of‌‌a‌‌heavily‌‌infected‌‌stand‌‌(80‌‌%‌‌of‌‌the‌‌stand‌‌leaf‌‌area‌‌is‌‌                                                 

infected‌‌by‌‌the‌‌end‌‌of‌‌the‌‌season),‌‌an‌‌infection‌‌level‌‌of‌‌50‌‌%‌‌is‌‌reached‌‌on‌‌1‌st‌ ‌of‌‌September.‌‌Since‌‌senescence‌‌is‌‌assumed‌‌to‌‌                                               

onset‌ ‌on‌ ‌20‌th‌ ‌of‌ ‌September,‌ ‌we‌‌excluded‌‌an‌‌earlier‌‌shedding‌‌of‌‌leaves.‌‌Hence,‌‌in‌‌our‌‌simulations‌‌of‌‌fungal‌‌infections,‌‌we‌‌                                       

assumed‌ ‌that‌ ‌the‌ ‌LAI‌ ‌is‌ ‌the‌ ‌same‌ ‌as‌ ‌in‌ ‌a‌ ‌non-infected‌ ‌stand‌ ‌(Fig.‌ ‌3b,c).‌‌ ‌  

‌ 

‌ 

Figure‌‌3.‌‌Leaf‌‌area‌‌index‌‌throughout‌‌the‌‌growing‌‌season‌‌in‌‌infected‌‌and‌‌non-infected‌‌forest‌‌stands.‌‌‌(a)‌‌mountain‌‌birch,‌‌‌(b)‌‌                                     

oak‌‌and‌‌‌(c)‌‌poplar.‌‌30‌‌%‌‌(moderate‌‌infection‌‌scenario)‌‌or‌‌80‌‌%‌‌(severe‌‌infection‌‌scenario)‌‌of‌‌the‌‌total‌‌leaf‌‌area‌‌in‌‌the‌‌forest‌‌                                             
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stands‌‌is‌‌assumed‌‌to‌‌be‌‌consumed‌‌by‌‌the‌‌end‌‌of‌‌the‌‌feeding‌‌period‌‌in‌‌simulations‌‌of‌‌herbivory,‌‌while‌‌fungal‌‌infections‌‌do‌‌                                         

not‌ ‌decrease‌ ‌the‌ ‌leaf‌ ‌area.‌ ‌Note‌ ‌the‌ ‌different‌ ‌time‌ ‌axes.‌ ‌ 

‌ 

2.4‌  ‌Plant‌ ‌emissions‌ ‌of‌ ‌volatile‌ ‌organic‌ ‌compounds‌ ‌ 

The‌ ‌plant‌ ‌emissions‌ ‌(‌ )‌ ‌of‌ ‌individual‌ ‌VOCs‌ ‌(‌ )‌ ‌from‌ ‌various‌ ‌pure‌ ‌stands‌ ‌were‌ ‌computed‌ ‌as:‌ ‌F i i  

AIF i = εi × L × γL × γT (1)‌ ‌ 

where‌‌ ‌is‌‌the‌‌emission‌‌rate‌‌of‌‌ ‌at‌‌standard‌‌conditions‌‌(25‌‌ºC,‌‌1000‌‌μmol‌‌m‌-2‌ ‌s‌-1‌),‌‌LAI‌‌is‌‌the‌‌one-sided‌‌leaf‌‌area‌‌index‌‌and‌‌  εi             i                                    

treated‌ ‌as‌‌mentioned‌‌in‌‌Sec.‌‌2.3,‌‌and‌‌ ‌and‌‌ ‌are‌‌the‌‌activity‌‌factors‌‌that‌‌account‌‌for‌‌changes‌‌in‌‌light‌‌and‌‌temperature‌‌              γL     γT                          

from‌ ‌standard‌ ‌conditions.‌ ‌This‌ ‌expression‌ ‌is‌ ‌adopted‌ ‌from‌ ‌Guenther‌ ‌et‌‌al.‌‌(2012),‌‌Eq.‌‌1-2,‌‌when‌‌we‌‌assume‌‌that‌‌the‌‌soil‌‌                                       

moisture‌ ‌and‌ ‌ambient‌ ‌CO‌2‌ ‌concentration‌ ‌in‌ ‌our‌ ‌stands‌ ‌are‌ ‌optimal.‌ ‌Generally,‌ ‌we‌ ‌excluded‌ ‌the‌ ‌effect‌ ‌of‌ ‌leaf‌‌age‌‌on‌‌the‌‌                                       

emissions‌ ‌of‌ ‌VOCs,‌ ‌since‌ ‌we‌ ‌do‌ ‌not‌ ‌know‌ ‌the‌ ‌effect‌ ‌of‌ ‌leaf‌ ‌age‌ ‌on‌ ‌stress-induced‌ ‌emissions.‌ ‌However,‌ ‌we‌ ‌also‌ ‌tested‌‌                                       

whether‌‌the‌‌impact‌‌of‌‌leaf‌‌maturity‌‌would‌‌be‌‌able‌‌to‌‌change‌‌the‌‌conclusions‌‌of‌‌our‌‌study‌‌when‌‌making‌‌certain‌‌assumptions‌‌                                       

about‌‌the‌‌leaf‌‌age‌‌effect.‌‌The‌‌treatment‌‌of‌‌the‌‌leaf‌‌age‌‌effects‌‌and‌‌the‌‌results‌‌of‌‌these‌‌tests‌‌are‌‌presented‌‌in‌‌Appendix‌‌B‌‌and‌‌                                               

discussed‌ ‌in‌ ‌Sec.‌ ‌3.2.‌ ‌ 

Similarly‌ ‌to‌ ‌e.g.‌ ‌Simpson‌ ‌et‌ ‌al.‌ ‌(1999;‌ ‌2012)‌ ‌and‌ ‌Bergström‌ ‌et‌ ‌al.‌ ‌(2014),‌ ‌we‌ ‌utilised‌ ‌a‌ ‌simple‌ ‌non-canopy‌‌                                   

approach,‌ ‌where‌ ‌ambient‌ ‌and‌ ‌leaf‌ ‌temperature‌ ‌are‌ ‌assumed‌ ‌to‌ ‌equal,‌ ‌and‌ ‌where‌ ‌the‌‌use‌‌of‌‌branch-level‌‌emission‌‌factors‌‌                                   

accounts‌ ‌for‌ ‌the‌ ‌canopy‌ ‌shading‌ ‌effect‌ ‌(Guenther‌ ‌et‌ ‌al.,‌ ‌1994).‌ ‌We‌ ‌utilised‌ ‌emission‌ ‌rates,‌ ‌reported‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌‌the‌‌                                       

degree‌‌of‌‌damage,‌‌from‌‌Copolovici‌‌et‌‌al.‌‌(2017;‌‌2014),‌‌Jiang‌‌et‌‌al.‌‌(2016),‌‌and‌‌Yli-Pirilä‌‌et‌‌al.‌‌(2016).‌‌The‌‌emission‌‌rates‌‌                                         

reported‌‌by‌‌Copolovici‌‌et‌‌al.‌‌(2017;‌‌2014)‌‌and‌‌Jiang‌‌et‌‌al.‌‌(2016)‌‌were‌‌all‌‌retrieved‌‌by‌‌leaf-level‌‌measurements,‌‌hence‌‌we‌‌                                       

decreased‌‌the‌‌reported‌‌emission‌‌rates‌‌by‌‌a‌‌factor‌‌of‌‌0.57,‌‌since‌‌branch-level‌‌emission‌‌factors‌‌for‌‌light‌‌sensitive‌‌emissions‌‌are‌‌                                     

typically‌‌a‌‌factor‌‌of‌‌1.75‌‌smaller‌‌than‌‌the‌‌corresponding‌‌leaf-level‌‌values‌‌(Simpson‌‌et‌‌al.,‌‌1999;‌‌2012).‌‌We‌‌did‌‌not‌‌decrease‌                                       

the‌‌emission‌‌rates‌‌reported‌‌by‌‌Yli-Pirilä‌‌et‌‌al.‌‌(2016),‌‌since‌‌these‌‌were‌‌based‌‌on‌‌measurements‌‌of‌‌the‌‌whole‌‌plant.‌‌Instead,‌‌                                       

the‌‌emission‌‌rates‌‌from‌‌mountain‌‌birch‌‌seedlings‌‌(Yli-Pirilä‌‌et‌‌al.,‌‌2016)‌‌were‌‌upscaled‌‌in‌‌order‌‌to‌‌represent‌‌the‌‌emissions‌‌                                     

from‌ ‌mature‌ ‌trees,‌ ‌assuming‌ ‌a‌ ‌leaf‌‌mass‌‌area‌‌of‌‌75‌‌g‌‌m‌-2‌ ‌for‌‌leaves‌‌growing‌‌on‌‌mature‌‌mountain‌‌birch‌‌trees‌‌(Riipi‌‌et‌‌al.,‌‌                                             

2005).‌‌Since‌‌emission‌‌response‌‌measurements‌‌are‌‌usually‌‌stopped,‌‌at‌‌a‌‌maximum,‌‌a‌‌few‌‌days‌‌after‌‌the‌‌herbivore‌‌activity‌‌has‌‌                                     

ceased,‌‌we‌‌assumed‌‌that‌‌the‌‌effect‌‌of‌‌stress‌‌on‌‌the‌‌emissions‌‌of‌‌VOC‌‌stops‌‌the‌‌day‌‌that‌‌the‌‌larvae‌‌pupate‌‌(e.g.‌‌Yli-Pirilä‌‌et‌‌                                             

al.,‌‌2016),‌‌in‌‌order‌‌to‌‌not‌‌overestimate‌‌the‌‌impact‌‌of‌‌the‌‌stress.‌‌The‌‌light‌‌and‌‌temperature‌‌dependent‌‌emission‌‌activity‌‌factors‌‌                                       

are‌‌computed‌‌using‌‌Eq.‌‌2‌‌in‌‌Guenther‌‌(1997),‌‌since‌‌none‌‌of‌‌the‌‌considered‌‌broadleaved‌‌species‌‌poses‌‌storages‌‌and‌‌birch‌‌has‌‌                                       

specifically‌‌been‌‌shown‌‌to‌‌only‌‌emit‌‌‌de‌‌novo‌‌(Ghirardo‌‌et‌‌al.,‌‌2010).‌‌Similarly‌‌to‌‌Guenther‌‌et‌‌al.‌‌(2012),‌‌we‌‌assumed‌‌that‌‌                                         

stress-induced‌ ‌emissions‌ ‌are‌ ‌controlled‌ ‌by‌ ‌light‌ ‌and‌ ‌temperature‌‌in‌‌a‌‌similar‌‌way‌‌as‌‌constitutive‌‌emissions,‌‌thus‌‌the‌‌used‌‌                                   

emission‌‌rates‌‌from‌‌the‌‌literature‌‌were‌‌standardised‌‌according‌‌to‌‌Eq.‌‌1.‌‌Copolovici‌‌et‌‌al.‌‌(2014)‌‌and‌‌Jiang‌‌et‌‌al.‌‌(2016)‌‌have‌‌                                         

also‌ ‌shown‌ ‌that‌ ‌the‌ ‌emissions‌ ‌of‌ ‌isoprene‌ ‌from‌ ‌oak‌ ‌powdery‌ ‌mildew‌ ‌and‌ ‌rust‌ ‌infected‌ ‌oaks‌ ‌and‌ ‌poplars‌ ‌have‌ ‌the‌ ‌same‌‌                                       

response‌ ‌to‌ ‌light‌ ‌as‌ ‌control‌ ‌plants.‌ ‌Copolovici‌‌et‌‌al.‌‌(2014)‌‌additionally‌‌demonstrated‌‌that‌‌the‌‌emissions‌‌of‌‌monoterpenes‌‌                                 

from‌ ‌oak‌ ‌powdery‌‌mildew‌‌infected‌‌oak‌‌depend‌‌strongly‌‌on‌‌light,‌‌even‌‌though‌‌the‌‌majority‌‌of‌‌emitted‌‌monoterpenes‌‌were‌‌                                   

not‌ ‌e.g.‌‌ocimene‌‌and‌‌linalool,‌‌which‌‌are‌‌known‌‌to‌‌be‌‌light‌‌dependent‌‌(Niinemets‌‌et‌‌al.,‌‌2002;‌‌Arimura‌‌et‌‌al.,‌‌2008).‌‌LOX‌‌                                         

(lipoxygenase‌‌pathway‌‌volatile)‌‌compounds,‌‌on‌‌the‌‌other‌‌hand,‌‌are‌‌released‌‌shortly‌‌after‌‌damage‌‌of‌‌leaf‌‌tissue,‌‌independent‌‌                                 

of‌‌the‌‌light‌‌conditions‌‌(Arimura‌‌et‌‌al.,‌‌2008).‌‌LOX‌‌compounds‌‌do‌‌not‌‌contribute‌‌to‌‌the‌‌formation‌‌and‌‌growth‌‌processes‌‌of‌‌                                       

atmospheric‌ ‌aerosol‌ ‌particles,‌ ‌but‌ ‌they‌ ‌were‌ ‌included‌ ‌in‌ ‌the‌ ‌model‌ ‌in‌ ‌order‌ ‌to‌ ‌illustrate‌ ‌the‌ ‌changes‌ ‌in‌ ‌the‌ ‌atmospheric‌‌                                     

concentrations‌ ‌of‌ ‌LOX‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌ ‌stress‌ ‌severity‌ ‌and‌‌stress‌‌type,‌‌and‌‌for‌‌evaluating‌‌the‌‌reliability‌‌of‌‌our‌‌modelling‌‌                                       

results,‌ ‌since‌ ‌LOX,‌ ‌in‌ ‌reality,‌ ‌affect‌ ‌the‌ ‌atmospheric‌ ‌concentration‌ ‌of‌ ‌OH,‌ ‌which‌ ‌was‌ ‌constrained‌ ‌in‌ ‌the‌ ‌model.‌ ‌The‌‌                                   

equations,‌ ‌which‌ ‌we‌ ‌used‌ ‌in‌ ‌the‌ ‌model‌ ‌for‌ ‌linking‌ ‌the‌ ‌emission‌ ‌factors‌ ‌to‌ ‌the‌ ‌severity‌‌of‌‌stress,‌‌are‌‌provided‌‌in‌‌Table‌‌1‌‌                                           

together‌‌with‌‌the‌‌parameters‌‌needed‌‌for‌‌the‌‌equations.‌‌The‌‌emission‌‌factors‌‌at‌‌a‌‌few‌‌different‌‌degrees‌‌of‌‌stress‌‌are‌‌written‌‌                                       

8‌ ‌ 
‌ 



out‌ ‌in‌‌Table‌‌A1‌‌in‌‌Appendix‌‌A.‌‌It‌‌was‌‌assumed‌‌that‌‌the‌‌emitted‌‌VOCs‌‌were‌‌instantaneously‌‌evenly‌‌distributed‌‌within‌‌the‌‌                                       

mixing‌ ‌volume,‌ ‌which‌ ‌is‌ ‌defined‌ ‌by‌ ‌the‌ ‌boundary‌ ‌layer‌ ‌height.‌ ‌ 

‌ 

Table‌‌1.‌‌Equations‌‌to‌‌calculate‌‌the‌‌emission‌‌factors‌‌(‌ ,‌‌in‌‌unit‌‌nmol‌‌m‌-2‌ ‌one-sided‌‌LAI‌‌s‌-1‌),‌‌as‌‌a‌‌function‌‌of‌‌the‌‌degree‌‌of‌‌                εi,Æ                              

stress‌‌(‌Æ‌),‌‌together‌‌with‌‌the‌‌parameters‌‌needed‌‌for‌‌the‌‌equations.‌‌The‌‌equations‌‌are‌‌valid‌‌for‌‌infection‌‌levels‌‌ranging‌‌from‌‌0‌‌                                       

%‌ ‌to‌ ‌80‌ ‌%‌ ‌unless‌ ‌otherwise‌ ‌stated.‌ ‌The‌ ‌emission‌ ‌factors‌ ‌for‌ ‌oak‌ ‌and‌ ‌poplar‌‌are‌‌presented‌‌without‌‌the‌‌downscaling‌‌by‌‌a‌‌                                         

factor‌‌of‌‌0.57‌‌(see‌‌bulk‌‌text‌‌in‌‌Sec.‌‌2.4).‌‌LMA‌f‌ ‌is‌‌the‌‌fraction‌‌of‌‌the‌‌leaf‌‌mass‌‌area‌‌of‌‌leaves‌‌growing‌‌on‌‌mature‌‌mountain‌‌                                               

birch‌ ‌/‌ ‌growing‌ ‌on‌ ‌mountain‌ ‌birch‌‌seedlings,‌‌which‌‌is‌‌included‌‌so‌‌that‌‌the‌‌emission‌‌factors‌‌for‌‌mountain‌‌birches‌‌are‌‌also‌‌                                       

representative‌ ‌of‌ ‌mature‌ ‌trees.‌ ‌ISO‌ ‌=‌ ‌isoprene,‌ ‌MT‌ ‌=‌ ‌monoterpenes,‌ ‌MeSa‌ ‌=‌ ‌methyl‌ ‌salicylate,‌ ‌LOX‌ ‌=‌ ‌lipoxygenase‌‌                                 

pathway‌‌volatile‌‌compounds,‌‌DMNT‌‌=‌‌4,8-dimethyl-1,3,7-nonatriene,‌‌MeOH‌‌=‌‌methanol,‌‌SQT‌‌=‌‌sesquiterpenes,‌‌α-Eud‌‌=‌‌                           

α-Eudesmol.‌‌ ‌  

9‌ ‌ 
‌ 

Infestation‌ ‌of‌ ‌pedunculate‌ ‌oak‌ ‌(‌Quercus‌ ‌robur‌)‌ ‌by‌ ‌European‌ ‌gypsy‌ ‌moth‌ ‌(‌Lymantria‌ ‌dispar‌)‌ ‌based‌ ‌on‌ ‌Copolovici‌ ‌et‌ ‌al.‌ ‌(2017).‌ ‌ 

VOC‌ ‌   ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌εi,Æ    ‌(nmol‌‌εi,0  

m‌-2‌‌ ‌s‌-1‌)‌ ‌ 

A‌‌ ‌(nmol‌ ‌m‌-2‌ ‌ 
s‌-1‌)‌ ‌ 

B‌ ‌  C‌‌ ‌(nmol‌ ‌m‌-2‌ ‌ 
s‌-1‌)‌ ‌ 

‌ 

ISO‌ ‌  ,‌   ‌ ‌εi,0 + Æ×A
B+Æ ≤Æ≤600  

,‌    ‌ ‌×0.5εi,60 0 ≤806 < Æ  

30.26‌ ‌  -47.40‌ ‌  34.48‌ ‌  ‌  ‌ 

MT‌ ‌  ‌εi,0 + Æ×A
B+Æ   ‌.0⋅10  4 −2   9.22‌ ‌  33.42‌ ‌  ‌  ‌ 

MeSa‌ ‌  ‌×AÆ   ‌  ‌.5⋅10  3 −3   ‌  ‌  ‌ 

LOX‌ ‌  ‌×Æ ×ÆA 2 + C   ‌  ‌.1⋅10  1 −3   ‌  ‌.7⋅10  4 −2   ‌ 

DMNT‌ ‌  ‌×Æ ×ÆA 2 + C   ‌  ‌.0⋅10  1 −5   ‌  ‌.3⋅10  1 −3   ‌ 

Infection‌ ‌of‌ ‌pedunculate‌ ‌oak‌ ‌(‌Quercus‌ ‌robur‌)‌ ‌by‌ ‌oak‌ ‌powdery‌ ‌mildew‌ ‌(‌Erysiphe‌ ‌alphitoides‌)‌ ‌based‌ ‌on‌ ‌Copolovici‌ ‌et‌ ‌al.‌ ‌(2014)‌ ‌ 

VOC‌ ‌   ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌εi,Æ    ‌(nmol‌‌εi,0  

m‌-2‌‌ ‌s‌-1‌)‌ ‌ 

A‌‌ ‌(nmol‌ ‌m‌-2‌ ‌ 

s‌-1‌)‌ ‌ 

B‌‌ ‌(nmol‌ ‌m‌-2‌ ‌ 

s‌-1‌)‌ ‌ 

C‌‌ ‌(nmol‌ ‌m‌-2‌ ‌ 

s‌-1‌)‌ ‌ 

‌ 

ISO‌ ‌  ‌×Æ ×Æ ×Æεi,0 + A + B 2 + C 3   10.6‌ ‌  -0.244‌ ‌  ‌.69⋅10  3 −3   ‌.05⋅10  − 2 −5   ‌ 

MT‌ ‌  ‌×Æ ×Æ ×Æεi,0 + A + B 2 + C 3   ‌.0⋅10  4 −2   ‌.7⋅10  8 −3   ‌.1⋅10  − 7 −5   ‌.7⋅10  3 −7   ‌ 

MeSa‌ ‌  0,‌     ‌ ‌Æ = 0  

,‌ ‌ ‌A ×
εMT ,Æ

εMT ,60
≤800 < Æ  

‌  0.437‌ ‌  ‌  ‌  ‌ 

LOX‌ ‌  ‌×ÆA + B   ‌  ‌.13⋅10  2 −3   ‌.24⋅10  6 −3   ‌  ‌ 

Infection‌ ‌of‌ ‌balsam‌ ‌poplar‌ ‌(‌Populus‌ ‌balsamifera‌‌ ‌var.‌ ‌‌suaveolens‌)‌ ‌by‌ ‌poplar‌ ‌rust‌ ‌(‌Melampsora‌ ‌larici-populina‌)‌ ‌based‌ ‌on‌ ‌Jiang‌ ‌et‌‌ 
al.‌ ‌(2016)‌ ‌ 

VOC‌ ‌   ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌εi,Æ   ‌(nmol‌‌εi,0    

m‌-2‌‌ ‌s‌-1‌)‌ ‌ 

A‌‌ ‌(nmol‌ ‌m‌-2‌ ‌ 
s‌-1‌)‌ ‌ 

B‌‌ ‌(nmol‌ ‌m‌-2‌ ‌ 
s‌-1‌)‌ ‌ 

C‌ ‌  E‌‌ ‌(nmol‌‌ 
m‌-2‌‌ ‌s‌-1‌)‌ ‌ 



‌ 

2.5‌ ‌Meteorological‌ ‌conditions‌ ‌ 

The‌‌daily‌‌maximum‌‌radiation‌‌during‌‌the‌‌entire‌‌growing‌‌season‌‌was‌‌fixed‌‌to‌‌1000‌‌μmol‌‌m‌-2‌ ‌s‌-1‌ ‌(Table‌‌2),‌‌which‌‌corresponds‌‌                                       

to‌ ‌the‌‌average‌‌maximum‌‌photosynthetic‌‌photon‌‌flux‌‌density‌‌(PPFD)‌‌observed‌‌at‌‌the‌‌SMEAR‌‌I‌‌station‌‌during‌‌the‌‌growing‌‌                                   

seasons‌‌of‌‌2015-2017‌‌(Aalto‌‌et‌‌al.,‌‌2019).‌‌The‌‌daily‌‌pattern‌‌of‌‌PPFD‌‌then‌‌follows‌‌the‌‌solar‌‌zenith‌‌angle.‌‌For‌‌simulations‌‌of‌‌                                         

mountain‌ ‌birch,‌ ‌we‌ ‌utilised‌ ‌the‌ ‌maximum‌ ‌and‌ ‌minimum‌ ‌mean‌ ‌temperatures‌ ‌on‌ ‌every‌ ‌day‌ ‌in‌ ‌the‌ ‌growing‌ ‌season‌‌during‌‌                                   

2015-2017‌ ‌observed‌ ‌at‌ ‌9‌ ‌m‌ ‌at‌ ‌the‌‌SMEAR‌‌I‌‌station‌‌(Aalto‌‌et‌‌al.,‌‌2019).‌‌The‌‌daily‌‌maximum‌‌and‌‌minimum‌‌temperatures‌‌                                       

ranged‌‌from‌‌9.8‌‌to‌‌19.6‌‌ºC,‌‌and‌‌from‌‌2.0‌‌to‌‌11.3‌‌ºC,‌‌respectively,‌‌in‌‌the‌‌time‌‌period‌‌of‌‌interest‌‌(6‌th‌ ‌of‌‌June‌‌-‌‌20‌th‌ ‌of‌‌August,‌‌                                                   

Fig.‌ ‌4a).‌ ‌For‌ ‌simulations‌ ‌of‌ ‌oak‌ ‌and‌ ‌poplar,‌ ‌we‌ ‌utilised‌ ‌the‌ ‌maximum‌‌and‌‌minimum‌‌temperatures‌‌for‌‌southern‌‌Germany‌‌                                   

10‌ ‌ 
‌ 

ISO‌ ‌  ‌A + B
C+Æ   ‌  12.3‌ ‌  366.8‌ ‌  4.98‌ ‌  ‌ 

MT‌ ‌  0.0625,‌ ‌ ‌Æ = 0  

,‌ ‌ ‌×Æ ×ÆA + B + E 2 ≤800 < Æ  

‌  0.112‌ ‌  ‌.84⋅10  1 −3   ‌  ‌.5⋅10  1 −4  

MeSa‌ ‌  ‌×Æ ×Æ ×ÆA + B 2 + E 3   ‌  ‌.32⋅10  6 −3   ‌.6⋅10  − 8 −5   ‌  ‌.75⋅10  5 −7  

LOX‌ ‌   ‌0.4814,‌ ‌ ‌Æ = 0  

,‌ ‌ ‌C  A ×Æ ×Æ( + B + E 2)× ≤800 < Æ  

‌  2.51‌ ‌  ‌.51⋅10  − 2 −2   0.76,‌‌ 
‌00 < Æ < 3  

0.85,‌‌ 
‌0≤Æ 03 < 6  

0.93,‌‌ 
‌0≤Æ≤806  

‌.25⋅10  3 −3  

DMNT‌ ‌  ,‌    ‌ ‌εDMNT ,60 ×
εMeSa,Æ
εMeSa,60

≤Æ 00 < 6  
,‌       ‌ ‌εMeSa,Æ × C 0≤Æ≤806  

‌  ‌  ‌  0.36‌ ‌  ‌ 

MeOH‌ ‌  ‌εi,0 + A × Æ + B × Æ2   16.9‌ ‌  -0.338‌ ‌  ‌.36⋅10  1 −2   ‌  ‌ 

SQT‌ ‌  ,‌   ‌ ‌εSQT ,60 ×
εMeSa,Æ
εMeSa,60

≤Æ 00 < 6  
,‌        ‌ ‌εMeSa,Æ × C 0≤Æ≤806  

‌  ‌  ‌  2.414‌ ‌  ‌ 

α-Eud‌ ‌  ,‌   ‌ ‌εα−Eud,60 ×
εMeSa,Æ
εMeSa,60

≤Æ 00 < 6  
,‌        ‌ ‌εMeSa,Æ × C 0≤Æ≤806  

‌  ‌  ‌  0.397‌ ‌  ‌ 

Infestation‌ ‌of‌ ‌mountain‌ ‌birch‌ ‌(‌Betula‌ ‌pubescens‌‌ ‌var.‌ ‌‌pumila‌)‌ ‌by‌ ‌autumnal‌ ‌moth‌ ‌(‌Epirrita‌ ‌autumnata‌)‌ ‌based‌ ‌on‌ ‌Yli-Pirilä‌ ‌et‌ ‌al.‌‌ 
(2016)‌ ‌ 

VOC‌ ‌   ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌εi,Æ   A‌ ‌  B‌ ‌  C‌ ‌  E‌‌ ‌  
(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌ 

LMA‌f‌ ‌ 

MT‌ ‌ 
‌ A( + Æ×B

√1+ C2
B ×Æ2 2) × E × LMAf  

‌.65⋅10  7 −2   ‌.33⋅10  9 −3   0.2146‌ ‌  0.769‌ ‌  2.23‌ ‌ 

LOX‌ ‌  ‌E×LMA(A×Æ )+ B × f   ‌.325⋅10  6 −3   ‌.868⋅10  4 −2   ‌  0.8‌ ‌  2.23‌ ‌ 

DMNT‌ ‌ 
‌ A( + Æ×B

√1+ C2
B ×Æ2 2) × E × LMAf  

‌.11⋅10  7 −4   ‌.39⋅10  3 −4   ‌.63⋅10  8 −3   0.769‌ ‌  2.23‌ ‌ 

SQT‌ ‌  ‌3
εMT ,Æ   ‌  ‌  ‌  ‌  ‌ 



averaged‌ ‌over‌ ‌the‌ ‌past‌ ‌three‌ ‌decades‌ ‌(data‌ ‌obtained‌ ‌via‌‌                 

https://www.currentresults.com/Weather/Germany/average-annual-temperatures.php).‌ ‌This‌‌was‌‌done‌‌due‌‌to‌‌availability‌‌and‌‌               

restriction‌ ‌of‌ ‌data‌ ‌obtained‌ ‌at‌ ‌the‌ ‌Hohenpeißenberg‌ ‌Meteorological‌ ‌Observatory‌ ‌and‌ ‌since‌ ‌our‌ ‌aim‌ ‌was‌ ‌not‌ ‌as‌ ‌such‌ ‌to‌‌                                   

simulate‌ ‌the‌ ‌atmospheric‌ ‌impact‌ ‌at‌ ‌Hohenpeißenberg,‌ ‌but‌ ‌instead‌ ‌at‌ ‌any‌ ‌relevant‌ ‌location,‌ ‌i.e.‌ ‌where‌ ‌oaks‌ ‌and‌ ‌poplars,‌‌                                 

including‌ ‌the‌ ‌biotic‌ ‌stresses‌ ‌of‌ ‌interests,‌ ‌are‌ ‌common.‌‌The‌‌monthly‌‌averaged‌‌daily‌‌maximum‌‌and‌‌minimum‌‌temperatures‌‌                               

ranged‌‌from‌‌15‌‌to‌‌26‌‌ºC,‌‌and‌‌from‌‌6‌‌to‌‌16‌‌ºC,‌‌respectively,‌‌in‌‌the‌‌time‌‌period‌‌of‌‌interest‌‌(April‌‌-‌‌September,‌‌Fig.‌‌4b).‌‌For‌‌                                                 

simplicity,‌ ‌the‌ ‌daily‌ ‌temperature‌ ‌pattern‌ ‌followed‌ ‌that‌ ‌of‌ ‌the‌ ‌solar‌ ‌zenith‌ ‌angle‌ ‌with‌ ‌a‌ ‌forward‌ ‌shift‌ ‌of‌ ‌1‌ ‌h.‌ ‌The‌‌default‌‌                                         

daytime‌ ‌mixing‌‌length‌‌was‌‌kept‌‌constant‌‌to‌‌a‌‌value‌‌of‌‌700‌‌m‌‌(simulations‌‌of‌‌mountain‌‌birch)‌‌and‌‌2000‌‌m‌‌(simulations‌‌of‌‌                                         

oak‌ ‌and‌ ‌poplar)‌ ‌above‌ ‌ground‌ ‌level‌ ‌(Seidel‌ ‌et‌ ‌al.,‌ ‌2012)‌ ‌(Table‌ ‌2).‌ ‌ 

‌ 

Table‌ ‌2.‌ ‌Model‌ ‌inputs.‌ ‌Representative‌ ‌summer‌ ‌time‌ ‌conditions‌ ‌in‌ ‌rural‌ ‌central‌ ‌Europe‌ ‌(here‌ ‌indicated‌ ‌by‌ ‌HPB:‌ ‌the‌‌                                 

Hohenpeißenberg‌‌Meteorological‌‌Observatory)‌‌and‌‌Lapland‌‌(here‌‌indicated‌‌by‌‌the‌‌SMEAR‌‌I‌‌station),‌‌used‌‌as‌‌default‌‌model‌                               

input.‌‌The‌‌conditions‌‌are‌‌chosen‌‌such‌‌that‌‌they‌‌are‌‌realistic‌‌and‌‌representative,‌‌but‌‌they‌‌do‌‌not‌‌inhibit‌‌the‌‌formation‌‌of‌‌new‌‌                                         

particles.‌ ‌The‌ ‌concentrations‌ ‌of‌ ‌OH‌ ‌and‌ ‌sulfuric‌ ‌acid‌ ‌are‌ ‌provided‌ ‌as‌ ‌daily‌ ‌maxima‌‌in‌‌the‌‌table,‌‌but‌‌their‌‌concentrations‌‌                                     

decrease‌‌as‌‌a‌‌function‌‌of‌‌the‌‌decrease‌‌in‌‌solar‌‌light‌‌in‌‌the‌‌simulations.‌‌The‌‌concentration‌‌of‌‌ozone‌‌and‌‌the‌‌condensation‌‌sink‌‌                                         

(CS)‌ ‌are‌ ‌both‌ ‌kept‌ ‌constant‌ ‌throughout‌ ‌the‌ ‌simulations.‌ BLH‌ ‌is‌ ‌the‌ ‌planetary‌ ‌boundary‌ ‌layer‌‌height.‌‌The‌‌photosynthetic‌‌                                 

photon‌‌flux‌‌density‌‌(PPFD)‌‌is‌‌provided‌‌as‌‌the‌‌daily‌‌maximum‌‌in‌‌the‌‌table,‌‌but‌‌the‌‌daily‌‌pattern‌‌of‌‌PPFD‌‌follows‌‌the‌‌solar‌‌                                           

zenith‌ ‌angle‌ ‌in‌ ‌the‌ ‌model.‌ ‌ 

‌ 

11‌ ‌ 
‌ 

‌  HPB‌ ‌  SMEAR‌ ‌I‌ ‌ 

[O‌3‌]‌ ‌(ppb)‌ ‌  45‌ ‌  30‌ ‌ 

[OH]‌max‌‌ ‌(molec‌ ‌cm‌-3‌)‌ ‌  6·10‌6‌ ‌  8·10‌5‌ ‌ 

[H‌2‌SO‌4‌]‌max‌‌ ‌(molec‌ ‌cm‌-3‌)‌ ‌  1·10‌7‌ ‌  2.5·10‌6‌ ‌ 

CS‌ ‌(s‌-1‌)‌ ‌  2.5·10‌-3‌ ‌  7·10‌-4‌ ‌ 

BLH‌ ‌(m)‌ ‌  2000‌ ‌  700‌ ‌ 

PPFD‌max‌‌ ‌(μmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  1000‌ ‌ 



‌ 

Figure‌ ‌4.‌ ‌Daily‌ ‌maximum‌ ‌and‌ ‌minimum‌ ‌temperatures‌ ‌throughout‌ ‌the‌‌growing‌‌season‌‌at‌‌‌(a)‌‌SMEAR‌‌I,‌‌Lapland,‌‌and‌‌‌(b)‌‌                                   

Southern‌ ‌Germany,‌ ‌used‌ ‌as‌ ‌default‌ ‌model‌ ‌input.‌ ‌Note‌ ‌the‌ ‌different‌ ‌time‌ ‌axes.‌ ‌ 

‌ 

2.6‌ ‌Atmospheric‌ ‌gas‌ ‌phase‌ ‌chemistry‌ ‌ 

W‌e‌ ‌constrained‌ ‌the‌ ‌concentrations‌ ‌of‌ ‌atmospheric‌ ‌oxidants‌ ‌within‌ ‌the‌ ‌model,‌ ‌though‌ ‌in‌ ‌reality,‌ ‌the‌ ‌concentration‌ ‌of‌‌                               

atmospheric‌ ‌oxidants‌ ‌can‌ ‌decrease‌ ‌or‌ ‌increase‌ ‌depending‌ ‌on‌ ‌changes‌ ‌in‌ ‌the‌ ‌concentrations‌ ‌of‌ ‌individual‌ ‌specific‌ ‌VOCs‌‌                               

(Table‌‌3).‌‌This‌‌was‌‌done,‌‌partly‌‌because‌‌it‌‌is‌‌difficult‌‌to‌‌accurately‌‌predict‌‌the‌‌concentration‌‌of‌‌oxidants‌‌(e.g.‌‌Di‌‌Carlo‌‌et‌‌al.,‌‌                                           

2004;‌‌Sinha‌‌et‌‌al.,‌‌2010;‌‌Mogensen‌‌et‌‌al.,‌‌2011,‌‌2015;‌‌Nölscher‌‌et‌‌al.,‌‌2012,‌‌2016;‌‌Zannoni‌‌et‌‌al.,‌‌2016;‌‌Praplan‌‌et‌‌al.,‌‌2019;‌‌                                             

Lelieveld‌ ‌et‌ ‌al.,‌ ‌2008;‌ ‌Taraborrelli‌ ‌et‌ ‌al.,‌ ‌2012),‌ ‌and‌ ‌partly‌ ‌because‌ ‌accounting‌ ‌for‌ ‌varying‌ ‌oxidant‌‌concentrations‌‌is‌‌not‌‌                                   

necessary‌ ‌for‌ ‌the‌ ‌objectives‌ ‌of‌ ‌our‌ ‌study‌ ‌(Sec.‌ ‌3.2,‌ ‌Fig.‌ ‌11a-b,f-g,k-l,p-q).‌ ‌Thus,‌ ‌in‌ ‌our‌ ‌simulations,‌ ‌the‌ ‌default‌ ‌daily‌‌                                   

maximum‌‌concentration‌‌of‌‌OH‌‌is‌‌therefore‌‌fixed‌‌to‌‌6·10‌6‌ ‌molec‌‌cm‌-3‌ ‌(Petäjä‌‌et‌‌al.,‌‌2009)‌‌and‌‌8·10‌5‌ ‌molec‌‌cm‌-3‌ ‌(calculated‌‌                                       

using‌‌observed‌‌summertime‌‌UVB‌‌radiation‌‌from‌‌the‌‌SMEAR‌‌I‌‌station‌‌and‌‌the‌‌proxy‌‌presented‌‌by‌‌Petäjä‌‌et‌‌al.‌‌(2009))‌‌for‌‌                                       

simulations‌‌of‌‌Hohenpeißenberg‌‌and‌‌Lapland,‌‌respectively‌‌(Table‌‌2).‌‌The‌‌daily‌‌pattern‌‌of‌‌the‌‌OH‌‌concentration‌‌then‌‌follows‌‌                                 

the‌ ‌solar‌ ‌zenith‌ ‌angle.‌ ‌The‌ ‌concentration‌ ‌of‌ ‌ozone‌ ‌is‌ ‌kept‌ ‌constant‌ ‌to‌ ‌a‌ ‌value‌ ‌of‌ ‌45‌ ‌ppb‌ ‌(Naja‌ ‌et‌ ‌al.,‌ ‌2003)‌ ‌and‌‌30‌‌ppb‌‌                                               

(Ruuskanen‌ ‌et‌ ‌al.,‌ ‌2003)‌ ‌for‌ ‌simulations‌ ‌of‌ ‌oak‌‌and‌‌poplar‌‌(Hohenpeißenberg‌‌conditions)‌‌and‌‌mountain‌‌birch‌‌(SMEAR‌‌I‌‌                                 

conditions),‌‌respectively‌‌(Table‌‌2).‌‌NO‌3‌ ‌was‌‌not‌‌considered,‌‌since‌‌emission‌‌and‌‌atmospheric‌‌processes‌‌were‌‌only‌‌simulated‌‌                               

during‌ ‌day‌ ‌time,‌ ‌when‌ ‌the‌ ‌concentration‌ ‌of‌ ‌NO‌3‌‌ ‌is‌ ‌insignificant.‌ ‌ 

The‌‌only‌‌source‌‌of‌‌sulfuric‌‌acid‌‌(H‌2‌SO‌4‌),‌‌in‌‌our‌‌model,‌‌is‌‌the‌‌reaction‌‌between‌‌OH‌‌and‌‌SO‌2‌,‌‌while‌‌the‌‌only‌‌sink‌‌is‌‌                                           

the‌‌condensation‌‌sink.‌‌The‌‌concentration‌‌of‌‌SO‌2‌ ‌is‌‌chosen‌‌such‌‌that‌‌the‌‌default‌‌daytime‌‌maximum‌‌concentration‌‌of‌‌H‌2‌SO‌4‌ ‌is‌‌                                     

1·10‌7‌ ‌molec‌‌cm‌-3‌ ‌in‌‌Hohenpeißenberg‌‌(Petäjä‌‌et‌‌al.,‌‌2009;‌‌Birmili‌‌et‌‌al.,‌‌2003)‌‌and‌‌2.5·10‌6‌ ‌molec‌‌cm‌-3‌ ‌in‌‌Lapland‌‌(Kyrö‌‌et‌‌                                         

al.,‌‌2014)‌‌(Table‌‌2).‌‌The‌‌size‌‌distribution‌‌of‌‌the‌‌pre-existing‌‌particle‌‌population‌‌is‌‌kept‌‌fixed‌‌during‌‌the‌‌simulations,‌‌so‌‌the‌‌                                       

number‌‌concentration‌‌of‌‌pre-existing‌‌particles‌‌is‌‌defined‌‌by‌‌the‌‌condensation‌‌sink‌‌(CS),‌‌which‌‌is‌‌kept‌‌constant‌‌to‌‌a‌‌value‌‌of‌‌                                       

2.5·10‌−3‌‌ ‌s‌−1‌‌ ‌(in‌ ‌rural‌ ‌southern‌ ‌Germany)‌ ‌and‌ ‌7·10‌-4‌‌ ‌s‌−1‌‌ ‌(in‌ ‌Lapland;‌ ‌Dal‌ ‌Maso‌ ‌et‌ ‌al.,‌ ‌2007;‌ ‌Vana‌ ‌et‌ ‌al.,‌ ‌2016)‌ ‌(Table‌ ‌2).‌‌ ‌  
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We‌ ‌included‌ ‌reactions‌‌for‌‌the‌‌atmospheric‌‌oxidation‌‌of‌‌SO‌2‌ ‌and‌‌the‌‌emitted‌‌VOCs‌‌(Appendix‌‌C).‌‌Certain‌‌VOCs,‌‌                                 

and‌‌especially‌‌VOCs‌‌with‌‌endocyclic‌‌double‌‌bonds,‌‌can‌‌form‌‌HOM‌‌(highly‌‌oxygenated‌‌organic‌‌molecules)‌‌upon‌‌oxidation‌‌                               

by,‌‌in‌‌particular‌‌O‌3‌,‌‌but‌‌also‌‌OH‌‌and‌‌NO‌3‌ ‌(e.g.‌‌Ehn‌‌et‌‌al.,‌‌2012,‌‌2014;‌‌Jokinen‌‌et‌‌al.,‌‌2015;‌‌Berndt‌‌et‌‌al.,‌‌2016;‌‌Bianchi‌‌et‌‌al.,‌‌                                                   

2019;‌‌Zhao‌‌et‌‌al.,‌‌2020).‌‌HOM‌‌have‌‌been‌‌found‌‌to‌‌be‌‌a‌‌major‌‌component‌‌of‌‌secondary‌‌organic‌‌aerosol‌‌(e.g.‌‌Ehn‌‌et‌‌al.,‌‌2014;‌‌                                             

Mutzel‌ ‌et‌ ‌al.,‌ ‌2015).‌ ‌HOM‌ ‌yields‌ ‌are‌ ‌specific‌ ‌to‌ ‌individual‌ ‌molecules‌ ‌and‌ ‌isomers‌ ‌and‌ ‌most‌ ‌yields‌ ‌have‌ ‌not‌ ‌been‌‌                                     

investigated‌ ‌for‌ ‌the‌ ‌exact‌ ‌compounds,‌ ‌which‌ ‌are‌ ‌emitted‌ ‌from‌ ‌the‌ ‌tree‌ ‌species‌ ‌considered‌ ‌in‌ ‌this‌ ‌study.‌‌Thus,‌‌the‌‌yields‌‌                                     

applied‌ ‌for‌ ‌the‌ ‌production‌ ‌of‌ ‌HOM‌ ‌in‌ ‌the‌ ‌model‌ ‌(Appendix‌ ‌C)‌ ‌are‌ ‌connected‌ ‌with‌ ‌a‌ ‌large‌ ‌degree‌ ‌of‌ ‌uncertainty.‌ ‌The‌‌                                       

influence‌ ‌of‌ ‌changing‌ ‌HOM‌ ‌yields‌ ‌on‌ ‌our‌ ‌results‌ ‌was‌ ‌therefore‌ ‌also‌ ‌investigated‌ ‌(Sec.‌ ‌3.2,‌ ‌Fig.‌ ‌11e,j,o,t).‌ ‌Formation‌‌of‌‌                                   

oxygenated‌‌organics‌‌from‌‌oxidation‌‌of‌‌sesquiterpenes‌‌and‌‌methyl‌‌salicylate‌‌are‌‌also‌‌included‌‌(Appendix‌‌C).‌‌The‌‌sum‌‌of‌‌all‌‌                                   

organic‌ ‌compounds,‌ ‌which‌ ‌contribute‌ ‌to‌ ‌aerosol‌ ‌processes,‌ ‌is‌ ‌referred‌ ‌to‌ ‌as‌ ‌“OxOrg”.‌ ‌‌The‌ ‌chemistry‌ ‌was‌ ‌solved‌ ‌by‌ ‌the‌‌                                   

ordinary‌ ‌differential‌ ‌equation‌ ‌solver‌ ‌DLSODE‌ ‌(Radhakrishnan‌ ‌and‌ ‌Hindmarsh,‌ ‌1993),‌ ‌and‌ ‌it‌ ‌was‌ ‌assumed‌ ‌that‌ ‌the‌‌                             

concentrations‌ ‌of‌ ‌all‌ ‌considered‌ ‌atmospheric‌ ‌molecules‌ ‌were‌ ‌homogeneously‌ ‌distributed‌ ‌within‌ ‌the‌ ‌mixing‌ ‌volume.‌ ‌ 

‌ 

Table‌ ‌3.‌ ‌Common‌ ‌changes‌‌in‌‌the‌‌atmospheric‌‌concentrations‌‌of‌‌volatile‌‌organic‌‌compounds‌‌(VOC)‌‌and‌‌OH‌‌during‌‌biotic‌‌                                 

plant‌ ‌stress.‌ ‌LOX‌ ‌are‌ ‌lipoxygenase‌ ‌pathway‌ ‌volatile‌ ‌compounds.‌ ‌ 

‌ 

2.7‌ ‌Calculation‌ ‌of‌ ‌the‌ ‌formation‌ ‌and‌ ‌growth‌ ‌of‌ ‌secondary‌ ‌organic‌ ‌aerosol‌ ‌particles‌ ‌ 

The‌‌clustering‌‌and‌‌activation‌‌of‌‌new‌‌particles‌‌are‌‌expressed‌‌by‌‌a‌‌formation‌‌rate‌‌of‌‌neutral‌‌2‌‌nm‌‌sized‌‌clusters,‌‌‌J‌2‌ ‌(cm‌-3‌‌‌s‌-1‌),‌‌                                           

which‌ ‌is‌ ‌computed‌ ‌by‌ ‌Eq.‌ ‌20,‌ ‌using‌ ‌coefficients‌ ‌(‌α‌1-3‌)‌ ‌from‌ ‌Table‌ ‌3,‌ ‌both‌ ‌found‌ ‌in‌ ‌Paasonen‌ ‌et‌ ‌al.‌ ‌(2010):‌ ‌ 

 J2 = α1 × H SO[ 2 4]
2 + α2 × H SO[ 2 4] OxOrg[ ] + α3 × OxOrg[ ]2 (2)‌ ‌ 

It‌ ‌is‌ ‌here‌ ‌assumed‌ ‌that‌ ‌new‌ ‌particles‌ ‌are‌ ‌formed‌ ‌via‌ ‌heteromolecular‌ ‌homogeneous‌ ‌nucleation‌‌between‌‌sulfuric‌‌acid‌‌and‌‌                                 

oxidised‌ ‌organic‌ ‌compounds‌ ‌(OxOrg)‌ ‌as‌ ‌well‌ ‌as‌ ‌via‌ ‌homogeneous‌ ‌nucleation‌ ‌of‌ ‌sulfuric‌ ‌acid‌ ‌and‌ ‌OxOrg‌ ‌alone.‌ ‌For‌‌                                 

simplification,‌ ‌we‌ ‌only‌ ‌operated‌ ‌with‌ ‌one‌ ‌growing‌ ‌aerosol‌‌mode‌‌and‌‌therefore‌‌included‌‌a‌‌unit-less‌‌correction‌‌term‌‌(KK),‌‌                                 

which‌ ‌determines‌ ‌how‌ ‌large‌ ‌a‌ ‌fraction‌ ‌of‌ ‌the‌ ‌activated‌ ‌clusters‌ ‌reaches‌ ‌the‌ ‌growing‌ ‌mode‌ ‌(Kerminen‌ ‌and‌ ‌Kulmala,‌ ‌2002):‌ ‌ 

K xp  K = e (η× )1/D /D[ p − 1 clus] (3)‌ ‌ 

where‌ ‌ ‌and‌ ‌ ‌are‌ ‌the‌ ‌diameters‌ ‌of‌ ‌the‌ ‌growing‌‌mode‌‌and‌‌clusters,‌‌respectively,‌‌and‌‌‌D‌clus‌ ‌=‌‌2‌‌nm‌‌as‌‌stated‌‌above.‌‌  Dp     Dclus                                      

Further,‌ ‌η‌ ‌(nm)‌ ‌is‌ ‌(Eq.‌ ‌11-12‌ ‌and‌ ‌Table‌ ‌1‌ ‌in‌ ‌Kerminen‌ ‌and‌ ‌Kulmala,‌ ‌2002):‌ ‌ 

830 nm · S/GRη = 1 2 · s h−1 × C (4)‌ ‌ 

where‌ ‌CS‌ ‌(s‌-1‌)‌ ‌is‌ ‌the‌ ‌condensation‌ ‌sink.‌ ‌When‌ ‌used‌ ‌together‌ ‌with‌ ‌Eq.‌ ‌3,‌ ‌the‌ ‌value‌ ‌of‌ ‌CS‌ ‌is‌ ‌that‌ ‌of‌ ‌sulfuric‌ ‌acid.‌ ‌The‌‌ 

condensational‌ ‌particle‌ ‌diameter‌ ‌growth‌ ‌rate‌ ‌(GR,‌ ‌nm‌ ‌h‌-1‌)‌ ‌of‌ ‌newly‌ ‌formed‌ ‌2-3‌ ‌nm‌ ‌particles‌ ‌is‌ ‌calculated‌ ‌according‌ ‌to‌‌ 

Nieminen‌ ‌et‌ ‌al.‌ ‌(2010):‌ ‌ 

.5 nm C  cmGR2−3 nm = 0 · h−1 × C × 10−7 3 (5)‌ ‌ 
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‌  Change‌ ‌in‌ ‌VOC‌ ‌concentration‌ ‌  Change‌ ‌in‌ ‌OH‌ ‌concentration‌ ‌  Reference‌ ‌ 

Stress↑‌ ‌  [LOX]↑‌ ‌ 
[methyl‌ ‌salicylate]↑‌ ‌ 
[methanol]↑‌ ‌ 
[monoterpenes]↑‌ ‌ 

[OH]↓‌ ‌  Mentel‌ ‌et‌ ‌al.‌ ‌(2013)‌ ‌ 
Calvert‌ ‌et‌ ‌al.‌ ‌(2000)‌ ‌ 
Atkinson‌ ‌et‌ ‌al.‌ ‌(1992)‌ ‌ 
Hakola‌ ‌et‌ ‌al.‌ ‌(1994)‌ ‌ 

[sesquiterpenes]↑‌ ‌  [OH]↑‌ ‌  Atkinson‌ ‌and‌ ‌Arey‌ ‌(2003)‌ ‌ 
Winterhalter‌ ‌et‌ ‌al.‌ ‌(2009)‌ ‌ 

[isoprene]↓‌ ‌  [OH]?,‌ ‌but‌ ‌most‌ ‌probably‌ ‌[OH]↑‌ ‌  Lelieveld‌ ‌et‌ ‌al.‌ ‌(2008)‌‌ 
Taraborrelli‌ ‌et‌ ‌al.‌ ‌(2012)‌ ‌ 
Wells‌ ‌et‌ ‌al.‌ ‌(2020)‌ ‌ 



where‌ ‌CC‌ ‌is‌ ‌the‌ ‌concentration‌ ‌of‌ ‌condensable‌ ‌vapours‌ ‌which‌ ‌we‌ ‌assumed‌ ‌to‌ ‌be‌ ‌the‌ ‌sum‌ ‌of‌‌sulfuric‌‌acid‌‌and‌‌OxOrg.‌‌In‌‌                                         

addition,‌ ‌we‌ ‌assumed‌ ‌that‌ ‌the‌ ‌molar‌ ‌mass‌ ‌of‌ ‌OxOrg‌ ‌are‌ ‌3.5‌ ‌times‌ ‌larger‌ ‌than‌ ‌that‌ ‌of‌ ‌sulfuric‌ ‌acid‌ ‌(Ehn‌ ‌et‌ ‌al.,‌ ‌2014),‌ ‌hence:‌ ‌ 

‌C  C = H SO[ 2 4] + OxOrg[ ] × 3.51/3   (6)‌ ‌ 

It‌ ‌is‌ ‌a‌ ‌complex‌ ‌matter‌ ‌to‌ ‌model‌ ‌nanoparticle‌ ‌growth,‌ ‌especially‌ ‌in‌ ‌forested‌ ‌environments,‌ ‌since‌ ‌thousands‌ ‌of‌ ‌individual‌‌                                 

molecules‌ ‌with‌ ‌different‌ ‌vapour‌ ‌pressures‌ ‌contribute‌ ‌to‌ ‌the‌ ‌growth,‌ ‌but‌ ‌particle‌ ‌growth‌ ‌rates‌ ‌have‌ ‌been‌ ‌observed‌ ‌to‌ ‌be‌‌                                   

strongly‌‌size-dependent‌‌in‌‌the‌‌field‌‌(Hirsikko‌‌et‌‌al.,‌‌2005;‌‌Yli-Juuti‌‌et‌‌al.,‌‌2011;‌‌Häkkinen‌‌et‌‌al.,‌‌2013).‌‌Hence,‌‌we‌‌accounted‌‌                                       

for‌‌this‌‌size-dependency‌‌by‌‌enhancing‌‌the‌‌growth‌‌rates‌‌of‌‌particles‌‌larger‌‌than‌‌3‌‌nm,‌‌as‌‌according‌‌to‌‌Hirsikko‌‌et‌‌al.‌‌(2005)‌‌                                         

and‌ ‌Yli-Juuti‌ ‌et‌ ‌al.‌ ‌(2011):‌ ‌ 

×GRGR3−7 nm = 2 2−3 nm ‌(7)‌ ‌ 

.3×GRGR>7 nm = 2 2−3 nm ‌(8)‌ ‌ 

The‌ ‌increase‌ ‌in‌ ‌the‌ ‌diameter‌ ‌of‌ ‌the‌ ‌growing‌ ‌mode‌ ‌(‌ )‌ ‌is‌ ‌defined‌ ‌by‌ ‌the‌ ‌growth‌ ‌rate:‌Dp  

D /Δt R/3600 sΔ p = G · h−1

(9)‌ ‌ 

while‌‌the‌‌increase‌‌in‌‌the‌‌number‌‌of‌‌new‌‌particles‌‌(‌ ,‌‌cm‌-3‌)‌ ‌is‌‌determined‌‌by‌‌the‌‌formation‌‌of‌‌new‌‌particles‌‌which‌‌reaches‌‌                  N p                        

the‌ ‌growing‌ ‌mode‌ ‌and‌ ‌the‌ ‌coagulation‌ ‌of‌ ‌particles‌ ‌in‌ ‌the‌ ‌growing‌ ‌mode‌ ‌by:‌ ‌ 

N /Δt K oagSΔ p = J2 × K − C × N p (10)‌ ‌ 

where‌ ‌the‌ ‌coagulation‌ ‌sink‌ ‌(CoagS,‌ ‌s‌-1‌)‌ ‌is‌ ‌calculated‌ ‌according‌ ‌to‌ ‌(Lehtinen‌ ‌et‌ ‌al.,‌ ‌2007):‌ ‌ 

oagS SC = C × (0.71 nm/D )p
1.6 ‌(11)‌ ‌ 

‌ 

3‌ ‌Results‌ ‌and‌ ‌discussion‌ ‌ 

3.1‌ ‌Simulations‌ ‌of‌ ‌biotically‌ ‌stressed‌ ‌and‌ ‌non-infected‌ ‌forest‌ ‌stands‌ ‌throughout‌ ‌a‌ ‌growing‌ ‌season‌ ‌ 

Simulation‌‌results‌‌of‌‌one‌‌full‌‌growing‌‌season‌‌from‌‌various‌‌non-infected,‌‌and‌‌moderately‌‌and‌‌severely‌‌infected‌‌forest‌‌stands‌‌                                 

are‌‌presented‌‌in‌‌Figs.‌‌5-9.‌‌In‌‌the‌‌figures,‌‌emissions,‌‌concentrations,‌‌the‌‌isoprene-to-monoterpenes‌‌carbon‌‌concentration‌‌ratio‌‌                             

(R‌‌=‌‌[isoprene‌‌C]/[monoterpenes‌‌C]‌‌=‌‌0.5·[isoprene]/[monoterpenes]),‌‌the‌‌formation‌‌and‌‌growth‌‌rates,‌‌and‌‌number‌‌of‌‌newly‌‌                               

formed‌ ‌particles‌‌are‌‌expressed‌‌as‌‌median‌‌values‌‌during‌‌10:00-16:00‌‌local‌‌time,‌‌while‌‌the‌‌particle‌‌diameter‌‌of‌‌the‌‌growing‌‌                                   

mode‌ ‌is‌ ‌provided‌ ‌as‌ ‌the‌ ‌daily‌ ‌maximum.‌ ‌We‌ ‌underline‌‌that‌‌our‌‌modelling‌‌study‌‌is‌‌of‌‌a‌‌conceptual‌‌character‌‌and‌‌that‌‌the‌‌                                         

modelling‌‌results‌‌therefore‌‌also‌‌should‌‌be‌‌treated‌‌accordingly.‌‌Modelling‌‌results‌‌are‌‌compared‌‌in‌‌detail‌‌to‌‌observations‌‌in‌‌the‌‌                                   

sections‌ ‌below‌ ‌in‌ ‌order‌ ‌to‌ ‌put‌ ‌our‌ ‌findings‌ ‌into‌ ‌perspective.‌ ‌ 

‌ 

3.1.1‌ ‌Canopy‌ ‌emissions‌ ‌of‌ ‌VOCs‌ ‌ 

The‌‌emissions‌‌of‌‌VOCs‌‌(Figs.‌‌5a,c,e,g,‌‌7a,b,‌‌8a,b,‌‌9a-c)‌‌change‌‌throughout‌‌the‌‌season‌‌due‌‌to‌‌variations‌‌in‌‌temperature,‌‌light,‌‌                                     

LAI‌‌and‌‌infection‌‌severity.‌‌The‌‌impact‌‌of‌‌leaf‌‌maturity‌‌development‌‌on‌‌emission‌‌predictions‌‌are‌‌presented‌‌in‌‌Appendix‌‌B‌‌                                   

and‌‌its‌‌atmospheric‌‌relevance‌‌discussed‌‌in‌‌Sec.‌‌3.2.‌‌Canopy‌‌emissions‌‌of‌‌VOCs‌‌are‌‌highly‌‌different‌‌from‌‌non-infected‌‌and‌‌                                   

infected‌ ‌forest‌ ‌stands,‌ ‌due‌ ‌to‌ ‌plant‌ ‌stress‌ ‌responses,‌‌but‌‌also‌‌due‌‌to‌‌a‌‌decrease‌‌in‌‌LAI‌‌in‌‌case‌‌of‌‌larval‌‌infestations‌‌(Figs.‌‌                                           

5a,c,e,g,‌‌9a-c).‌‌Constitutive‌‌isoprene‌‌emitters‌‌(i.e.‌‌oak‌‌and‌‌poplar)‌‌decrease‌‌their‌‌emissions‌‌of‌‌isoprene‌‌significantly‌‌during‌‌                               

the‌‌episodes‌‌of‌‌biotic‌‌stress,‌‌and‌‌a‌‌stronger‌‌reduction‌‌is‌‌observed‌‌as‌‌a‌‌function‌‌of‌‌an‌‌increase‌‌in‌‌stress‌‌severity‌‌(Figs.‌‌5a,‌‌7a,‌                                             

8a).‌‌All‌‌investigated‌‌stresses‌‌cause‌‌the‌‌plants‌‌to‌‌increase‌‌their‌‌emissions‌‌of‌‌monoterpenes‌‌greatly‌‌(Figs.‌‌5c,‌‌7b,‌‌8b,‌‌9a).‌‌The‌‌                                       

induction‌ ‌in‌ ‌the‌ ‌emissions‌ ‌of‌ ‌monoterpenes‌ ‌increases‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌ ‌stress‌ ‌severity‌ ‌per‌ ‌unit‌ ‌leaf‌ ‌area,‌ ‌but‌ ‌the‌ ‌LAI‌‌                                       

simultaneously‌ ‌decreases‌ ‌in‌ ‌case‌ ‌of‌ ‌larval‌ ‌infestations,‌ ‌which‌ ‌result‌ ‌in‌ ‌smaller‌ ‌canopy‌ ‌scale‌ ‌emissions‌ ‌from‌ ‌severely‌‌                               

defoliated‌ ‌stands‌ ‌compared‌ ‌to‌ ‌moderately‌ ‌stressed‌ ‌stands‌‌(Figs.‌‌5c,‌‌9a).‌‌Also‌‌the‌‌emissions‌‌of‌‌compounds,‌‌and‌‌groups‌‌of‌‌                                   
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compounds,‌ ‌such‌ ‌as‌ ‌methyl‌ ‌salicylate,‌ ‌LOX,‌ ‌methanol,‌ ‌DMNT,‌ ‌sesquiterpenes‌ ‌and‌ ‌oxygenated‌ ‌sesquiterpenes‌ ‌are‌‌                         

significantly‌ ‌increased‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌biotic‌ ‌plant‌ ‌stress‌ ‌(Figs.‌ ‌5e,g,‌ ‌7a,b,‌ ‌8a,b,‌ ‌9b,c).‌ ‌These‌ ‌compounds,‌ ‌together‌ ‌with‌‌                                   

monoterpenes,‌‌are‌‌in‌‌most‌‌cases‌‌not‌‌emitted‌‌constitutively‌‌at‌‌all‌‌or‌‌only‌‌in‌‌very‌‌small‌‌abundances‌‌from‌‌the‌‌considered‌‌tree‌‌                                       

species.‌‌Though‌‌the‌‌emissions‌‌of‌‌all‌‌induced‌‌VOCs‌‌increase‌‌as‌‌a‌‌function‌‌of‌‌the‌‌degree‌‌of‌‌damage,‌‌the‌‌responses‌‌to‌‌the‌‌level‌                                           

of‌‌stress‌‌severity‌‌are‌‌not‌‌necessarily‌‌the‌‌same‌‌for‌‌all‌‌VOCs‌‌and‌‌all‌‌individual‌‌stresses.‌‌This‌‌difference‌‌can,‌‌for‌‌example,‌‌be‌‌                                         

seen‌‌in‌‌the‌‌emissions‌‌of‌‌monoterpenes‌‌(Fig.‌‌5c)‌‌and‌‌LOX‌‌compounds‌‌(Fig.‌‌5e)‌‌from‌‌gypsy‌‌moth‌‌infested‌‌oak‌‌forests,‌‌which‌‌                                       

do‌ ‌not‌ ‌peak‌ ‌at‌ ‌the‌ ‌same‌ ‌time‌ ‌in‌ ‌the‌ ‌season.‌‌ ‌  

‌ 

3.1.2‌ ‌Ambient‌ ‌concentrations‌ ‌of‌ ‌VOCs‌ ‌and‌ ‌OxOrg‌ ‌ 

Since‌‌the‌‌concentrations‌‌of‌‌OH‌‌and‌‌O‌3‌ ‌are‌‌constrained‌‌within‌‌the‌‌simulations,‌‌the‌‌VOC‌‌emission‌‌patterns‌‌are‌‌reflected‌‌in‌‌the‌                                       

concentration‌‌patterns‌‌(Figs.‌‌5b,d,f,h,‌‌7c-e,‌‌8c-e,‌‌9e-g).‌‌All‌‌VOCs,‌‌except‌‌LOX‌‌and‌‌methanol,‌‌contribute‌‌to‌‌the‌‌formation‌‌of‌‌                                   

OxOrg‌‌(Figs.‌‌6a,‌‌7c,‌‌8c,‌‌9d),‌‌but‌‌the‌‌contributions‌‌from‌‌oxidation‌‌of‌‌the‌‌individual‌‌VOCs,‌‌or‌‌groups‌‌of‌‌VOCs,‌‌vary‌‌between‌‌                                         

the‌ ‌various‌ ‌stress‌ ‌cases‌ ‌and‌ ‌infection‌ ‌severity‌ ‌levels‌ ‌due‌ ‌to‌ ‌differences‌ ‌in‌ ‌emission‌ ‌rates‌ ‌and‌ ‌OxOrg‌ ‌forming‌ ‌yields‌‌                                   

(Appendix‌‌C).‌‌For‌‌example,‌‌in‌‌herbivory‌‌infested‌‌stands,‌‌OxOrg‌‌originating‌‌from‌‌monoterpenes‌‌make‌‌up‌‌by‌‌far‌‌the‌‌largest‌‌                                   

fraction‌‌of‌‌total‌‌OxOrg.‌‌This‌‌is‌‌mainly‌‌due‌‌to‌‌the‌‌fact‌‌that‌‌the‌‌induced‌‌emissions‌‌of‌‌monoterpenes‌‌are‌‌significantly‌‌higher‌‌                                       

than‌‌the‌‌emissions‌‌of‌‌other‌‌VOCs‌‌which‌‌contribute‌‌to‌‌OxOrg‌‌formation‌‌(Figs.‌‌5c,g,‌‌9a,c).‌‌In‌‌case‌‌of‌‌oak‌‌powdery‌‌mildew‌‌                                       

infected‌‌oak,‌‌HOM‌‌from‌‌monoterpenes‌‌and‌‌oxygenated‌‌organics‌‌from‌‌methyl‌‌salicylate‌‌reactions‌‌contribute‌‌about‌‌evenly‌‌to‌‌                               

the‌‌total‌‌OxOrg.‌‌The‌‌reason‌‌for‌‌this‌‌is‌‌that‌‌the‌‌canopy‌‌emissions‌‌of‌‌these‌‌VOCs‌‌are‌‌roughly‌‌similar‌‌(Fig.‌‌7a,b),‌‌the‌‌OxOrg‌‌                                           

yield‌ ‌of‌ ‌methyl‌ ‌salicylate‌ ‌is‌ ‌significantly‌ ‌higher‌ ‌than‌ ‌that‌ ‌of‌ ‌monoterpenes,‌ ‌but‌ ‌oxidation‌ ‌of‌ ‌methyl‌ ‌salicylate‌ ‌is‌‌                                 

correspondingly‌ ‌slower‌ ‌(Appendix‌ ‌C).‌ ‌The‌ ‌main‌ ‌contributor‌ ‌to‌ ‌the‌ ‌total‌ ‌OxOrg‌ ‌in‌ ‌poplar‌ ‌rust‌ ‌infected‌ ‌poplar‌ ‌stands‌ ‌is‌‌                                   

sesquiterpenes.‌‌Contributions‌‌from‌‌methyl‌‌salicylate,‌‌DMNT‌‌and‌‌α-Eudesmol‌‌to‌‌total‌‌OxOrg‌‌are‌‌individually‌‌rather‌‌small,‌‌                             

but‌‌together,‌‌they‌‌are‌‌close‌‌to‌‌matching‌‌the‌‌contribution‌‌from‌‌monoterpenes.‌‌When‌‌emissions‌‌of‌‌sesquiterpenes‌‌are‌‌omitted‌‌                                 

from‌ ‌simulations‌ ‌of‌ ‌a‌ ‌severely‌ ‌rust‌ ‌infected‌ ‌poplar‌ ‌stand,‌ ‌the‌ ‌concentration‌ ‌of‌ ‌OxOrg‌ ‌decreases‌ ‌with‌ ‌~46‌ ‌%,‌ ‌while,‌ ‌in‌‌                                     

comparison,‌ ‌the‌ ‌concentration‌ ‌of‌ ‌OxOrg‌ ‌decreases‌ ‌with‌ ‌~30‌ ‌%‌ ‌if‌ ‌the‌ ‌emissions‌ ‌of‌ ‌monoterpenes‌ ‌are‌ ‌instead‌ ‌excluded.‌‌ ‌  

In‌‌the‌‌simulations,‌‌the‌‌daily‌‌median‌‌(10:00-16:00)‌‌ambient‌‌concentration‌‌of‌‌OxOrg‌‌is‌‌at‌‌maximum‌‌~4.2⨉10‌7‌ ‌cm‌-3‌ ‌in‌‌                                 

a‌‌gypsy‌‌moth‌‌infested‌‌oak‌‌stand‌‌(Fig.‌‌6a),‌‌~1.1⨉10‌7‌ ‌cm‌-3‌ ‌in‌‌an‌‌oak‌‌powdery‌‌mildew‌‌infected‌‌oak‌‌stand‌‌(Fig.‌‌7c),‌‌~4.2⨉10‌7‌ ‌                                         

cm‌-3‌ ‌in‌‌a‌‌rust‌‌infected‌‌poplar‌‌stand‌‌(Fig.‌‌8c),‌‌and‌‌~3.3⨉10‌7‌ ‌cm‌-3‌ ‌in‌‌an‌‌autumnal‌‌moth‌‌infested‌‌mountain‌‌birch‌‌stand‌‌(Fig.‌‌9d).‌‌                                           

The‌ ‌ambient‌ ‌concentration‌ ‌of‌ ‌OxOrg‌ ‌is‌‌much‌‌higher‌‌in‌‌gypsy‌‌moth‌‌infested‌‌oak‌‌stands,‌‌than‌‌in‌‌a‌‌non-infested‌‌oak‌‌stand,‌‌                                       

during‌‌the‌‌period‌‌of‌‌stress‌‌(Fig.‌‌6a).‌‌When‌‌the‌‌period‌‌of‌‌feeding‌‌has‌‌been‌‌concluded,‌‌the‌‌concentration‌‌of‌‌OxOrg‌‌is‌‌higher‌‌in‌‌                                           

non-infested‌‌oak‌‌stands‌‌than‌‌in‌‌stands‌‌that‌‌have‌‌been‌‌exposed‌‌to‌‌stress‌‌due‌‌to‌‌a‌‌higher‌‌LAI.‌‌However,‌‌the‌‌concentration‌‌of‌‌                                         

OxOrg‌‌is‌‌then‌‌only‌‌~15-20‌‌%‌‌of‌‌the‌‌OxOrg‌‌concentration‌‌during‌‌the‌‌period‌‌of‌‌stress‌‌and‌‌it‌‌is‌‌almost‌‌exclusively‌‌composed‌‌                                         

of‌‌HOM‌‌originating‌‌from‌‌isoprene.‌‌The‌‌concentration‌‌of‌‌OxOrg‌‌increases‌‌as‌‌a‌‌function‌‌of‌‌fungal‌‌infection‌‌severity,‌‌and‌‌in‌‌                                     

our‌ ‌simulations‌ ‌the‌ ‌concentration‌ ‌of‌ ‌OxOrg‌ ‌is‌ ‌higher‌ ‌in‌ ‌fungally‌ ‌infected‌ ‌stands‌ ‌by‌ ‌a‌‌factor‌‌of‌‌up‌‌to‌‌~6.9‌‌(oak‌‌powdery‌‌                                         

mildew‌ ‌infected‌ ‌oak‌ ‌stands,‌ ‌Fig.‌ ‌7c)‌ ‌and‌ ‌~3.3‌ ‌(poplar‌ ‌rust‌ ‌infected‌ ‌poplar‌ ‌stands,‌ ‌Fig.‌‌8c).‌‌Since‌‌the‌‌investigated‌‌poplar‌‌                                     

species‌ ‌is‌ ‌a‌ ‌great‌ ‌constitutive‌ ‌isoprene‌ ‌emitter,‌ ‌relatively‌‌high‌‌concentrations‌‌of‌‌OxOrg‌‌are‌‌predicted‌‌for‌‌the‌‌non-infected‌‌                                 

poplar‌ ‌stand‌‌(Fig.‌‌8c).‌‌In‌‌mountain‌‌birch‌‌stands,‌‌the‌‌concentration‌‌of‌‌OxOrg‌‌is‌‌up‌‌to‌‌2-2.5‌‌times‌‌higher‌‌in‌‌autumnal‌‌moth‌                                         

infested‌‌stands‌‌during‌‌the‌‌feeding‌‌period‌‌than‌‌in‌‌a‌‌non-infested‌‌birch‌‌stand‌‌(Fig.‌‌9d).‌‌The‌‌difference‌‌in‌‌OxOrg‌‌concentration‌‌                                     

between‌ ‌moderately‌‌and‌‌severely‌‌infested‌‌birch‌‌stands‌‌is‌‌small,‌‌due‌‌to‌‌the‌‌combined‌‌effects‌‌of‌‌stress‌‌response‌‌(which‌‌is‌‌a‌‌                                       

function‌ ‌of‌ ‌the‌ ‌degree‌ ‌of‌ ‌damage)‌ ‌and‌ ‌LAI‌ ‌reduction‌ ‌(Fig.‌ ‌9d),‌ ‌but‌ ‌towards‌ ‌the‌ ‌conclusion‌ ‌of‌ ‌the‌ ‌feeding‌ ‌period,‌ ‌the‌‌                                       

concentration‌ ‌of‌ ‌OxOrg‌ ‌is‌ ‌significantly‌ ‌higher‌ ‌in‌ ‌the‌ ‌less‌ ‌defoliated‌ ‌stand.‌‌ ‌  
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3.1.3‌ ‌Formation‌ ‌of‌ ‌new‌ ‌particles‌ ‌ 

New‌‌particles‌‌are‌‌assumed‌‌to‌‌be‌‌formed‌‌from‌‌OxOrg‌‌and‌‌sulfuric‌‌acid‌‌(Sec.‌‌2.7,‌‌Eq.‌‌2).‌‌Since‌‌the‌‌concentration‌‌of‌‌sulfuric‌‌                                         

acid‌ ‌is‌ ‌constrained‌ ‌within‌ ‌the‌ ‌simulations,‌ ‌the‌ ‌concentration‌ ‌pattern‌ ‌of‌ ‌OxOrg‌ ‌is‌ ‌reflected‌ ‌in‌ ‌the‌ ‌seasonal‌ ‌pattern‌ ‌of‌‌the‌‌                                     

formation‌ ‌rates‌ ‌(Figs.‌ ‌6c-e,‌ ‌7f,‌ ‌8f,‌ ‌9h,i).‌ ‌Thus,‌ ‌in‌ ‌case‌ ‌of‌ ‌gypsy‌ ‌moth‌ ‌infested‌ ‌oak,‌ ‌the‌ ‌formation‌ ‌rates‌ ‌are‌‌much‌‌higher‌‌                                         

(increase‌‌by‌‌up‌‌to‌‌a‌‌factor‌‌of‌‌~5‌‌(‌J‌2‌),‌‌~7‌‌(‌J‌3‌),‌‌and‌‌~11‌‌(‌J‌10‌))‌‌in‌‌stressed‌‌stands‌‌than‌‌in‌‌non-infested‌‌stands‌‌during‌‌the‌‌period‌‌                                               

when‌‌the‌‌plants‌‌are‌‌exposed‌‌to‌‌stress‌‌(Figs.‌‌6c-e).‌‌The‌‌predicted‌‌‌J‌2‌ ‌in‌‌gypsy‌‌moth‌‌infested‌‌oak‌‌stands‌‌is‌‌comparable‌‌to‌‌e.g.‌‌                                           

observations‌ ‌from‌ ‌Melpitz,‌ ‌Germany‌ ‌(~9.4‌ ‌cm‌-3‌ ‌s‌-1‌,‌ ‌Paasonen‌ ‌et‌‌al.,‌‌2010)‌‌and‌‌San‌‌Pietro‌‌Capofiume,‌‌Italy‌‌(~13‌‌cm‌-3‌ ‌s‌-1‌,‌                                     

Paasonen‌ ‌et‌ ‌al.,‌ ‌2010).‌ ‌Both‌ ‌Melpitz‌ ‌and‌ ‌San‌ ‌Pietro‌ ‌Capofiume‌ ‌are‌ ‌rural‌ ‌sites‌ ‌influenced‌ ‌by‌ ‌anthropogenic‌ ‌pollution‌‌                                 

(Paasonen‌‌et‌‌al.,‌‌2010).‌‌The‌‌modelled‌‌‌J‌2‌ ‌in‌‌a‌‌non-infested‌‌oak‌‌stand‌‌is‌‌comparable‌‌to‌‌observations‌‌from‌‌Hohenpeissenberg‌‌                                   

(~2.3‌ ‌cm‌-3‌ ‌s‌-1‌,‌ ‌Paasonen‌ ‌et‌ ‌al.,‌‌2010)‌‌and‌‌similar‌‌or‌‌even‌‌higher‌‌than‌‌typical‌‌formation‌‌rates‌‌measured‌‌in‌‌the‌‌boreal‌‌Scots‌‌                                         

pine‌‌forest‌‌in‌‌Hyytiälä,‌‌Finland‌‌(~1-2‌‌cm‌-3‌ ‌s‌-1‌,‌‌Paasonen‌‌et‌‌al.,‌‌2010;‌‌Kulmala‌‌et‌‌al.,‌‌2012,‌‌2013;‌‌Vana‌‌et‌‌al.,‌‌2016)‌‌and‌‌in‌‌the‌‌                                               

hemiboreal‌ ‌forest‌ ‌in‌ ‌Järvseljä,‌ ‌Estonia‌ ‌(~1.09±1.06‌ ‌cm‌-3‌ ‌s‌-1‌,‌ ‌Vana‌ ‌et‌ ‌al.,‌ ‌2016).‌ ‌By‌ ‌analysing‌ ‌data‌ ‌from‌ ‌Hyytiälä‌ ‌and‌‌                                   

Järvseljä,‌‌Vana‌‌et‌‌al.‌‌(2016)‌‌showed‌‌that‌‌the‌‌values‌‌of‌‌J‌3‌ ‌were‌‌in‌‌general‌‌about‌‌60-80‌‌%‌‌of‌‌those‌‌of‌‌‌J‌2‌.‌‌Our‌‌simulations‌‌of‌‌a‌‌                                                 

non-infested‌ ‌oak‌ ‌stand‌ ‌follow‌ ‌this‌ ‌threshold,‌ ‌thus,‌ ‌the‌ ‌predicted‌ ‌‌J‌3‌ ‌in‌ ‌a‌ ‌non-infested‌ ‌oak‌ ‌stand‌ ‌is‌ ‌somewhat‌ ‌higher‌ ‌than‌‌                                     

observations‌‌from‌‌Hyytiälä‌‌(~0.6‌‌cm‌-3‌ ‌s‌-1‌,‌‌Kulmala‌‌et‌‌al.,‌‌2012,‌‌2013;‌‌Nieminen‌‌et‌‌al.,‌‌2014;‌‌Vana‌‌et‌‌al.,‌‌2016)‌‌and‌‌Järvseljä‌‌                                         

(~0.8‌ ‌cm‌-3‌ ‌s‌-1‌,‌ ‌Vana‌ ‌et‌ ‌al.,‌ ‌2016).‌ J‌3‌ ‌in‌ ‌gypsy‌‌moth‌‌infested‌‌oak‌‌stands‌‌is‌‌high,‌‌but‌‌similar‌‌values‌‌have‌‌occasionally‌‌been‌‌                                           

observed‌‌in‌‌Hyytiälä‌‌(up‌‌to‌‌about‌‌10‌‌cm‌-3‌ ‌s‌-1‌,‌‌Nieminen‌‌et‌‌al.,‌‌2014).‌‌Formation‌‌rates‌‌of‌‌5‌‌nm‌‌particles‌‌(‌J‌5‌=1.0±1.1‌‌cm‌-3‌ ‌s‌-1‌,‌‌                                           

Yu‌‌et‌‌al.,‌‌2014)‌‌measured‌‌in‌‌an‌‌oak‌‌forest‌‌in‌‌Missouri,‌‌USA,‌‌are‌‌much‌‌less‌‌than‌‌‌J‌10‌ ‌in‌‌our‌‌simulated‌‌infested‌‌stands,‌‌and‌‌so‌‌                                               

are‌ ‌e.g.‌ ‌also‌ ‌formation‌ ‌rates‌ ‌of‌ ‌10‌ ‌nm‌ ‌particles‌ ‌(‌J‌10‌=1.2‌ ‌cm‌-3‌ ‌s‌-1‌,‌ ‌Yli-Juuti‌ ‌et‌ ‌al.,‌ ‌2009)‌ ‌measured‌ ‌in‌ ‌a‌ ‌mixed‌ ‌forest‌ ‌in‌‌                                           

K-puszta,‌‌rural‌‌Hungary.‌‌Thus,‌‌the‌‌predicted‌‌formation‌‌rates‌‌in‌‌a‌‌non-infested‌‌oak‌‌stand‌‌are‌‌comparable,‌‌and‌‌in‌‌the‌‌case‌‌of‌‌                                       

gypsy‌ ‌moth‌ ‌infested‌ ‌oak‌ ‌stands,‌ ‌often‌ ‌much‌ ‌higher‌ ‌than‌ ‌observations‌ ‌from‌ ‌forests‌ ‌with‌ ‌intense‌ ‌new‌ ‌particle‌ ‌formation‌‌                                 

events.‌‌ ‌  

The‌ ‌formation‌ ‌rates‌ ‌of‌ ‌new‌ ‌particles‌ ‌are‌ ‌always‌ ‌higher‌ ‌in‌ ‌oak‌ ‌powdery‌ ‌mildew‌ ‌infected‌ ‌oak‌ ‌stands‌ ‌than‌ ‌in‌ ‌a‌‌                                     

non-infected‌‌oak‌‌stand‌‌(Fig.‌‌7f),‌‌though‌‌the‌‌fungus‌‌is‌‌not‌‌able‌‌to‌‌perturb‌‌the‌‌formation‌‌rates‌‌as‌‌strongly‌‌(increase‌‌by‌‌up‌‌to‌‌a‌‌                                             

factor‌ ‌of‌ ‌~2.3‌ ‌(‌J‌2‌),‌ ‌~3.0‌ ‌(‌J‌3‌),‌ ‌and‌ ‌~5.3‌ ‌(‌J‌10‌))‌ ‌as‌ ‌herbivory‌ ‌by‌ ‌gypsy‌ ‌moth‌ ‌larvae.‌‌ ‌  

Simulations‌‌of‌‌poplar‌‌stands‌‌suggest‌‌that‌‌particles‌‌will‌‌be‌‌formed‌‌at‌‌high‌‌rates‌‌in‌‌the‌‌range‌‌~3.6-11.4‌‌cm‌-3‌ ‌s‌-1‌ ‌(‌J‌2‌)‌‌                                       

and‌‌~2.7-10.6‌‌cm‌-3‌ ‌s‌-1‌ ‌(J‌3‌)‌‌during‌‌the‌‌late‌‌summer‌‌when‌‌the‌‌full‌‌leaf‌‌state‌‌has‌‌been‌‌attained,‌‌and‌‌our‌‌simulations‌‌suggest‌‌that‌‌                                           

new‌ ‌particles‌ ‌will‌ ‌be‌ ‌formed‌ ‌the‌ ‌fastest‌ ‌in‌ ‌severely‌ ‌rust‌ ‌infected‌ ‌stands‌ ‌(increase‌ ‌by‌ ‌up‌ ‌to‌ ‌a‌ ‌factor‌ ‌of‌ ‌~3.2‌ ‌(‌J‌2‌),‌ ‌and‌ ‌~3.9‌ ‌(‌J‌3‌)).‌ ‌ 

In‌ ‌our‌ ‌simulations,‌ ‌herbivory‌ ‌by‌ ‌autumnal‌ ‌moth‌‌increases‌‌the‌‌formation‌‌rates‌‌of‌‌new‌‌particles‌‌in‌‌mountain‌‌birch‌‌                                 

stands‌‌by‌‌up‌‌to‌‌a‌‌factor‌‌of‌‌~2.5‌‌(‌J‌2‌)‌‌and‌‌~2.6‌‌(‌J‌3‌).‌‌The‌‌formation‌‌rates‌‌of‌‌2‌‌and‌‌3‌‌nm‌‌particles‌‌are‌‌predicted‌‌to‌‌vary‌‌between‌‌                                                   

0.38‌‌cm‌-3‌ ‌s‌-1‌ ‌and‌‌2.5‌‌cm‌-3‌ ‌s‌-1‌ ‌(J‌2‌),‌‌and‌‌0.31‌‌cm‌-3‌ ‌s‌-1‌ ‌and‌‌2.5‌‌cm‌-3‌ ‌s‌-1‌ ‌(J‌3‌)‌‌in‌‌stressed‌‌stands,‌‌and‌‌between‌‌0.32‌‌cm‌-3‌ ‌s‌-1‌ ‌and‌‌1.1‌‌                                                     

cm‌-3‌ ‌s‌-1‌ ‌(J‌2‌),‌‌and‌‌0.26‌‌cm‌-3‌ ‌s‌-1‌ ‌and‌‌0.99‌‌cm‌-3‌ ‌s‌-1‌ ‌(J‌3‌)‌‌in‌‌non-infested‌‌stands.‌‌The‌‌higher‌‌end‌‌of‌‌these‌‌values‌‌is‌‌comparable‌‌to‌‌                                               

rates‌ ‌observed‌ ‌in‌ ‌Hohenpeissenberg‌ ‌and‌ ‌Hyytiälä‌ ‌(see‌ ‌above).‌ ‌Kyrö‌ ‌et‌ ‌al.‌ ‌(2014)‌ ‌reported‌ ‌that‌ ‌the‌ ‌monthly‌ ‌averaged‌‌                                 

formation‌ ‌rate‌ ‌of‌ ‌3‌ ‌nm‌ ‌particles‌ ‌during‌ ‌2005‌ ‌-‌ ‌2011,‌ ‌at‌ ‌the‌ ‌SMEAR‌ ‌I‌ ‌station‌ ‌in‌ ‌Värriö,‌ ‌varied‌ ‌throughout‌ ‌the‌ ‌year‌ ‌by‌‌                                           

0.04-0.45‌‌cm‌-3‌ ‌s‌-1‌,‌‌and‌‌by‌‌0.16-0.23‌‌cm‌-3‌ ‌s‌-1‌ ‌during‌‌the‌‌summer‌‌months.‌‌Analysis‌‌of‌‌years‌‌2013‌‌and‌‌2014,‌‌also‌‌in‌‌Värriö,‌‌led‌‌                                           

to‌ ‌a‌‌median‌‌formation‌‌rate‌‌of‌‌0.14±0.05‌‌cm‌-3‌ ‌s‌-1‌ ‌(J‌3‌)‌‌(Vana‌‌et‌‌al.,‌‌2016).‌‌Thus,‌‌the‌‌predicted‌‌formation‌‌rates‌‌in,‌‌especially,‌‌                                         

non-infested‌‌mountain‌‌birch‌‌stands‌‌in‌‌Lapland‌‌are‌‌generally‌‌within‌‌range,‌‌but‌‌often‌‌somewhat‌‌higher‌‌than‌‌observations‌‌from‌‌                                 

the‌ ‌same‌ ‌location.‌ ‌It‌ ‌should,‌ ‌though,‌ ‌be‌ ‌mentioned‌ ‌that‌ ‌these‌ ‌literature‌ ‌values‌ ‌cannot‌ ‌be‌ ‌used‌ ‌to‌ ‌validate‌‌our‌‌simulation‌‌                                     

results,‌ ‌since‌ ‌Scots‌ ‌pines,‌ ‌and‌ ‌not‌ ‌mountain‌ ‌birches,‌ ‌dominate‌ ‌the‌ ‌SMEAR‌ ‌I‌ ‌site‌ ‌(Kyrö‌ ‌et‌ ‌al.,‌ ‌2014),‌ ‌and‌ ‌the‌ ‌LAI‌ ‌of‌‌                                         

mountain‌‌birches‌‌at‌‌the‌‌station‌‌is‌‌significantly‌‌less‌‌than‌‌2‌‌m‌2‌ ‌m‌-2‌ ‌(Ylivinkka‌‌et‌‌al.,‌‌2020).‌‌The‌‌modelled‌‌formation‌‌rates‌‌are‌‌                                         

not‌ ‌compared‌‌to‌‌observations‌‌from‌‌the‌‌mountain‌‌birch‌‌dominated‌‌areas‌‌in‌‌Lapland,‌‌since‌‌such‌‌observations‌‌do‌‌not,‌‌to‌‌our‌‌                                     

knowledge,‌ ‌exist.‌‌ ‌  
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A‌‌very‌‌recent‌‌investigation‌‌of‌‌long-term‌‌field‌‌observations‌‌(25‌‌years)‌‌from‌‌the‌‌SMEAR‌‌I‌‌station‌‌(Ylivinkka‌‌et‌‌al.,‌‌                                   

2020),‌‌where‌‌autumnal‌‌moth‌‌larvae‌‌are‌‌prominent‌‌defoliators‌‌of‌‌mountain‌‌birches,‌‌did,‌‌however,‌‌not‌‌find‌‌any‌‌evidence‌‌that‌‌                                   

herbivory‌‌by‌‌autumnal‌‌moth‌‌would‌‌enhance‌‌the‌‌formation,‌‌nor‌‌growth,‌‌of‌‌atmospheric‌‌aerosol‌‌particles‌‌during‌‌the‌‌summer‌‌                                 

of‌‌infestation.‌‌Instead‌‌there‌‌was‌‌some‌‌evidence‌‌of‌‌elevated‌‌total‌‌particle‌‌concentrations‌‌for‌‌a‌‌few‌‌years‌‌after‌‌summers‌‌with‌‌                                     

larval‌ ‌infestation,‌ ‌which‌ ‌was‌ ‌speculated‌ ‌to‌ ‌be‌ ‌caused‌ ‌by‌ ‌delayed‌ ‌defense‌ ‌responses‌ ‌of‌ ‌mountain‌ ‌birches.‌ ‌It‌ ‌is,‌‌however,‌‌                                   

possible‌‌that‌‌the‌‌total‌‌foliage‌‌mass‌‌of‌‌mountain‌‌birches‌‌in‌‌the‌‌area‌‌is‌‌too‌‌small,‌‌or‌‌that‌‌the‌‌level‌‌of‌‌infestation‌‌was‌‌too‌‌low‌‌                                               

during‌ ‌the‌ ‌investigated‌ ‌time‌ ‌period,‌ ‌in‌ ‌order‌ ‌to‌ ‌cause‌ ‌detectable‌ ‌changes‌ ‌in‌ ‌aerosol‌ ‌variables‌ ‌(Ylivinkka‌ ‌et‌ ‌al.,‌ ‌2020).‌ ‌ 

The‌‌amount‌‌of‌‌newly‌‌formed‌‌particles‌‌is‌‌predicted‌‌to‌‌be‌‌up‌‌to‌‌about‌‌one‌‌order‌‌of‌‌magnitude‌‌higher‌‌in‌‌a‌‌gypsy‌‌moth‌‌                                           

infested‌‌oak‌‌stand‌‌than‌‌in‌‌a‌‌non-infested‌‌oak‌‌stand,‌‌with‌‌a‌‌10:00-16:00‌‌median‌‌of‌‌up‌‌to‌‌~1.4⨉10‌5‌ ‌cm‌-3‌ ‌in‌‌an‌‌infested‌‌stand‌‌                                           

(Fig.‌‌6f).‌‌Such‌‌a‌‌high‌‌production‌‌of‌‌new‌‌particles‌‌is‌‌comparable‌‌to‌‌observations‌‌from‌‌e.g.‌‌Melpitz‌‌(Größ‌‌et‌‌al.,‌‌2018).‌‌The‌‌                                         

number‌‌of‌‌produced‌‌particles‌‌in‌‌a‌‌non-infested‌‌oak‌‌stand‌‌(~1.1⨉10‌4‌ ‌cm‌-3‌;‌‌Fig.‌‌6f)‌‌is‌‌comparable‌‌to‌‌e.g.‌‌the‌‌number‌‌of‌‌new‌‌                                         

particles‌ ‌produced‌ ‌during‌ ‌a‌ ‌typical‌ ‌new‌ ‌particle‌ ‌formation‌ ‌event‌ ‌in‌ ‌Hyytiälä‌ ‌(~1-2⨉10‌4‌ ‌cm‌-3‌;‌ ‌Dal‌ ‌Maso‌ ‌et‌ ‌al.,‌ ‌2008;‌‌                                   

Nieminen‌‌et‌‌al.,‌‌2014),‌‌but‌‌significantly‌‌higher‌‌than‌‌observations‌‌from‌‌a‌‌Missouri‌‌oak‌‌forest,‌‌where‌‌sub-5‌‌nm‌‌particles‌‌were‌‌                                     

measured‌‌to‌‌be‌‌up‌‌to‌‌~2⨉10‌4‌ ‌cm‌-3‌,‌‌and‌‌5-25‌‌nm‌‌particles‌‌to‌‌~3000‌‌cm‌-3‌,‌‌during‌‌typical‌‌new‌‌particle‌‌formation‌‌events‌‌(Yu‌‌et‌‌                                           

al.,‌‌2014).‌‌After‌‌the‌‌period‌‌of‌‌stress,‌‌the‌‌number‌‌of‌‌particles‌‌in‌‌the‌‌growing‌‌mode‌‌is‌‌predicted‌‌to‌‌range‌‌between‌‌~7⨉10‌3‌ ‌cm‌-3‌ ‌                                           

and‌ ‌~17⨉10‌3‌ ‌cm‌-3‌ ‌in‌ ‌a‌ ‌non-infested‌‌stand,‌‌~6⨉10‌3‌ ‌cm‌-3‌ ‌and‌‌~12⨉10‌3‌ ‌cm‌-3‌ ‌in‌‌a‌‌30‌‌%‌‌defoliated‌‌stand‌‌and‌‌between‌‌~3⨉10‌3‌ ‌                                         

cm‌-3‌ ‌and‌‌~5⨉10‌3‌ ‌cm‌-3‌ ‌in‌‌a‌‌80‌‌%‌‌defoliated‌‌oak‌‌stand‌‌(Fig.‌‌6f).‌‌Oak‌‌powdery‌‌mildew‌‌is‌‌predicted‌‌to‌‌enhance‌‌the‌‌number‌‌of‌‌                                             

particles‌ ‌in‌ ‌the‌ ‌growing‌ ‌mode‌ ‌by‌ ‌up‌ ‌to‌ ‌a‌ ‌factor‌ ‌of‌ ‌~4‌ ‌compared‌ ‌to‌ ‌the‌ ‌corresponding‌ ‌non-infected‌ ‌stand,‌ ‌resulting‌ ‌in‌ ‌a‌‌                                         

maximum‌‌of‌‌~1.7⨉10‌4‌ ‌cm‌-3‌ ‌in‌‌an‌‌infected‌‌stand,‌‌under‌‌the‌‌used‌‌border‌‌conditions‌‌(Fig‌‌7g).‌‌Under‌‌the‌‌same‌‌environmental‌‌                                     

conditions,‌‌a‌‌severely‌‌poplar‌‌rust‌‌infected‌‌poplar‌‌stand‌‌is‌‌predicted‌‌to‌‌produce‌‌up‌‌to‌‌about‌‌five‌‌times‌‌as‌‌many‌‌new‌‌particles‌‌                                         

as‌‌a‌‌non-infected‌‌poplar‌‌stand,‌‌leading‌‌to‌‌a‌‌maximum‌‌of‌‌about‌‌1.1⨉10‌5‌ ‌cm‌-3‌ ‌in‌‌a‌‌severely‌‌infected‌‌stand‌‌(Fig‌‌8h).‌‌Finally,‌‌it‌‌                                           

is‌ ‌predicted‌ ‌that‌ ‌herbivory‌ ‌by‌‌autumnal‌‌moth‌‌enhances‌‌the‌‌amount‌‌of‌‌produced‌‌particles‌‌by‌‌up‌‌to‌‌a‌‌factor‌‌of‌‌~2.7,‌‌with‌‌a‌‌                                           

maximum‌‌number‌‌of‌‌particles‌‌in‌‌the‌‌growing‌‌mode‌‌of‌‌~3⨉10‌4‌ ‌cm‌-3‌ ‌in‌‌an‌‌infested‌‌birch‌‌stand‌‌(Fig.‌‌9j).‌‌The‌‌predicted‌‌amount‌‌                                         

of‌‌particles‌‌in‌‌a‌‌non-infested‌‌mountain‌‌birch‌‌stand‌‌is‌‌in‌‌the‌‌same‌‌order‌‌as‌‌observations‌‌from‌‌Finnish‌‌Lapland‌‌(Komppula‌‌et‌‌                                       

al.,‌ ‌2006).‌‌ ‌  

‌ 

3.1.4‌ ‌New‌ ‌particle‌ ‌growth‌ ‌ 

New‌‌particles‌‌are‌‌assumed‌‌to‌‌grow‌‌by‌‌sulfuric‌‌acid‌‌and‌‌OxOrg‌‌(Sec.‌‌2.7,‌‌Eq.‌‌5-8),‌‌hence‌‌the‌‌seasonal‌‌patterns‌‌of‌‌formation‌‌                                         

rates‌‌and‌‌OxOrg‌‌concentration‌‌are‌‌reflected‌‌in‌‌the‌‌pattern‌‌of‌‌the‌‌growth‌‌rates‌‌(Figs.‌‌6g,‌‌7h,‌‌8g,‌‌9k),‌‌and‌‌therefore‌‌also‌‌in‌‌the‌‌                                             

season‌‌pattern‌‌of‌‌the‌‌number‌‌(Figs.‌‌6f,‌‌7g,‌‌8h,‌‌9j)‌‌and‌‌size‌‌(Figs.‌‌6h,‌‌7g,‌‌8g,‌‌9l)‌‌of‌‌the‌‌growing‌‌particle‌‌mode.‌‌We‌‌predict‌‌that‌‌                                                 

the‌ ‌10:00-16:00‌ ‌median‌ ‌growth‌ ‌rate‌ ‌in‌ ‌a‌ ‌gypsy‌ ‌moth‌ ‌infested‌ ‌oak‌ ‌stand‌ ‌is‌ ‌at‌ ‌maximum‌ ‌~5.9‌ ‌nm‌ ‌h‌-1‌ ‌under‌ ‌the‌‌assumed‌‌                                         

boundary‌‌conditions,‌‌whereas‌‌the‌‌corresponding‌‌growth‌‌rate‌‌in‌‌a‌‌non-infested‌‌oak‌‌stand‌‌is‌‌around‌‌1.6‌‌nm‌‌h‌-1‌,‌‌when‌‌the‌‌full‌‌                                       

leaf‌‌state‌‌has‌‌been‌‌attained‌‌(Fig.‌‌6g).‌‌For‌‌comparison,‌‌the‌‌growth‌‌rate‌‌of‌‌new‌‌particles‌‌has‌‌been‌‌reported‌‌to‌‌range‌‌from‌‌0.5‌‌to‌‌                                             

12‌‌nm‌‌h‌-1‌ ‌in‌‌Hyytiälä‌‌(Dal‌‌Maso‌‌et‌‌al.,‌‌2007),‌‌with‌‌median‌‌values‌‌of‌‌2.1‌‌nm‌‌h‌-1‌ ‌(Vana‌‌et‌‌al.,‌‌2016),‌‌2.5‌‌nm‌‌h‌-1‌ ‌(Dal‌‌Maso‌‌et‌‌                                                     

al.,‌ ‌2007),‌ ‌and‌ ‌3.3‌ ‌nm‌ ‌h‌-1‌ ‌(Paasonen‌ ‌et‌ ‌al.,‌ ‌2010),‌ ‌depending‌ ‌on‌ ‌which‌ ‌years‌ ‌the‌ ‌data‌ ‌covered.‌ ‌Dal‌ ‌Maso‌ ‌et‌ ‌al.‌ ‌(2007)‌‌                                           

reported‌‌that‌‌the‌‌growth‌‌rate‌‌of‌‌new‌‌small‌‌particles‌‌in‌‌Aspvreten,‌‌a‌‌rural‌‌site‌‌in‌‌Sweden‌‌dominated‌‌by‌‌deciduous‌‌and‌‌conifer‌‌                                         

forests‌‌and‌‌some‌‌farmlands,‌‌ranged‌‌between‌‌1‌‌and‌‌11‌‌nm‌‌h‌-1‌,‌‌with‌‌a‌‌median‌‌value‌‌of‌‌3.4‌‌nm‌‌h‌-1‌.‌‌The‌‌growth‌‌rate‌‌was‌‌found‌‌                                               

to‌‌range‌‌from‌‌2.1‌‌to‌‌22.9‌‌nm‌‌h‌-1‌,‌‌with‌‌a‌‌median‌‌value‌‌of‌‌7.25‌‌nm‌‌h‌-1‌ ‌during‌‌spring‌‌in‌‌a‌‌mixed‌‌deciduous‌‌forest‌‌area‌‌close‌‌to‌‌                                                   

Heidelberg‌‌in‌‌Germany,‌‌under‌‌influence‌‌of‌‌anthropogenic‌‌pollution‌‌(Fiedler‌‌et‌‌al.,‌‌2005).‌‌Growth‌‌rates‌‌from‌‌an‌‌oak‌‌forest‌‌in‌‌                                     

Missouri,‌‌USA,‌‌were‌‌in‌‌the‌‌range‌‌1.6-11.2‌‌nm‌‌h‌-1‌ ‌(Yu‌‌et‌‌al.,‌‌2014).‌‌Median‌‌values‌‌for‌‌the‌‌growth‌‌rate‌‌have‌‌been‌‌reported‌‌to‌‌                                             

be‌‌4.2‌‌nm‌‌h‌-1‌ ‌in‌‌Melpitz‌‌(Paasonen‌‌et‌‌al.,‌‌2010),‌‌4.6‌‌nm‌‌h‌-1‌ ‌in‌‌Järvseljä‌‌(Vana‌‌et‌‌al.,‌‌2016),‌‌4.8‌‌nm‌‌h‌-1‌ ‌in‌‌Hohenpeißenberg‌‌                                               

(Paasonen‌ ‌et‌ ‌al.,‌ ‌2010)‌ ‌and‌ ‌9.5‌ ‌nm‌ ‌h‌-1‌ ‌in‌ ‌San‌ ‌Pietro‌ ‌Capofiume‌ ‌(Paasonen‌ ‌et‌‌al.,‌‌2010).‌‌Thus,‌‌we‌‌can‌‌conclude‌‌that‌‌our‌‌                                           
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predicted‌‌growth‌‌rates‌‌are‌‌comparable‌‌to‌‌atmospheric‌‌observations‌‌from‌‌several‌‌different‌‌rural‌‌sites.‌‌Growth‌‌rates‌‌obtained‌‌                               

from‌ ‌areas‌ ‌influenced‌ ‌by‌‌anthropogenic‌‌pollution‌‌are‌‌generally‌‌higher‌‌than‌‌our‌‌simulated‌‌rates,‌‌but‌‌this‌‌is‌‌expected,‌‌since‌‌                                   

our‌ ‌model‌ ‌is‌ ‌constrained‌ ‌by‌ ‌conditions‌ ‌representative‌ ‌for‌ ‌rural‌ ‌sites.‌‌ ‌  

Growth‌‌rates‌‌are‌‌predicted‌‌to‌‌be‌‌lower‌‌in‌‌an‌‌oak‌‌powdery‌‌mildew‌‌infected‌‌oak‌‌forest,‌‌than‌‌in‌‌a‌‌gypsy‌‌moth‌‌infested‌‌                                         

oak‌‌forest.‌‌The‌‌rates‌‌are‌‌predicted‌‌to,‌‌at‌‌maximum,‌‌be‌‌~2.0‌‌nm‌‌h‌-1‌ ‌(80‌‌%‌‌of‌‌leaf‌‌area‌‌covered‌‌by‌‌mildew),‌‌~1.6‌‌nm‌‌h‌-1‌ ‌(30‌‌%‌‌                                                   

of‌‌leaf‌‌area‌‌covered‌‌by‌‌mildew)‌‌and‌‌~1.2‌‌nm‌‌h‌-1‌ ‌(non-infected,‌‌in‌‌the‌‌same‌‌environmental‌‌conditions‌‌as‌‌the‌‌infected‌‌trees)‌‌                                       

(Fig.‌ ‌7h).‌ ‌Thus,‌ ‌the‌ ‌growth‌ ‌rates‌ ‌are‌ ‌similar‌ ‌to‌ ‌the‌ ‌lower‌ ‌end‌ ‌of‌ ‌the‌ ‌observed‌ ‌range.‌ ‌ 

The‌ ‌growth‌ ‌of‌‌small‌‌particles‌‌in‌‌non-infected‌‌and‌‌rust‌‌infected‌‌poplar‌‌stands‌‌are‌‌predicted‌‌to‌‌range‌‌between‌‌~2.1‌‌                                   

nm‌‌h‌-1‌ ‌and‌‌~5.7‌‌nm‌‌h‌-1‌,‌‌during‌‌the‌‌late‌‌summer‌‌when‌‌the‌‌full‌‌leaf‌‌state‌‌has‌‌been‌‌attained,‌‌with‌‌the‌‌fastest‌‌growth‌‌in‌‌a‌‌heavily‌‌                                                 

rust‌‌infected‌‌forest‌‌stand‌‌(Fig.‌‌8g).‌‌This‌‌range‌‌in‌‌growth‌‌rates‌‌is‌‌thus‌‌similar‌‌to‌‌simulation‌‌results‌‌of‌‌herbivory‌‌infested‌‌oak‌‌                                         

(see‌ ‌above;‌ ‌Fig.‌ ‌6g).‌ ‌ 

The‌ ‌predicted‌ ‌growth‌ ‌rates‌ ‌are‌ ‌smallest‌ ‌in‌ ‌simulations‌ ‌of‌ ‌non-infested‌ ‌mountain‌ ‌birch‌ ‌stands‌ ‌in‌ ‌Lapland.‌ ‌The‌‌                               

10:00-16:00‌‌median‌‌growth‌‌rate‌‌is‌‌at‌‌maximum‌‌predicted‌‌to‌‌be‌‌~1.4‌‌nm‌‌h‌-1‌ ‌in‌‌an‌‌infested‌‌stand‌‌and‌‌varies‌‌between‌‌~0.6‌‌nm‌‌                                           

h‌-1‌ ‌and‌‌~2.0‌‌nm‌‌h‌-1‌ ‌in‌‌a‌‌non-infested‌‌stand‌‌(Fig.‌‌9k).‌‌These‌‌values‌‌are‌‌in‌‌line‌‌with‌‌observations‌‌from‌‌Värriö‌‌(median:‌‌1.6±0.9‌‌                                           

nm‌‌h‌-1‌,‌‌Vana‌‌et‌‌al.,‌‌2016;‌‌monthly‌‌summer‌‌mean:‌‌3.7-4.4‌‌nm‌‌h‌-1‌,‌‌Kyrö‌‌et‌‌al.,‌‌2014;‌‌range:‌‌1-10‌‌nm‌‌h‌-1‌,‌‌median:‌‌2.4‌‌nm‌‌h‌-1‌,‌‌                                               

Dal‌ ‌Maso‌ ‌et‌ ‌al.,‌‌2007)‌‌and‌‌from‌‌Pallas,‌‌Finnish‌‌Lapland‌‌(median:‌‌2.0‌‌nm‌‌h‌-1‌,‌‌daily‌‌range:‌‌0.5-11‌‌nm‌‌h‌-1‌,‌‌Dal‌‌Maso‌‌et‌‌al.,‌‌                                             

2007;‌ ‌monthly‌ ‌range:‌ ‌1.9-4.6‌ ‌nm‌ ‌h‌-1‌,‌ ‌Asmi‌ ‌et‌ ‌al.,‌ ‌2011).‌ ‌ 

According‌‌to‌‌our‌‌predictions,‌‌new‌‌particles‌‌will‌‌grow‌‌up‌‌to‌‌about‌‌46‌‌nm‌‌larger‌‌in‌‌an‌‌oak‌‌gypsy‌‌moth‌‌infested‌‌oak‌‌                                         

stand‌‌compared‌‌to‌‌a‌‌non-infested‌‌oak‌‌stand‌‌within‌‌one‌‌day‌‌(Fig.‌‌6h).‌‌Simulation‌‌results‌‌for‌‌the‌‌other‌‌species/stressors‌‌show‌‌                                     

that‌‌new‌‌particles‌‌will‌‌grow‌‌up‌‌to‌‌about‌‌8‌‌nm‌‌more‌‌in‌‌an‌‌oak‌‌powdery‌‌mildew‌‌infected‌‌stand‌‌(Fig.‌‌7g),‌‌~28‌‌nm‌‌more‌‌in‌‌a‌‌                                                 

poplar‌‌rust‌‌infected‌‌poplar‌‌stand‌‌(Fig.‌‌8g),‌‌and‌‌~26‌‌nm‌‌larger‌‌in‌‌an‌‌autumnal‌‌moth‌‌infested‌‌mountain‌‌birch‌‌stand‌‌(Fig.‌‌9l),‌‌                                         

within‌ ‌one‌ ‌day,‌ ‌compared‌ ‌to‌ ‌their‌ ‌corresponding‌ ‌non-infected‌ ‌stands.‌ ‌In‌ ‌our‌ ‌simulations,‌ ‌the‌ ‌newly‌ ‌formed‌ ‌particles‌ ‌in‌‌                                 

non-infected‌ ‌oak‌ ‌stands‌ ‌are‌ ‌always‌ ‌mainly‌ ‌formed‌ ‌and‌ ‌grown‌ ‌by‌ ‌sulfuric‌ ‌acid‌ ‌(Figs.‌ ‌6h,‌ ‌7g),‌ ‌but‌ ‌in‌ ‌modelling‌ ‌of‌‌                                     

non-infected‌‌poplar,‌‌more‌‌than‌‌half‌‌of‌‌the‌‌formation‌‌and‌‌growth‌‌is‌‌due‌‌to‌‌HOM‌‌originating‌‌from‌‌isoprene‌‌(Fig.‌‌8g),‌‌while‌‌                                       

HOM‌ ‌formed‌ ‌from‌ ‌monoterpenes‌‌account‌‌for‌‌a‌‌large‌‌fraction‌‌of‌‌the‌‌predicted‌‌formation‌‌and‌‌growth‌‌in‌‌non-infested‌‌birch‌‌                                   

stands‌ ‌(Fig.‌ ‌9l).‌ ‌ 

‌ 

3.1.5‌  ‌R:‌ ‌the‌ ‌isoprene-to-monoterpenes‌ ‌carbon‌ ‌concentration‌ ‌ratio‌‌ ‌  

Previous‌‌chamber‌‌studies‌‌(Kiendler-Scharr‌‌et‌‌al.,‌‌2009,‌‌2012;‌‌McFiggans‌‌et‌‌al.,‌‌2019;‌‌Heinritzi‌‌et‌‌al.,‌‌2020)‌‌have‌‌suggested‌‌                                   

that‌ ‌isoprene‌ ‌suppresses‌ ‌the‌ ‌formation‌ ‌of‌ ‌new‌ ‌particles‌ ‌from‌ ‌monoterpenes‌ ‌when‌ ‌the‌ ‌isoprene-to-monoterpene‌ ‌carbon‌‌                           

concentration‌ ‌ratio‌ ‌(R)‌ ‌becomes‌ ‌too‌ ‌high.‌ ‌New‌ ‌particle‌ ‌formation‌ ‌has‌ ‌rarely‌ ‌been‌ ‌observed‌ ‌in‌ ‌the‌ ‌field‌ ‌when‌ ‌R>1‌ ‌(e.g.‌‌                                     

Kanawade‌ ‌et‌ ‌al.,‌ ‌2011;‌‌Pöschl‌‌et‌‌al.,‌‌2010;‌‌Pöhlker‌‌et‌‌al.,‌‌2012;‌‌Lee‌‌et‌‌al.,‌‌2016).‌‌For‌‌example,‌‌Yu‌‌et‌‌al.‌‌(2014)‌‌observed‌‌                                             

formation‌ ‌of‌ ‌sub-5‌ ‌nm‌ ‌particles‌ ‌during‌ ‌64‌ ‌%‌ ‌of‌ ‌the‌ ‌measured‌ ‌days‌ ‌in‌ ‌an‌ ‌oak‌‌forest,‌‌though‌‌R‌‌was‌‌ ‌during‌‌the‌‌                                      5.3±7.21      

campaign‌ ‌period.‌ ‌However,‌ ‌since‌‌the‌‌formation‌‌of‌‌new‌‌particles‌‌occurs‌‌on‌‌a‌‌regional‌‌scale,‌‌the‌‌authors‌‌suggested‌‌that‌‌the‌‌                                     

detected‌‌particles‌‌could‌‌have‌‌been‌‌formed‌‌at‌‌lower‌‌R‌‌and‌‌advected‌‌to‌‌their‌‌measurement‌‌site.‌‌Contrarily,‌‌it‌‌has‌‌earlier‌‌been‌‌                                       

proposed‌ ‌that‌ ‌oxidation‌ ‌products‌ ‌of‌ ‌isoprene‌ ‌(e.g.‌ ‌IEPOX)‌ ‌promote‌ ‌the‌ ‌growth‌ ‌of‌ ‌existing‌ ‌new‌ ‌particles‌ ‌(‌D‌p‌>3‌‌nm,‌‌e.g.‌‌                                   

Surratt‌ ‌et‌ ‌al.,‌ ‌2010;‌ ‌Lin‌ ‌et‌ ‌al.,‌ ‌2013),‌ ‌while‌ ‌Heinritzi‌ ‌et‌ ‌al.‌ ‌(2020)‌ ‌observed‌ ‌the‌ ‌growth‌ ‌of‌ ‌particles‌ ‌above‌ ‌3.2‌ ‌nm‌‌to‌‌be‌‌                                             

unaffected‌‌by‌‌the‌‌concentration‌‌of‌‌isoprene.‌‌It‌‌is‌‌thus‌‌likely‌‌that‌‌the‌‌zone‌‌of‌‌R‌‌values,‌‌inside‌‌which‌‌the‌‌probability‌‌for‌‌new‌‌                                           

particle‌ ‌formation‌ ‌to‌ ‌occur‌ ‌changes,‌ ‌is‌ ‌influenced‌ ‌by‌ ‌other‌ ‌environmental‌ ‌factors‌ ‌and‌ ‌is‌ ‌therefore‌‌location‌‌and/or‌‌season‌‌                                 

dependent.‌ ‌ 

New‌ ‌particle‌‌formation‌‌has‌‌also‌‌been‌‌observed‌‌in‌‌the‌‌upper‌‌troposphere‌‌in‌‌tropical‌‌regions‌‌(Andreae‌‌et‌‌al.,‌‌2018;‌‌                                   

Williamson‌ ‌et‌ ‌al.,‌ ‌2019)‌ ‌where‌ ‌isoprene‌ ‌dominates‌ ‌the‌ ‌emission‌ ‌spectrum‌ ‌greatly.‌ ‌The‌ ‌hypothesis‌ ‌is‌ ‌that‌ ‌isoprene‌ ‌is‌‌                                 
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vertically‌‌transported‌‌via‌‌strong‌‌convection‌‌and‌‌new‌‌particles‌‌are‌‌formed‌‌from‌‌isoprene‌‌oxidation‌‌products,‌‌which‌‌is‌‌possible‌‌                                 

due‌ ‌to‌ ‌lower‌ ‌temperature‌ ‌conditions‌ ‌in‌ ‌the‌ ‌upper‌ ‌troposphere.‌‌ ‌  

The‌‌concentration‌‌ratio‌‌of‌‌isoprene-to-monoterpene‌‌carbon‌‌is‌‌very‌‌high‌‌in‌‌non-infected‌‌oak‌‌and‌‌poplar‌‌stands‌‌and‌‌                               

in‌‌oak‌‌stands‌‌which‌‌are‌‌no‌‌longer‌‌exposed‌‌to‌‌herbivory‌‌(Figs.‌‌6b,‌‌7d,‌‌8d),‌‌and‌‌it‌‌is‌‌therefore‌‌questionable‌‌whether‌‌particles‌‌                                         

will‌‌be‌‌formed‌‌at‌‌all‌‌in‌‌the‌‌atmospheric‌‌boundary‌‌layer‌‌from‌‌these‌‌stands‌‌when‌‌they‌‌are‌‌not‌‌experiencing‌‌stress.‌‌Biotic‌‌stress‌‌                                         

greatly‌‌reduces‌‌R‌‌in‌‌all‌‌three‌‌cases.‌‌R‌‌is‌‌most‌‌significantly‌‌decreased‌‌to‌‌a‌‌minimum‌‌10:00-16:00‌‌median‌‌value‌‌of‌‌0.004‌‌in‌‌                                         

simulations‌‌of‌‌gypsy‌‌moth‌‌infested‌‌oak‌‌stands‌‌(Fig.‌‌6b),‌‌but‌‌the‌‌period‌‌with‌‌low‌‌R‌‌values‌‌is‌‌rather‌‌short.‌‌For‌‌example,‌‌R‌‌<‌‌1‌‌                                               

during‌‌only‌‌11‌‌and‌‌4‌‌days,‌‌respectively,‌‌while‌‌R‌‌<‌‌22.5‌‌(probably‌‌the‌‌highest‌‌ratio‌‌at‌‌which‌‌new‌‌particles‌‌formation‌‌has‌‌been‌‌                                           

observed‌‌in‌‌the‌‌field,‌‌Yu‌‌et‌‌al.,‌‌2014)‌‌during‌‌32‌‌and‌‌21‌‌days,‌‌respectively,‌‌in‌‌our‌‌simulations‌‌of‌‌a‌‌severely‌‌and‌‌moderately‌‌                                           

European‌‌gypsy‌‌moth‌‌infested‌‌oak‌‌stand‌‌(Fig.‌‌12e).‌‌R‌‌is‌‌predicted‌‌to‌‌be‌‌close‌‌to‌‌1,‌‌though‌‌never‌‌below‌‌1,‌‌in‌‌simulations‌‌of‌‌                                             

both‌‌oak‌‌powdery‌‌mildew‌‌infected‌‌oak‌‌stands‌‌and‌‌rust‌‌infected‌‌poplar‌‌stands.‌‌The‌‌duration‌‌where‌‌R‌‌is‌‌e.g.‌‌less‌‌than‌‌22.5‌‌is‌‌                                           

39‌ ‌days‌ ‌in‌ ‌a‌ ‌severely‌ ‌mildew‌ ‌infected‌ ‌oak‌ ‌stand,‌ ‌31‌ ‌days‌ ‌in‌ ‌a‌ ‌moderately‌ ‌mildew‌ ‌infected‌ ‌oak‌ ‌stand,‌ ‌and‌ ‌27‌ ‌days‌‌in‌‌a‌‌                                             

severely‌ ‌rust‌ ‌infected‌ ‌poplar‌ ‌stand‌ ‌(Fig.‌ ‌12e).‌ ‌For‌ ‌comparison,‌ ‌R‌ ‌is‌ ‌never‌ ‌predicted‌ ‌to‌‌be‌‌less‌‌than‌‌22.5‌‌in‌‌a‌‌moderately‌‌                                         

infected‌‌poplar‌‌stand‌‌(Fig.‌‌8d).‌‌Even‌‌if‌‌new‌‌particles‌‌are‌‌not‌‌formed‌‌from‌‌oak‌‌powdery‌‌mildew‌‌or‌‌poplar‌‌rust‌‌infected‌‌stands‌‌                                         

in‌ ‌the‌ ‌boundary‌ ‌layer,‌ ‌then‌ ‌both‌ ‌the‌ ‌potential‌ ‌to‌ ‌form‌ ‌new‌ ‌particles‌ ‌in‌ ‌the‌ ‌upper‌ ‌troposphere‌ ‌(Figs.‌ ‌7f,g,‌ ‌8f,h)‌ ‌and‌ ‌the‌‌                                         

potential‌‌to‌‌grow‌‌already‌‌existing‌‌particles,‌‌which‌‌are‌‌formed‌‌in‌‌nearby‌‌stands‌‌and‌‌horizontally‌‌transported‌‌to‌‌the‌‌infected‌‌                                   

stands‌‌(Figs.‌‌7g,h,‌‌8g),‌‌are‌‌still‌‌predicted‌‌to‌‌be‌‌greater‌‌than‌‌in‌‌our‌‌simulations‌‌of‌‌the‌‌correspondingly‌‌non-infected‌‌stands.‌‌R‌‌                                       

is‌‌not‌‌relevant‌‌in‌‌the‌‌case‌‌of‌‌mountain‌‌birch,‌‌since‌‌this‌‌tree‌‌species‌‌does‌‌not‌‌emit‌‌isoprene‌‌constitutively,‌‌nor‌‌in‌‌response‌‌to‌‌                                           

herbivory‌ ‌stress‌ ‌by‌ ‌autumnal‌ ‌moth‌ ‌larvae‌ ‌(Yli-Pirilä‌ ‌et‌ ‌al.,‌ ‌2016;‌ ‌Rieksta‌ ‌et‌ ‌al.,‌ ‌2020).‌‌ ‌  

‌ 

‌ 

Figure‌ ‌5.‌ ‌A‌ ‌pure‌ ‌oak‌ ‌stand‌ ‌infested‌ ‌with‌ ‌European‌ ‌gypsy‌ ‌moth‌ ‌larvae‌ ‌in‌ ‌comparison‌ ‌to‌ ‌a‌ ‌non-infested‌ ‌pure‌ ‌oak‌ ‌stand.‌‌                                       

Canopy‌ ‌emissions‌ ‌of‌ ‌‌(a)‌ ‌isoprene,‌ ‌‌(c)‌ ‌monoterpenes,‌‌‌(e)‌‌lipoxygenase‌‌pathway‌‌volatiles‌‌(LOX),‌‌and‌‌‌(g)‌‌the‌‌sum‌‌of‌‌other‌‌                                   

VOCs‌ ‌which‌ ‌contribute‌ ‌to‌ ‌OxOrg‌ ‌formation‌ ‌(here‌ ‌i.e.‌ ‌methyl‌ ‌salicylate‌ ‌and‌ ‌dimethyl-nonatriene).‌ ‌Atmospheric‌‌                         
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concentrations‌‌of‌‌‌(b)‌‌isoprene,‌‌‌(d)‌‌monoterpenes,‌‌‌(f)‌‌lipoxygenase‌‌pathway‌‌volatiles,‌‌and‌‌‌(h)‌‌the‌‌sum‌‌of‌‌other‌‌VOCs‌‌which‌‌                                   

contribute‌‌to‌‌OxOrg‌‌formation.‌‌“Moderately”‌‌and‌‌“severely”‌‌refer‌‌to‌‌30‌‌%‌‌and‌‌80‌‌%,‌‌respectively,‌‌of‌‌the‌‌leaf‌‌area‌‌that‌‌has‌‌                                         

been‌ ‌consumed‌ ‌by‌ ‌the‌ ‌end‌ ‌of‌ ‌the‌ ‌feeding‌ ‌period.‌ ‌ 

‌ 

‌ 

Figure‌‌6.‌‌A‌‌pure‌‌oak‌‌stand‌‌infested‌‌with‌‌European‌‌gypsy‌‌moth‌‌larvae‌‌in‌‌comparison‌‌to‌‌a‌‌non-infested‌‌pure‌‌oak‌‌stand.‌‌‌(a)‌‌                                         

atmospheric‌‌concentrations‌‌of‌‌OxOrg.‌‌‌(b)‌‌the‌‌ratios‌‌of‌‌isoprene-to-monoterpenes‌‌carbon‌‌concentrations,‌‌where‌‌the‌‌red‌‌line‌‌                             

indicates‌ ‌R‌ ‌=‌‌1.‌‌Formation‌‌rates‌‌of‌‌‌(c)‌‌2,‌‌‌(d)‌‌3‌‌and‌‌‌(e)‌‌10‌‌nm‌‌particles.‌‌‌(f)‌‌number‌‌concentrations‌‌of‌‌formed‌‌particles,‌‌‌(g)‌‌                                             

growth‌‌rates‌‌of‌‌newly‌‌formed‌‌particles,‌‌and‌‌‌(h)‌‌the‌‌daily‌‌maxima‌‌diameter‌‌of‌‌the‌‌growing‌‌particle‌‌mode.‌‌“Moderately”‌‌and‌‌                                     

“severely”‌ ‌refer‌ ‌to‌ ‌30‌ ‌%‌ ‌and‌ ‌80‌ ‌%,‌ ‌respectively,‌ ‌of‌ ‌the‌ ‌leaf‌ ‌area‌ ‌that‌ ‌has‌ ‌been‌ ‌consumed‌ ‌by‌ ‌the‌ ‌end‌ ‌of‌ ‌the‌ ‌feeding‌ ‌period.‌ ‌ 
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Figure‌ ‌7.‌ ‌A‌ ‌pure‌ ‌oak‌ ‌stand‌ ‌infected‌ ‌by‌ ‌oak‌ ‌powdery‌ ‌mildew‌ ‌in‌ ‌comparison‌ ‌to‌ ‌a‌ ‌non-infected‌ ‌pure‌ ‌oak‌ ‌stand.‌ ‌Canopy‌‌                                       

emissions‌‌of‌‌‌(a,‌‌left‌‌axis)‌‌isoprene,‌‌‌(a,‌‌right‌‌axis)‌‌methyl‌‌salicylate,‌‌‌(b)‌‌lipoxygenase‌‌pathway‌‌volatiles‌‌and‌‌monoterpenes.‌‌                                 

Atmospheric‌ ‌concentrations‌ ‌of‌ ‌‌(c,‌ ‌left‌ ‌axis)‌ ‌OxOrg,‌ ‌‌(c,‌ ‌right‌ ‌axis)‌ ‌‌methyl‌ ‌salicylate,‌ ‌‌(d,‌ ‌left‌ ‌axis)‌ ‌isoprene,‌ ‌and‌ ‌‌(e)‌‌                                   

lipoxygenase‌ ‌pathway‌ ‌volatiles‌ ‌and‌ ‌monoterpenes.‌ ‌‌(d,‌ ‌right‌ ‌axis)‌ ‌the‌ ‌ratios‌ ‌of‌ ‌isoprene-to-monoterpene‌ ‌carbon‌‌                         

concentrations.‌‌‌(f)‌‌formation‌‌rates‌‌of‌‌2,‌‌3‌‌and‌‌10‌‌nm‌‌particles.‌‌‌(g,‌‌left‌‌axis)‌‌daily‌‌maxima‌‌diameter‌‌of‌‌the‌‌growing‌‌particle‌‌                                         

mode,‌ ‌and‌ ‌‌(g,‌ ‌right‌ ‌axis)‌ ‌number‌ ‌concentrations‌ ‌of‌ ‌formed‌ ‌particles.‌ ‌‌(h)‌ ‌growth‌ ‌rates‌ ‌of‌ ‌newly‌ ‌formed‌ ‌particles.‌‌                                 

“Moderately”‌ ‌and‌ ‌“severely”‌ ‌refer‌ ‌to‌‌30‌‌%‌‌and‌‌80‌‌%,‌‌respectively,‌‌of‌‌the‌‌leaf‌‌area‌‌that‌‌has‌‌been‌‌infected‌‌by‌‌fungi‌‌by‌‌the‌‌                                             

onset‌ ‌of‌ ‌senescence.‌ ‌ 
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Figure‌‌8.‌‌A‌‌pure‌‌poplar‌‌stand‌‌infected‌‌by‌‌rust‌‌fungi‌‌in‌‌comparison‌‌to‌‌a‌‌non-infected‌‌pure‌‌poplar‌‌stand.‌‌Canopy‌‌emissions‌‌of‌‌                                         

(a)‌ ‌isoprene‌ ‌and‌ ‌the‌ ‌sum‌ ‌of‌ ‌lipoxygenase‌ ‌pathway‌‌volatiles‌‌and‌‌methanol,‌‌‌(b)‌‌monoterpenes‌‌and‌‌the‌‌sum‌‌of‌‌other‌‌VOCs‌‌                                     

which‌ ‌contribute‌ ‌to‌ ‌OxOrg‌ ‌formation‌ ‌(here‌ ‌i.e.‌ ‌methyl‌ ‌salicylate,‌ ‌dimethyl-nonatriene,‌ ‌α-Eudesmol‌ ‌and‌ ‌sesquiterpenes).‌‌                         

Atmospheric‌‌concentrations‌‌of‌‌‌(c,‌‌left‌‌axis)‌‌OxOrg,‌‌‌(c,‌‌right‌‌axis)‌‌‌the‌‌sum‌‌of‌‌lipoxygenase‌‌pathway‌‌volatiles‌‌and‌‌methanol,‌‌                                   

(d,‌ ‌left‌ ‌axis)‌ ‌isoprene,‌ ‌and‌ ‌‌(e)‌ ‌monoterpenes‌‌and‌‌the‌‌sum‌‌of‌‌other‌‌VOCs‌‌which‌‌contribute‌‌to‌‌OxOrg‌‌formation.‌‌‌(d,‌‌right‌‌                                       

axis)‌ ‌the‌ ‌ratios‌ ‌of‌ ‌isoprene-to-monoterpene‌ ‌carbon‌ ‌concentrations.‌‌‌(f)‌‌formation‌‌rates‌‌of‌‌2,‌‌3‌‌and‌‌10‌‌nm‌‌particles.‌‌‌(g,‌‌left‌‌                                     

axis)‌‌daily‌‌maxima‌‌diameter‌‌of‌‌the‌‌growing‌‌particle‌‌mode,‌‌and‌‌‌(g,‌‌right‌‌axis)‌‌growth‌‌rates‌‌of‌‌newly‌‌formed‌‌particles.‌‌‌(h)‌‌                                       

number‌ ‌concentrations‌ ‌of‌ ‌formed‌ ‌particles.‌‌“Moderately”‌‌and‌‌“severely”‌‌refer‌‌to‌‌30‌‌%‌‌and‌‌80‌‌%,‌‌respectively,‌‌of‌‌the‌‌leaf‌‌                                     

area‌ ‌that‌ ‌has‌ ‌been‌ ‌infected‌ ‌by‌ ‌fungi‌ ‌by‌ ‌the‌ ‌onset‌ ‌of‌ ‌senescence.‌ ‌ 

‌ 
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Figure‌‌9.‌‌A‌‌pure‌‌mountain‌‌birch‌‌stand‌‌infested‌‌with‌‌autumnal‌‌moth‌‌larvae‌‌in‌‌comparison‌‌to‌‌a‌‌non-infested‌‌pure‌‌mountain‌‌                                     

birch‌ ‌stand.‌ ‌Canopy‌ ‌emissions‌ ‌of‌ ‌‌(a)‌ ‌monoterpenes,‌ ‌‌(b)‌ ‌lipoxygenase‌ ‌pathway‌ ‌volatiles,‌ ‌and‌ ‌‌(c)‌ ‌the‌‌sum‌‌of‌‌other‌‌VOCs‌‌                                   

which‌‌contribute‌‌to‌‌OxOrg‌‌formation‌‌(here‌‌i.e.‌‌dimethyl-nonatriene‌‌and‌‌sesquiterpenes).‌‌Atmospheric‌‌concentrations‌‌of‌‌‌(d)‌‌                           

OxOrg,‌ ‌‌(e)‌ ‌monoterpenes,‌ ‌‌(f)‌ ‌lipoxygenase‌ ‌pathway‌ ‌volatiles,‌‌and‌‌‌(g)‌‌the‌‌sum‌‌of‌‌other‌‌VOCs‌‌which‌‌contribute‌‌to‌‌OxOrg‌‌                                   

formation.‌‌Formation‌‌rates‌‌of‌‌‌(h)‌‌2,‌‌10‌‌and‌‌‌(i)‌‌3‌‌nm‌‌particles.‌‌‌(j)‌‌number‌‌concentrations‌‌of‌‌formed‌‌particles.‌‌‌(k)‌‌growth‌‌rates‌‌                                         

of‌‌newly‌‌formed‌‌particles.‌‌‌(l)‌‌daily‌‌maxima‌‌diameter‌‌of‌‌the‌‌growing‌‌particle‌‌mode.‌‌“Moderately”‌‌and‌‌“severely”‌‌refer‌‌to‌‌30‌‌                                     

%‌ ‌and‌ ‌80‌ ‌%,‌ ‌respectively,‌ ‌of‌ ‌the‌ ‌leaf‌ ‌area‌ ‌that‌ ‌has‌ ‌been‌ ‌consumed‌ ‌by‌ ‌the‌ ‌end‌ ‌of‌ ‌the‌ ‌feeding‌ ‌period.‌ ‌ 

‌ 

3.2‌ ‌Estimating‌ ‌the‌ ‌reliability‌ ‌of‌ ‌our‌ ‌results‌ ‌ 

Since‌‌aerosol‌‌processes‌‌are‌‌very‌‌sensitive‌‌to‌‌changes‌‌in‌‌environmental‌‌conditions‌‌-‌‌conditions‌‌which‌‌can‌‌vary‌‌greatly,‌‌both‌‌                                   

interannually,‌‌but‌‌also‌‌from‌‌day‌‌to‌‌day,‌‌we‌‌investigated‌‌the‌‌influence‌‌of‌‌a‌‌wide‌‌range‌‌of‌‌realistic‌‌and‌‌relevant‌‌environmental‌‌                                       

conditions‌‌(Table‌‌D1‌‌in‌‌Appendix‌‌D)‌‌on‌‌our‌‌model‌‌predictions‌‌(Figs.‌‌10-11,‌‌D1-2‌‌in‌‌Appendix‌‌D).‌‌Nine‌‌different‌‌sensitivity‌‌                                     

tests‌ ‌(ST1-9)‌ ‌were‌ ‌conducted‌‌for‌‌all‌‌plant‌‌species‌‌and‌‌infections,‌‌where‌‌only‌‌one‌‌parameter‌‌was‌‌changed‌‌at‌‌a‌‌time‌‌(Table‌‌                                       

D1).‌‌For‌‌these‌‌simulations,‌‌the‌‌default‌‌values‌‌listed‌‌in‌‌Table‌‌2‌‌were‌‌used,‌‌while‌‌the‌‌default‌‌maximum‌‌daily‌‌temperature‌‌at‌‌                                       

Hohenpeissenberg‌ ‌and‌ ‌SMEAR‌ ‌I‌ ‌were‌ ‌assigned‌ ‌to‌ ‌25‌‌ºC‌‌and‌‌20‌‌ºC,‌‌respectively,‌‌and‌‌the‌‌default‌‌LAI‌‌for‌‌oak/poplar‌‌and‌‌                                       

birch‌‌was‌‌assumed‌‌to‌‌be‌‌5‌‌m‌2‌ ‌m‌-2‌ ‌and‌‌2‌‌m‌2‌ ‌m‌-2‌,‌‌respectively.‌‌All‌‌aerosol‌‌parameters‌‌(formation‌‌and‌‌growth‌‌rates,‌‌diameter,‌‌                                         

number‌‌of‌‌particles)‌‌show‌‌a‌‌similar‌‌response‌‌to‌‌changes‌‌in‌‌the‌‌considered‌‌environmental‌‌parameters,‌‌thus‌‌only‌‌the‌‌impact‌‌on‌‌                                     

the‌ ‌number‌ ‌of‌ ‌newly‌ ‌formed‌ ‌particles‌ ‌(Figs.‌ ‌10-11)‌ ‌and‌ ‌the‌ ‌rate‌ ‌at‌ ‌which‌ ‌new‌ ‌small‌ ‌particles‌ ‌grow‌ ‌(Figs.‌ ‌D1-2)‌ ‌is‌ ‌displayed.‌‌ ‌  

As‌ ‌is‌ ‌also‌ ‌observed‌ ‌in‌ ‌nature,‌ ‌certain‌ ‌conditions‌ ‌suppress‌ ‌or‌ ‌prevent‌ ‌the‌ ‌formation‌‌of‌‌new‌‌particles,‌‌such‌‌as‌‌for‌‌                                     

example‌‌a‌‌high‌‌condensation‌‌sink‌‌(Fig.‌‌11d,i,n,s;‌‌e.g.‌‌Hyvönen‌‌et‌‌al.,‌‌2005;‌‌Nieminen‌‌et‌‌al.,‌‌2015;‌‌Vana‌‌et‌‌al.,‌‌2016)‌‌and‌‌low‌‌                                           

sulfuric‌‌acid‌‌concentration‌‌(Fig.‌‌11c,h,m,r;‌‌e.g.‌‌Boy‌‌et‌‌al.,‌‌2005;‌‌Nieminen‌‌et‌‌al.,‌‌2014),‌‌making‌‌the‌‌atmospheric‌‌relevance‌‌                                   

of‌‌the‌‌forest‌‌stands‌‌minor.‌‌Since‌‌we‌‌have‌‌assumed‌‌realistic‌‌conditions,‌‌but‌‌at‌‌the‌‌same‌‌time‌‌conditions‌‌which‌‌do‌‌not‌‌prevent‌‌                                         

the‌‌formation‌‌of‌‌new‌‌particles,‌‌in‌‌our‌‌simulations,‌‌the‌‌number‌‌of‌‌predicted‌‌days‌‌with‌‌occurring‌‌new‌‌particle‌‌formation‌‌is‌‌the‌‌                                       
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theoretical‌‌maximum‌‌for‌‌clean‌‌environments,‌‌which‌‌our‌‌aerosol‌‌theory‌‌is‌‌based‌‌on‌‌(Sec.‌‌2.7).‌‌Though‌‌the‌‌absolute‌‌number‌‌                                   

of‌ ‌predicted‌ ‌new‌ ‌particles‌ ‌depend‌ ‌highly‌ ‌on‌ ‌the‌ ‌assumed‌ ‌environmental‌ ‌conditions‌ ‌(Figs.‌ ‌10-11),‌ ‌the‌ ‌relative‌ ‌difference‌‌                               

between‌‌non-infected‌‌and‌‌stressed‌‌stands‌‌of‌‌the‌‌same‌‌tree‌‌species‌‌is‌‌not‌‌impacted:‌‌e.g.‌‌the‌‌number‌‌of‌‌new‌‌particles‌‌is‌‌always‌‌                                         

significantly‌‌higher‌‌in‌‌gypsy‌‌moth‌‌infested,‌‌and‌‌oak‌‌powdery‌‌mildew‌‌infected,‌‌oak‌‌stands,‌‌than‌‌in‌‌non-infected‌‌oak‌‌stands,‌‌                                   

when‌‌the‌‌environmental‌‌conditions‌‌are‌‌assumed‌‌to‌‌be‌‌the‌‌same‌‌in‌‌all‌‌stands‌‌(Figs.‌‌10a-h,‌‌11a-j).‌‌Likewise,‌‌more‌‌particles‌‌are‌‌                                       

always‌‌formed‌‌in‌‌moderately,‌‌than‌‌severely,‌‌moth‌‌infested‌‌oak‌‌and‌‌birch‌‌stands,‌‌since‌‌the‌‌decrease‌‌in‌‌LAI‌‌is‌‌stronger‌‌than‌‌                                       

the‌ ‌increase‌ ‌in‌ ‌the‌ ‌stress-induced‌ ‌emission‌ ‌response‌ ‌per‌ ‌unit‌ ‌leaf‌‌area‌‌(Figs.‌‌10a-d,m-p,‌‌11a-e,p-t).‌‌This‌‌is‌‌emphasised‌‌in‌‌                                   

very‌‌severely‌‌infested‌‌mountain‌‌birch‌‌stands‌‌(e.g.‌‌80‌‌%‌‌defoliation),‌‌where‌‌the‌‌number‌‌of‌‌produced‌‌particles‌‌is‌‌always‌‌less‌‌                                     

than‌ ‌in‌ ‌its‌ ‌corresponding‌ ‌non-infested‌ ‌stand‌ ‌(Figs.‌ ‌10m-p,‌ ‌11p-t).‌‌ ‌  

Sensitivity‌‌tests‌‌were‌‌also‌‌carried‌‌out‌‌in‌‌order‌‌to‌‌assess‌‌whether‌‌the‌‌simplifications‌‌made‌‌in‌‌the‌‌model‌‌are‌‌valid:‌‌(1)‌‌                                       

As‌‌mentioned‌‌earlier‌‌(Sec.‌‌2.4),‌‌we‌‌did‌‌not‌‌incorporate‌‌a‌‌full‌‌canopy‌‌environment‌‌in‌‌the‌‌model‌‌-‌‌an‌‌approach‌‌which‌‌has‌‌also‌‌                                           

been‌‌taken‌‌by‌‌other‌‌investigators‌‌(e.g.‌‌Simpson‌‌et‌‌al.,‌‌1999,‌‌2012;‌‌Bergström‌‌et‌‌al.,‌‌2014).‌‌In‌‌ST2‌‌(Table‌‌D1,‌‌Figs.‌‌10b,f,j,n,‌‌                                         

D1b,f,j,n)‌‌changes‌‌in‌‌light‌‌conditions‌‌exclusively‌‌impact‌‌the‌‌predicted‌‌emissions‌‌of‌‌VOCs.‌‌From‌‌Figs.‌‌10b,f,j,n,‌‌D1b,f,j,n‌‌it‌‌                                 

is‌‌clear‌‌that‌‌even‌‌assuming‌‌extremely‌‌different‌‌light‌‌environments‌‌would‌‌not‌‌change‌‌our‌‌conclusions‌‌about‌‌the‌‌atmospheric‌‌                                 

importance‌‌of‌‌biotic‌‌plant‌‌stresses,‌‌since‌‌our‌‌results‌‌show‌‌that‌‌stressed‌‌forest‌‌with‌‌a‌‌maximum‌‌light‌‌availability‌‌down‌‌to‌‌200‌‌                                       

μmol‌ ‌m‌-2‌ ‌s‌-1‌ ‌would‌ ‌still‌ ‌produce‌ ‌more‌ ‌new‌ ‌particles‌ ‌than‌‌its‌‌correspondingly‌‌non-infected‌‌stand‌‌at‌‌theoretically‌‌clear‌‌sky‌‌                                   

conditions‌‌(Fig.‌‌10b,f,j,n).‌‌A‌‌highly‌‌autumnal‌‌moth‌‌stressed‌‌mountain‌‌birch‌‌stand‌‌(80‌‌%‌‌defoliation)‌‌would‌‌possibly‌‌produce‌‌                                 

slightly‌‌more‌‌particles‌‌than‌‌a‌‌non-infested‌‌stand,‌‌if‌‌a‌‌full‌‌canopy‌‌environment‌‌would‌‌be‌‌considered.‌‌For‌‌example,‌‌the‌‌number‌‌                                     

of‌‌produced‌‌particles‌‌is‌‌slightly‌‌higher‌‌in‌‌a‌‌birch‌‌stand‌‌experiencing‌‌a‌‌stress‌‌level‌‌of‌‌80‌‌%‌‌under‌‌1000‌‌μmol‌‌m‌-2‌ ‌s‌-1‌ ‌than‌‌a‌‌                                               

non-infested‌ ‌stand‌ ‌under‌ ‌400‌ ‌μmol‌ ‌m‌-2‌ ‌s‌-1‌ ‌(Fig.‌ ‌10n).‌ ‌However,‌ ‌the‌ ‌LAI‌ ‌of‌ ‌mountain‌ ‌birch‌ ‌stands‌ ‌is‌ ‌usually‌ ‌rather‌ ‌low‌‌                                       

(Heiskanen,‌‌2006),‌‌making‌‌the‌‌difference‌‌in‌‌light‌‌environment‌‌between‌‌a‌‌non-infested‌‌and‌‌a‌‌highly‌‌defoliated‌‌stand‌‌small.‌‌                                 

Since‌ ‌mildew‌‌and‌‌rust‌‌do‌‌not‌‌decrease‌‌the‌‌leaf‌‌area‌‌of‌‌their‌‌host,‌‌a‌‌different‌‌treatment‌‌of‌‌the‌‌light‌‌environment‌‌would‌‌not‌‌                                           

influence‌ ‌the‌ ‌relative‌ ‌atmospheric‌ ‌importance‌ ‌of‌ ‌fungally‌ ‌infected‌ ‌oak‌ ‌and‌ ‌poplar‌ ‌vs‌ ‌their‌ ‌correspondingly‌ ‌non-infected‌‌                             

stands‌ ‌(Fig.‌ ‌10f,j).‌‌ ‌  

(2)‌ ‌In‌ ‌ST3‌ ‌(Table‌ ‌D1,‌ ‌Figs.‌ ‌10c,g,k,o,‌ ‌D1c,g,k,o)‌ ‌and‌ ‌in‌ ‌our‌ ‌seasonal‌ ‌simulations‌ ‌(Figs.‌ ‌5-9),‌ ‌the‌ ‌change‌ ‌of‌‌                                   

temperature‌ ‌only‌ ‌impacts‌ ‌the‌ ‌emission‌ ‌rates‌ ‌of‌ ‌VOCs.‌ ‌In‌ ‌reality,‌ ‌the‌ ‌vapour‌ ‌pressures‌ ‌of‌ ‌oxidised‌ ‌compounds‌ ‌increase‌‌                                 

non-linearly‌‌with‌‌an‌‌increase‌‌in‌‌temperature‌‌(e.g‌‌Bilde‌‌et‌‌al.,‌‌2015),‌‌and‌‌less‌‌HOM,‌‌and‌‌other‌‌oxidised‌‌organic‌‌compounds,‌‌                                     

will‌ ‌therefore‌ ‌condense‌ ‌at‌ ‌higher‌ ‌temperatures,‌ ‌whereby‌ ‌the‌ ‌formation‌ ‌and‌ ‌subsequent‌ ‌growth‌ ‌of‌ ‌particles‌ ‌will‌ ‌decrease‌‌                               

(Stolzenburg‌ ‌et‌ ‌al.,‌ ‌2018;‌ ‌Simon‌ ‌et‌ ‌al.,‌ ‌2020).‌ ‌Gas‌ ‌phase‌ ‌chemistry,‌ ‌including‌ ‌the‌ ‌formation‌ ‌of‌ ‌HOM,‌ ‌is‌ ‌also‌ ‌in‌ ‌reality‌‌                                       

temperature‌ ‌dependent‌ ‌(e.g.‌ ‌Quéléver‌ ‌et‌ ‌al.,‌‌2019).‌‌These‌‌effects‌‌have‌‌not‌‌been‌‌included‌‌in‌‌the‌‌model.‌‌Since‌‌the‌‌range‌‌of‌‌                                       

daily‌ ‌maximum‌ ‌temperatures‌ ‌throughout‌ ‌the‌ ‌growing‌ ‌season‌ ‌is‌ ‌assumed‌ ‌to‌‌be‌‌rather‌‌narrow‌‌(Fig.‌‌4),‌‌this‌‌effect‌‌does‌‌not‌‌                                     

greatly‌‌impact‌‌our‌‌results‌‌(Sec.‌‌3.1),‌‌but‌‌it‌‌means‌‌that‌‌the‌‌number‌‌of‌‌particles‌‌produced‌‌at‌‌high‌‌temperatures‌‌(Fig.‌‌10c,g,k,o),‌‌                                       

and‌ ‌the‌ ‌growth‌ ‌rate‌ ‌at‌ ‌which‌ ‌they‌ ‌are‌ ‌produced‌ ‌(Fig.‌ ‌D1c,g,k,o),‌ ‌are‌ ‌overestimated‌ ‌for‌ ‌both‌ ‌non-infected‌ ‌and‌ ‌stressed‌ ‌forests.‌‌ ‌  

(3)‌ ‌The‌ ‌concentrations‌ ‌of‌ ‌ozone‌ ‌and‌ ‌OH‌ ‌were‌ ‌unaltered‌ ‌between‌ ‌simulations‌‌of‌‌non-infected‌‌forests‌‌and‌‌forests‌                               

under‌‌varying‌‌degrees‌‌of‌‌infection‌‌(Sec.‌‌2.6),‌‌though‌‌in‌‌reality,‌‌the‌‌atmospheric‌‌oxidation‌‌capacity‌‌is‌‌controlled‌‌by‌‌changes‌‌                                   

in‌‌the‌‌concentration‌‌of‌‌atmospheric‌‌trace‌‌gases,‌‌including‌‌VOCs.‌‌The‌‌total‌‌emission‌‌of‌‌VOCs‌‌from‌‌oak‌‌and‌‌poplar‌‌stands‌‌is‌‌                                       

greatly‌‌dominated‌‌by‌‌isoprene,‌‌but‌‌the‌‌emission‌‌of‌‌isoprene‌‌decreases‌‌as‌‌a‌‌function‌‌of‌‌biotic‌‌stress‌‌severity‌‌(Figs.‌‌5a,‌‌7a,‌‌8a).‌‌                                         

In‌ ‌contrast,‌ ‌the‌ ‌emission‌ ‌of‌ ‌LOX,‌ ‌methyl‌ ‌salicylate,‌ ‌methanol,‌‌monoterpenes‌‌and‌‌sesquiterpenes‌‌increases‌‌as‌‌the‌‌level‌‌of‌‌                                 

stress‌‌increases‌‌(Figs.‌‌5c,e,g,‌‌7a,b,‌‌8a,b).‌‌The‌‌oxidation‌‌of‌‌isoprene,‌‌LOX,‌‌methyl‌‌salicylate‌‌and‌‌methanol‌‌is‌‌primarily‌‌driven‌‌                                   

by‌‌reactions‌‌with‌‌OH,‌‌and‌‌also‌‌monoterpenes‌‌react‌‌with‌‌OH,‌‌which‌‌all‌‌leads‌‌to‌‌reductions‌‌in‌‌the‌‌concentration‌‌of‌‌OH‌‌(Table‌                                         

3),‌‌though‌‌e.g.‌‌ozonolysis‌‌of‌‌monoterpenes‌‌also‌‌produce‌‌OH,‌‌which‌‌thus‌‌counters‌‌part‌‌of‌‌the‌‌reduction.‌‌When‌‌considering‌‌                                   

the‌‌reaction‌‌rates‌‌and‌‌emission‌‌rates‌‌of‌‌the‌‌considered‌‌VOCs‌‌in‌‌simulations‌‌of‌‌oak‌‌and‌‌poplar‌‌stands,‌‌the‌‌concentration‌‌of‌‌                                       

OH‌‌is‌‌mainly‌‌controlled‌‌by‌‌changes‌‌in‌‌the‌‌emission‌‌of‌‌isoprene.‌‌Thus,‌‌we‌‌expect‌‌that‌‌the‌‌concentration‌‌of‌‌OH‌‌will‌‌increase‌‌                                         

as‌‌the‌‌degree‌‌of‌‌stress‌‌increases,‌‌but‌‌even‌‌a‌‌strong‌‌shift‌‌in‌‌the‌‌concentration‌‌of‌‌OH,‌‌will‌‌not‌‌change‌‌the‌‌conclusion‌‌about‌‌the‌‌                                             
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relative‌ ‌atmospheric‌ ‌importance‌ ‌of‌ ‌stressed‌ ‌vs‌ ‌stress-free‌ ‌oak‌‌and‌‌poplar‌‌forests‌‌(Figs.‌‌11b,g,l,q,‌‌D2b,g,l,q).‌‌The‌‌absolute‌                               

number‌‌of‌‌predicted‌‌new‌‌particles‌‌in‌‌herbivory‌‌stressed‌‌oak‌‌stands‌‌will,‌‌however,‌‌be‌‌predicted‌‌to‌‌be‌‌smaller‌‌at‌‌higher‌‌levels‌‌                                       

of‌‌OH‌‌(Fig.‌‌11b),‌‌because‌‌the‌‌oxidation‌‌of‌‌monoterpenes‌‌is‌‌then‌‌more‌‌strongly‌‌controlled‌‌by‌‌OH,‌‌which‌‌leads‌‌to‌‌a‌‌smaller‌‌                                         

production‌‌of‌‌HOM,‌‌as‌‌monoterpenes‌‌typically‌‌form‌‌HOM‌‌at‌‌a‌‌considerably‌‌lower‌‌yield‌‌from‌‌reactions‌‌with‌‌OH‌‌than‌‌ozone‌‌                                     

(Appendix‌‌C).‌‌A‌‌similar‌‌shift‌‌in‌‌the‌‌oxidation‌‌of‌‌monoterpenes‌‌is‌‌happening‌‌in‌‌case‌‌of‌‌oak‌‌powdery‌‌mildew‌‌infected‌‌oak,‌‌                                       

but‌‌the‌‌effect‌‌is‌‌counted‌‌by‌‌an‌‌increase‌‌in‌‌the‌‌formation‌‌of‌‌oxidised‌‌organic‌‌compounds‌‌from‌‌oxidation‌‌of‌‌methyl‌‌salicylate‌‌                                       

at‌‌high‌‌levels‌‌of‌‌OH,‌‌leading‌‌totally‌‌to‌‌higher‌‌predicted‌‌particle‌‌number‌‌concentrations‌‌(Fig.‌‌11g).‌‌Considering‌‌the‌‌emissions‌‌                                   

from‌‌biotically‌‌stressed‌‌and‌‌non-infested‌‌mountain‌‌birch,‌‌we‌‌estimate‌‌that‌‌the‌‌concentration‌‌of‌‌OH‌‌should‌‌stay‌‌largely‌‌the‌‌                                   

same,‌ ‌or‌ ‌potentially‌‌decrease‌‌slightly‌‌at‌‌higher‌‌levels‌‌of‌‌infestation,‌‌which‌‌will‌‌enhance‌‌the‌‌oxidation‌‌of‌‌monoterpenes‌‌by‌‌                                   

ozone,‌‌which‌‌will‌‌lead‌‌to‌‌a‌‌larger‌‌production‌‌of‌‌HOM‌‌and‌‌thereby‌‌a‌‌slightly‌‌higher‌‌predicted‌‌number‌‌of‌‌new‌‌particles‌‌(Fig.‌‌                                         

11q).‌‌In‌‌the‌‌atmosphere,‌‌the‌‌production‌‌of‌‌sulfuric‌‌acid‌‌is‌‌limited‌‌by‌‌the‌‌availability‌‌of‌‌OH,‌‌and‌‌it‌‌is‌‌therefore‌‌possible‌‌that‌‌                                           

the‌‌effects‌‌of‌‌changes‌‌in‌‌the‌‌concentration‌‌of‌‌OH‌‌(Fig.‌‌11b,q)‌‌and‌‌sulfuric‌‌acid‌‌(Fig.‌‌11c,r),‌‌in‌‌herbivory‌‌stressed‌‌stands,‌‌on‌‌                                         

the‌‌absolute‌‌number‌‌of‌‌predicted‌‌new‌‌particles,‌‌will‌‌cancel‌‌out‌‌or‌‌even‌‌lead‌‌to‌‌a‌‌stronger‌‌particle‌‌production‌‌than‌‌predicted.‌‌                                       

In‌‌case‌‌of‌‌oak‌‌powdery‌‌mildew‌‌infected‌‌oak,‌‌the‌‌two‌‌effects‌‌will‌‌enhance‌‌each‌‌other‌‌and‌‌result‌‌in‌‌an‌‌even‌‌higher‌‌number‌‌of‌‌                                             

predicted‌ ‌particles.‌ ‌In‌ ‌clean,‌ ‌low‌ ‌NO‌X‌ ‌environments,‌ ‌which‌ ‌we‌ ‌aimed‌ ‌to‌ ‌simulate,‌ ‌the‌ ‌concentration‌ ‌of‌ ‌ozone‌ ‌is‌‌largely‌‌                                   

unaffected‌‌by‌‌the‌‌ambient‌‌concentration‌‌of‌‌isoprene‌‌(e.g.‌‌Jenkin‌‌et‌‌al.,‌‌2015).‌‌However,‌‌isoprene‌‌forms‌‌ozone‌‌progressively‌‌                                 

with‌‌an‌‌increased‌‌availability‌‌of‌‌NO‌X‌ ‌(e.g.‌‌Jenkin‌‌and‌‌Clemitshaw,‌‌2000).‌‌Higher‌‌ozone‌‌levels‌‌support‌‌enhanced‌‌formation‌‌                                 

of‌‌HOM,‌‌and‌‌thus‌‌aerosol‌‌processes,‌‌but‌‌the‌‌production‌‌of‌‌HOM‌‌is‌‌also‌‌known‌‌to‌‌decrease‌‌as‌‌a‌‌function‌‌of‌‌increased‌‌NO‌X‌ ‌                                           

concentration‌‌(e.g.‌‌Ehn‌‌et‌‌al.,‌‌2014),‌‌whereby‌‌the‌‌formation‌‌and‌‌growth‌‌of‌‌new‌‌particles‌‌becomes‌‌suppressed‌‌(e.g.‌‌Yan‌‌et‌‌al.,‌‌                                       

2020;‌ ‌Pullinen‌ ‌et‌ ‌al.,‌ ‌2020).‌ ‌ 

(4)‌‌As‌‌mentioned‌‌earlier‌‌(Sec.‌‌2.6),‌‌many‌‌HOM‌‌yields‌‌have‌‌not‌‌been‌‌investigated‌‌for‌‌the‌‌exact‌‌compounds‌‌which‌‌                                   

are‌ ‌emitted‌ ‌from‌ ‌the‌ ‌tree‌ ‌species,‌ ‌which‌ ‌are‌ ‌the‌ ‌focus‌ ‌of‌ ‌this‌ ‌study.‌ ‌From‌ ‌Fig.‌ ‌11e,j,o,t‌‌it‌‌is‌‌obvious,‌‌that‌‌even‌‌if‌‌all‌‌the‌‌                                               

OxOrg‌ ‌yields‌ ‌used‌ ‌for‌ ‌simulations‌ ‌of‌ ‌only‌ ‌biotically‌ ‌stressed‌ ‌forests‌ ‌were‌ ‌to‌ ‌be‌ ‌decreased‌ ‌significantly‌ ‌-‌ ‌in‌ ‌case‌ ‌of‌‌                                     

moderately‌‌herbivory‌‌infested‌‌oak‌‌(30‌‌%‌‌of‌‌leaf‌‌area‌‌defoliated)‌‌by‌‌down‌‌to‌‌about‌‌95‌‌%‌‌-‌‌biotically‌‌stressed‌‌oak,‌‌poplar‌‌and‌‌                                           

mountain‌‌birch‌‌forests‌‌would‌‌still,‌‌in‌‌most‌‌cases,‌‌produce‌‌more‌‌particles‌‌than‌‌non-infected‌‌forests‌‌of‌‌the‌‌same‌‌tree‌‌species.‌‌                                     

The‌‌yields,‌‌at‌‌which‌‌HOM‌‌are‌‌formed,‌‌have‌‌been‌‌treated‌‌as‌‌fixed‌‌values‌‌(Appendix‌‌C)‌‌in‌‌the‌‌seasonal‌‌simulations‌‌(Sec.‌‌3.1),‌‌                                         

but‌ ‌the‌ ‌yields‌ ‌actually‌ ‌depend‌ ‌on‌‌several‌‌factors,‌‌such‌‌as‌‌e.g.‌‌the‌‌concentration‌‌of‌‌NO‌X‌ ‌(point‌‌3‌‌above;‌‌Ehn‌‌et‌‌al.,‌‌2014),‌‌                                           

temperature‌ ‌(point‌ ‌3‌ ‌above;‌ ‌Quéléver‌ ‌et‌ ‌al.,‌ ‌2019;‌ ‌Simon‌ ‌et‌ ‌al.,‌ ‌2020)‌ ‌and‌ ‌the‌ ‌ambient‌ ‌blend‌ ‌of‌ ‌VOCs‌ ‌(Sec.‌ ‌3.1.5;‌‌                                       

McFiggans‌‌et‌‌al.,‌‌2019).‌‌Exactly‌‌how‌‌the‌‌formation‌‌and‌‌growth‌‌of‌‌new‌‌particles‌‌depend‌‌on‌‌the‌‌VOC‌‌blend‌‌is‌‌still‌‌uncertain,‌‌                                         

but‌ ‌it‌ ‌has‌ ‌recently‌ ‌been‌ ‌demonstrated‌ ‌that‌ ‌a‌ ‌linear‌ ‌addition‌ ‌of‌‌the‌‌yields‌‌from‌‌the‌‌individual‌‌yields‌‌of‌‌components‌‌in‌‌the‌‌                                         

VOC‌‌mixture‌‌will‌‌result‌‌in‌‌an‌‌overestimation‌‌of‌‌both‌‌the‌‌number‌‌and‌‌size‌‌of‌‌particles‌‌(McFiggans‌‌et‌‌al.,‌‌2019).‌‌As‌‌we‌‌have‌‌                                           

followed‌‌a‌‌similar‌‌procedure,‌‌this‌‌effect‌‌might‌‌cause‌‌our‌‌predicted‌‌aerosol‌‌processes‌‌(Sec.‌‌3.1)‌‌to‌‌be‌‌overestimated,‌‌but‌‌since‌‌                                     

the‌‌ratio‌‌of‌‌isoprene-to-monoterpenes‌‌carbon‌‌concentration‌‌is‌‌much‌‌higher‌‌in‌‌non-infected‌‌oak‌‌and‌‌poplar‌‌stands‌‌than‌‌in‌‌the‌‌                                   

correspondingly‌‌stressed‌‌stands‌‌(Figs.‌‌6b,‌‌7d,‌‌8d),‌‌the‌‌overestimation‌‌is‌‌expected‌‌to‌‌be‌‌more‌‌pronounced‌‌in‌‌the‌‌non-infected‌‌                                   

stands‌ ‌(McFiggans‌ ‌et‌ ‌al.,‌ ‌2019).‌ ‌The‌‌difference‌‌in‌‌the‌‌atmospheric‌‌importance‌‌of‌‌non-infected‌‌and‌‌biotically‌‌stressed‌‌oak‌‌                                 

and‌ ‌poplar‌ ‌stands‌ ‌thereby‌ ‌widens‌ ‌(Fig.‌ ‌11e,j,o).‌‌ ‌  

It‌ ‌is‌ ‌well‌ ‌known‌ ‌that‌ ‌the‌ ‌potential‌ ‌for‌ ‌foliage‌ ‌to‌ ‌emit‌ ‌VOCs‌ ‌depends‌ ‌on‌ ‌the‌ ‌age‌ ‌of‌ ‌the‌ ‌foliage:‌ ‌emerging‌ ‌and‌‌                                         

growing‌‌foliage‌‌usually‌‌emits‌‌isoprene‌‌at‌‌reduced‌‌rates‌‌(e.g.‌‌Guenther‌‌et‌‌al.,‌‌1991,‌‌2012;‌‌Goldstein‌‌et‌‌al.,‌‌1998;‌‌Petron‌‌et‌‌al.,‌‌                                         

2001)‌ ‌and‌ ‌monoterpenes‌ ‌at‌ ‌enhanced‌ ‌rates‌ ‌(e.g.‌ ‌Guenther‌ ‌et‌ ‌al.,‌ ‌1991,‌ ‌2012;‌ ‌Aalto‌ ‌et‌ ‌al.,‌ ‌2014;‌ ‌Taipale‌ ‌et‌ ‌al.,‌ ‌2020)‌‌                                       

compared‌ ‌to‌ ‌that‌ ‌of‌ ‌its‌ ‌corresponding‌ ‌mature‌ ‌foliage.‌ ‌Old‌ ‌leaves‌ ‌do‌‌usually‌‌additionally‌‌emit‌‌isoprene‌‌at‌‌decreased‌‌rates‌‌                                   

(Monson‌ ‌et‌ ‌al.,‌‌1994;‌‌Schnitzler‌‌et‌‌al.,‌‌1997;‌‌Sun‌‌et‌‌al.,‌‌2012).‌‌These‌‌effects‌‌were‌‌not‌‌considered‌‌in‌‌our‌‌simulations‌‌(Sec.‌‌                                         

3.1),‌‌since‌‌the‌‌effect‌‌of‌‌leaf‌‌age‌‌on‌‌biotic‌‌plant‌‌stress‌‌emissions‌‌is‌‌unexplored.‌‌Considering‌‌a‌‌similar‌‌treatment‌‌of‌‌the‌‌impact‌‌                                         

of‌ ‌leaf‌ ‌maturity‌ ‌on‌ ‌the‌ ‌emissions‌ ‌of‌‌VOCs‌‌as‌‌Gunther‌‌et‌‌al.‌‌(2012)‌‌(see‌‌Appendix‌‌B)‌‌would‌‌only‌‌influence‌‌the‌‌predicted‌‌                                         

number‌‌and‌‌size‌‌of‌‌particles‌‌in‌‌herbivory‌‌stressed‌‌and‌‌non-infested‌‌oak‌‌forests‌‌insignificantly‌‌(Fig.‌‌B2).‌‌However,‌‌it‌‌would‌‌                                   
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decrease‌‌the‌‌ratio‌‌of‌‌isoprene-to-monoterpenes‌‌carbon‌‌so‌‌significantly‌‌in‌‌gypsy‌‌moth‌‌infested‌‌oak‌‌stands,‌‌that‌‌the‌‌possible‌‌                                 

suppression‌‌of‌‌aerosol‌‌processes‌‌by‌‌isoprene‌‌would‌‌disappear‌‌during‌‌most,‌‌or‌‌even‌‌the‌‌entire,‌‌duration‌‌of‌‌stress‌‌(Fig.‌‌B2b).‌‌                                     

Applying‌‌a‌‌similar‌‌leaf‌‌age‌‌effect‌‌as‌‌described‌‌in‌‌Gunther‌‌et‌‌al.‌‌(2012)‌‌on‌‌simulations‌‌of‌‌fungally‌‌infected‌‌oak‌‌and‌‌poplar‌‌                                         

forests‌ ‌would‌ ‌not‌ ‌decrease‌ ‌the‌ ‌ratio‌ ‌of‌ ‌isoprene-to-monoterpenes‌ ‌carbon‌ ‌sufficiently‌ ‌in‌ ‌order‌ ‌to‌ ‌avoid‌ ‌the‌ ‌possible‌‌                               

suppression‌ ‌effect‌‌of‌‌isoprene,‌‌since‌‌Guenther‌‌et‌‌al.‌‌(2012)‌‌only‌‌assume‌‌a‌‌reduction‌‌of‌‌10‌‌%‌‌on‌‌the‌‌emissions‌‌of‌‌isoprene‌‌                                         

from‌‌old‌‌leaves.‌‌We‌‌investigated‌‌that‌‌the‌‌emission‌‌of‌‌isoprene‌‌from‌‌mildew‌‌infected‌‌oak‌‌would‌‌need‌‌to‌‌decrease‌‌by‌‌~68-96‌‌                                       

%‌‌(severity‌‌of‌‌stress‌‌ranging‌‌from‌‌80‌‌to‌‌9‌‌%),‌‌in‌‌comparison‌‌to‌‌simulations‌‌where‌‌the‌‌leaf‌‌age‌‌effect‌‌is‌‌not‌‌considered,‌‌in‌‌                                             

order‌‌to‌‌reach‌‌R≤1,‌‌whereas‌‌the‌‌emission‌‌of‌‌isoprene‌‌from‌‌non-infected‌‌oak‌‌would‌‌need‌‌to‌‌decrease‌‌by‌‌~99‌‌%‌‌(Fig.‌‌B3a).‌‌In‌‌                                           

comparison,‌ ‌the‌ ‌emission‌ ‌of‌ ‌isoprene‌ ‌from‌ ‌a‌‌non-infected‌‌poplar‌‌stand‌‌would‌‌need‌‌to‌‌decline‌‌by‌‌99.8‌‌%,‌‌and‌‌from‌‌a‌‌rust‌‌                                         

infected‌‌poplar‌‌stand‌‌by‌‌at‌‌least‌‌79‌‌%,‌‌in‌‌order‌‌to‌‌attain‌‌R≤1‌‌(Fig.‌‌B4a).‌‌In‌‌order‌‌to‌‌reach‌‌R≤22.5,‌‌the‌‌upper‌‌limit‌‌at‌‌which‌‌                                                 

new‌‌particle‌‌formation‌‌has‌‌been‌‌observed‌‌in‌‌the‌‌atmosphere‌‌(Yu‌‌et‌‌al.,‌‌2014),‌‌the‌‌emission‌‌of‌‌isoprene‌‌from‌‌a‌‌non-infected‌‌                                       

poplar‌‌stand‌‌would‌‌need‌‌to‌‌decrease‌‌by‌‌~95‌‌%,‌‌whereas‌‌heavily‌‌rust‌‌infected‌‌poplar‌‌forest‌‌would‌‌already‌‌be‌‌below‌‌this‌‌limit‌‌                                         

without‌‌considering‌‌an‌‌age‌‌dependent‌‌reduction‌‌of‌‌the‌‌emission‌‌potential‌‌(Fig‌‌B4a).‌‌Simulations‌‌were‌‌not‌‌done‌‌for‌‌mountain‌‌                                   

birch‌‌forest‌‌stands,‌‌since‌‌no‌‌emissions‌‌are‌‌suppressed‌‌upon‌‌herbivory‌‌stress‌‌of‌‌mountain‌‌birch‌‌(Yli-Pirilä‌‌et‌‌al.,‌‌2016)‌‌and‌‌                                     

since‌ ‌Yli-Pirilä‌ ‌et‌ ‌al.‌ ‌(2016)‌ ‌did‌ ‌not‌ ‌provide‌ ‌age‌ ‌information‌ ‌on‌ ‌the‌ ‌leaves‌ ‌they‌ ‌measured.‌ ‌ 

‌ 

‌ 

Figure‌‌10.‌‌‌Impact‌‌of‌‌changed‌‌boundary‌‌conditions‌‌on‌‌the‌‌number‌‌concentrations‌‌of‌‌newly‌‌formed‌‌particles‌‌in‌‌non-infected‌‌                                 

and‌ ‌biotically‌ ‌stressed‌ ‌forest‌ ‌stands.‌ ‌The‌ ‌number‌ ‌concentration‌ ‌of‌ ‌newly‌ ‌formed‌ ‌particles‌ ‌is‌ ‌expressed‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌‌                                   

changes‌‌in‌‌the‌‌boundary‌‌layer‌‌height‌‌‌(a,‌‌e,‌‌i,‌‌m)‌,‌‌light‌‌‌(b,‌‌f,‌‌j,‌‌n)‌,‌‌temperature‌‌‌(c,‌‌g,‌‌k,‌‌o)‌‌and‌‌leaf‌‌area‌‌index‌(d,‌‌h,‌‌l,‌‌p)‌‌for‌‌                                                         

non-infected‌‌and‌‌infected‌‌oak‌‌(‌a-d‌,‌‌gypsy‌‌moth,‌‌‌e-h‌,‌‌powdery‌‌mildew),‌‌poplar‌(i-l)‌‌and‌‌birch‌‌‌(m-p)‌‌stands.‌‌Light‌‌‌(b,‌‌f,‌‌j,‌‌n)‌‌                                         

and‌‌temperature‌‌‌(c,‌‌g,‌‌k,‌‌o)‌‌are‌‌given‌‌as‌‌the‌‌daily‌‌maxima,‌‌but‌‌in‌‌the‌‌simulations‌‌the‌‌parameters‌‌follow‌‌a‌‌daily‌‌cycle.‌‌The‌‌                                             

displayed‌‌LAI‌‌‌(d,‌‌h,‌‌l,‌‌p)‌‌is‌‌that‌‌of‌‌a‌‌non-infected‌‌stand,‌‌hence‌‌e.g.‌‌at‌‌LAI‌‌=‌‌7‌‌m‌2‌ ‌m‌-2‌,‌‌the‌‌simulation‌‌for‌‌a‌‌larval‌‌infestation‌‌                                                   

level‌ ‌of‌ ‌80‌ ‌%‌ ‌has‌ ‌been‌ ‌conducted‌ ‌with‌ ‌LAI‌ ‌=‌ ‌1.4‌ ‌m‌2‌ ‌m‌-2‌,‌ ‌which‌ ‌is‌ ‌20‌ ‌%‌ ‌of‌ ‌the‌‌non-infected‌‌stand‌‌LAI‌‌value.‌‌Optimal‌‌                                               

conditions‌ ‌(i.e.‌ ‌leading‌ ‌to‌ ‌highest‌ ‌number‌ ‌concentrations)‌ ‌for‌ ‌non-infected‌ ‌stands‌ ‌are‌ ‌indicated‌ ‌with‌‌white‌‌markers‌‌at‌‌an‌‌                                 

infection‌‌level‌‌of‌‌0‌‌%.‌‌White‌‌markers‌‌located‌‌at‌‌various‌‌infection‌‌levels‌‌mark‌‌the‌‌conditions‌‌at‌‌which‌‌an‌‌identical‌‌or‌‌slightly‌‌                                         

higher‌‌number‌‌concentration,‌‌as‌‌produced‌‌by‌‌a‌‌non-infected‌‌forest‌‌stand‌‌at‌‌optimal‌‌conditions,‌‌is‌‌reached.‌‌No‌‌markers‌‌are‌‌                                   

used‌‌for‌‌80‌‌%‌‌defoliated‌‌mountain‌‌birch‌‌‌(m-p)‌,‌‌since‌‌the‌‌corresponding‌‌number‌‌concentrations‌‌are‌‌always‌‌lower‌‌than‌‌in‌‌a‌‌                                     

non-infested‌ ‌birch‌ ‌stand‌ ‌at‌ ‌optimal‌ ‌conditions.‌ ‌Be‌ ‌aware‌ ‌that‌ ‌white‌ ‌markers‌ ‌in‌ ‌‌d‌ ‌and‌ ‌‌p‌ ‌are‌ ‌not‌ ‌located‌ ‌at‌ ‌the‌ ‌LAI‌ ‌of‌‌a‌‌                                             
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non-infected‌‌stand,‌‌but‌‌instead‌‌at‌‌the‌‌values‌‌used‌‌for‌‌the‌‌simulations.‌‌R‌‌values‌‌‌(a,‌‌e,‌‌i)‌‌indicate‌‌the‌‌ratio‌‌of‌‌isoprene‌‌carbon‌‌/‌‌                                             

monoterpene‌ ‌carbon‌ ‌at‌ ‌the‌ ‌locations‌ ‌of‌ ‌the‌ ‌write‌ ‌markers.‌ ‌Be‌ ‌aware‌ ‌that‌ ‌the‌ ‌x-axes‌ ‌are‌ ‌different‌ ‌for‌ ‌simulations‌ ‌in‌‌                                     

Hohenpeißenberg‌ ‌‌(a-l)‌‌ ‌and‌ ‌SMEAR‌ ‌I‌ ‌conditions‌ ‌‌(m-p)‌‌ ‌except‌ ‌in‌ ‌the‌ ‌case‌ ‌of‌ ‌changing‌ ‌boundary‌ ‌layer‌ ‌height‌ ‌‌(a,‌ ‌e,‌ ‌i,‌ ‌m)‌.‌‌ ‌  

‌ 

‌ 

Figure‌‌11.‌‌Impact‌‌of‌‌changed‌‌boundary‌‌conditions‌‌on‌‌the‌‌number‌‌concentrations‌‌of‌‌newly‌‌formed‌‌particles‌‌in‌‌non-infected‌‌                                 

and‌ ‌biotically‌ ‌stressed‌ ‌forest‌ ‌stands.‌ ‌The‌ ‌number‌ ‌concentration‌ ‌of‌ ‌newly‌ ‌formed‌ ‌particles‌ ‌is‌ ‌expressed‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌‌                                   

changes‌‌in‌‌the‌‌concentration‌‌of‌‌ozone‌‌‌(a,‌‌f,‌‌k,‌‌p)‌,‌‌OH‌‌‌(b,‌‌g,‌‌l,‌‌q)‌‌and‌‌sulfuric‌‌acid‌‌‌(c,‌‌h,‌‌m,‌‌r)‌,‌‌the‌‌condensation‌‌sink‌‌‌(d,‌‌i,‌‌n,‌‌                                                       

s)‌‌and‌‌OxOrg‌‌yields‌‌(e,‌‌j,‌‌o,‌‌t)‌‌for‌‌non-infected‌‌and‌‌infected‌‌oak‌‌‌(a-e‌,‌‌gypsy‌‌moth,‌‌‌f-j‌,‌‌powdery‌‌mildew),‌‌poplar‌‌‌(k-o)‌‌and‌‌                                           

birch‌‌‌(p-t)‌‌stands.‌‌The‌‌concentrations‌‌of‌‌OH‌‌‌(b,‌‌g,‌‌l,‌‌q)‌‌and‌‌sulfuric‌‌acid‌‌‌(c,‌‌h,‌‌m,‌‌r)‌‌are‌‌given‌‌as‌‌the‌‌daily‌‌maxima,‌‌but‌‌in‌‌                                                   

the‌‌simulations‌‌the‌‌parameters‌‌follow‌‌a‌‌daily‌‌cycle.‌‌White‌‌markers‌‌are‌‌used‌‌in‌‌a‌‌similar‌‌way‌‌as‌‌in‌‌Fig.‌‌10.‌‌Be‌‌aware‌‌that‌‌the‌‌                                               

x-axes‌‌are‌‌different‌‌for‌‌simulations‌‌in‌‌Hohenpeißenberg‌‌‌(a-o)‌‌and‌‌SMEAR‌‌I‌‌conditions‌‌‌(p-t)‌‌except‌‌in‌‌the‌‌case‌‌of‌‌changing‌‌                                     

Oxorg‌ ‌yields‌ ‌‌(e,‌ ‌j,‌ ‌o,‌ ‌t)‌.‌ ‌ 

‌ 

3.3‌ ‌Implications‌ ‌and‌ ‌remaining‌ ‌issues‌ ‌to‌ ‌be‌ ‌explored‌ ‌ 

Our‌‌simulation‌‌results‌‌(Figs.‌‌5-9)‌‌illustrate‌‌that‌‌biotic‌‌plant‌‌stresses‌‌are‌‌capable‌‌of‌‌substantially‌‌perturbing‌‌both‌‌the‌‌number‌‌                                   

and‌‌size‌‌of‌‌atmospheric‌‌aerosol‌‌particles‌‌throughout‌‌a‌‌significant‌‌fraction‌‌of‌‌the‌‌year‌‌(summarised‌‌in‌‌Fig.‌‌12).‌‌Considering‌                                   

that‌‌we‌‌calculated‌‌‌daily‌‌new‌‌particle‌‌growth,‌‌our‌‌results‌‌point‌‌to‌‌the‌‌direction‌‌that‌‌induced‌‌plant‌‌emissions‌‌will‌‌subsequently‌‌                                     

lead‌ ‌to‌ ‌more‌ ‌efficient‌ ‌CCN‌ ‌production‌ ‌in‌ ‌the‌ ‌atmosphere‌ ‌(Fig.‌ ‌12),‌‌which‌‌will‌‌moreover‌‌affect‌‌cloud‌‌properties,‌‌such‌‌as‌‌                                     

cloud‌‌albedo‌‌and‌‌lifetime‌‌(Twomey,‌‌1977;‌‌Albrecht,‌‌1989;‌‌Gryspeerdt‌‌et‌‌al.,‌‌2014;‌‌Rosenfeld‌‌et‌‌al.,‌‌2014).‌‌The‌‌amplitude‌‌of‌‌                                     

the‌ ‌enhancement,‌ ‌however,‌ ‌depends‌ ‌strongly‌ ‌on‌ ‌the‌ ‌specific‌ ‌stressor‌ ‌and‌ ‌tree‌ ‌species‌ ‌which‌ ‌are‌ ‌attacked.‌ ‌ 

Naturally,‌ ‌both‌ ‌the‌ ‌duration‌ ‌of‌ ‌stress‌ ‌(Fig.‌ ‌12e)‌ ‌and‌ ‌the‌ ‌predicted‌ ‌number‌ ‌(Fig.‌ ‌12d)‌‌and‌‌size‌‌(Fig.‌‌12c)‌‌of‌‌new‌‌                                       

particles‌ ‌depend‌ ‌highly‌ ‌on‌ ‌our‌ ‌assumptions‌‌about‌‌e.g.‌‌when‌‌the‌‌fungi‌‌start‌‌to‌‌attack‌‌their‌‌host,‌‌how‌‌fast‌‌the‌‌fungi‌‌spread,‌‌                                         

whether‌ ‌the‌ ‌larval‌ ‌eggs‌ ‌hatch‌ ‌simultaneously‌ ‌with‌ ‌budburst,‌ ‌how‌ ‌fast‌ ‌larval‌ ‌development‌ ‌occurs,‌ ‌and‌ ‌when‌ ‌senescence‌‌                               

onsets‌‌-‌‌all‌‌which‌‌depend‌‌strongly‌‌on‌‌environmental‌‌conditions.‌‌It‌‌is‌‌furthermore‌‌probable‌‌that‌‌emissions‌‌are‌‌also‌‌induced‌‌                                   

from‌ ‌fungally‌ ‌infected‌ ‌leaves‌ ‌during‌ ‌senescence,‌ ‌which‌ ‌was‌ ‌not‌ ‌simulated‌ ‌here.‌ ‌The‌ ‌duration‌ ‌of‌ ‌stress‌ ‌can,‌ ‌thus,‌ ‌be‌‌                                   
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significantly‌ ‌longer‌ ‌than‌ ‌what‌ ‌is‌ ‌summarised‌ ‌in‌ ‌Fig.‌ ‌12e,‌ ‌whereby‌ ‌also‌ ‌the‌ ‌post-defoliation‌ ‌period,‌ ‌in‌ ‌case‌ ‌of‌‌herbivory‌‌                                   

infestations,‌ ‌will‌ ‌be‌ ‌shorter,‌ ‌and‌ ‌the‌ ‌atmospheric‌ ‌importance‌ ‌of‌ ‌the‌ ‌stresses‌ ‌stronger.‌‌ ‌  

We‌ ‌have‌ ‌also‌ ‌shown‌ ‌that‌ ‌it‌ ‌can‌ ‌be‌ ‌more‌ ‌important‌ ‌to‌ ‌account‌ ‌for‌ ‌biotic‌ ‌plant‌ ‌stresses‌ ‌in‌ ‌models‌ ‌for‌ ‌local‌ ‌and‌‌                                         

regional‌‌predictions‌‌of‌‌new‌‌particle‌‌formation‌‌and‌‌growth‌‌during‌‌the‌‌time‌‌of‌‌infestation/infection‌‌than‌‌significant‌‌variations‌‌                               

in‌ ‌those‌ ‌environmental‌ ‌parameters‌ ‌which‌ ‌predictions‌ ‌of‌ ‌VOC‌ ‌emissions‌ ‌are‌ ‌currently‌ ‌controlled‌ ‌by,‌ ‌e.g.‌‌light‌‌conditions‌‌                               

(Fig.‌‌10b,f,j,n),‌‌temperature‌‌(Fig.‌‌10c,g,k,o)‌‌and‌‌LAI‌‌(Fig.‌‌10d,h,l,p).‌‌Considering‌‌changes‌‌in‌‌the‌‌emissions‌‌of‌‌VOCs‌‌caused‌‌                                 

by‌‌stress‌‌also‌‌seems‌‌to‌‌be‌‌more‌‌crucial‌‌than‌‌accounting‌‌for‌‌large‌‌changes‌‌in‌‌the‌‌concentrations‌‌of‌‌O‌3‌ ‌(Fig.‌‌11a,f,k,p)‌‌and‌‌OH‌‌                                           

(Fig.‌ ‌11b,g,l,q).‌ ‌ 

Considering‌‌the‌‌frequency‌‌and‌‌scale‌‌of‌‌the‌‌investigated‌‌biotic‌‌stresses‌‌is‌‌important‌‌in‌‌order‌‌to‌‌properly‌‌evaluate‌‌the‌‌                                   

impact‌‌of‌‌the‌‌stresses‌‌on‌‌the‌‌atmosphere‌‌and‌‌climate:‌‌Fungi‌‌are‌‌largely‌‌ubiquitous‌‌and‌‌e.g.‌‌yearly‌‌account‌‌for‌‌~10‌‌%‌‌of‌‌all‌‌                                           

recorded‌ ‌damage‌ ‌symptoms‌ ‌on‌ ‌trees‌ ‌growing‌‌in‌‌European‌‌forests‌‌(ICP‌‌Forests,‌‌2020).‌‌To‌‌put‌‌that‌‌number‌‌in‌‌perspective,‌‌                                   

~87‌‌%‌‌of‌‌all‌‌investigated‌‌broadleaved‌‌trees‌‌(>50000)‌‌are‌‌yearly‌‌reported‌‌to‌‌have‌‌damage‌‌symptoms‌‌in‌‌European‌‌forests‌‌(ICP‌‌                                     

Forests,‌‌2020).‌‌Considering‌‌the‌‌duration‌‌of‌‌stress,‌‌and‌‌the‌‌predicted‌‌increase‌‌in‌‌the‌‌number‌‌and‌‌size‌‌of‌‌atmospheric‌‌aerosol‌‌                                     

particles‌ ‌in‌ ‌response‌ ‌to‌ ‌fungal‌ ‌infections,‌ ‌together‌ ‌with‌ ‌the‌ ‌fact‌ ‌that‌ ‌especially‌ ‌oak‌ ‌powdery‌ ‌mildew‌ ‌is‌ ‌one‌ ‌of‌ ‌the‌ ‌most‌‌                                       

common‌‌plant‌‌diseases,‌‌with‌‌e.g.‌‌~9‌‌%‌‌of‌‌pedunculate‌‌and‌‌sessile‌‌oak‌‌reported‌‌to‌‌be‌‌infected‌‌by‌‌powdery‌‌mildew‌‌in‌‌Europe‌‌                                         

yearly‌ ‌(ICP‌ ‌Forests,‌ ‌2020),‌ ‌our‌ ‌findings‌ ‌call‌ ‌for‌ ‌initiatives‌ ‌to‌ ‌account‌ ‌for‌ ‌fungal‌ ‌stress‌ ‌emission‌ ‌responses‌ ‌in‌ ‌numerical‌‌                                   

models‌ ‌in‌ ‌a‌ ‌robust‌ ‌manner.‌ ‌Though‌ ‌larvae‌ ‌are‌ ‌present‌‌every‌‌summer,‌‌the‌‌population‌‌density‌‌of‌‌both‌‌gypsy‌‌and‌‌autumnal‌‌                                     

moths‌ ‌is‌‌cyclic,‌‌with‌‌8-10‌‌years‌‌or‌‌4-5‌‌years‌‌between‌‌gypsy‌‌moth‌‌outbreaks,‌‌depending‌‌on‌‌the‌‌forest‌‌type‌‌(mesic‌‌vs‌‌xeric‌‌                                         

sites;‌‌Johnson‌‌et‌‌al.,‌‌2006),‌‌and‌‌9-11‌‌years‌‌between‌‌autumnal‌‌moth‌‌outbreaks‌‌(Haukioja‌‌et‌‌al.,‌‌1988;‌‌Ruohomäki‌‌et‌‌al.,‌‌2000;‌‌                                       

Ylivinkka‌‌et‌‌al.,‌‌2020).‌‌Gypsy‌‌moth,‌‌in‌‌North‌‌America‌‌alone,‌‌is‌‌estimated‌‌to‌‌have‌‌defoliated‌‌>38‌‌million‌‌ha‌‌of‌‌forest‌‌during‌‌                                         

years‌‌1920‌‌to‌‌2020‌‌(Coleman‌‌et‌‌al.,‌‌2020),‌‌and‌‌yearly,‌‌gypsy‌‌moth‌‌larvae‌‌are‌‌usually‌‌reported‌‌to‌‌defoliate‌‌between‌‌~0.2-0.8‌‌                                       

million‌‌ha‌‌of‌‌forested‌‌land‌‌in‌‌the‌‌US,‌‌but‌‌with‌‌values‌‌as‌‌high‌‌as‌‌~5‌‌million‌‌ha/year‌‌(Karel‌‌and‌‌Man,‌‌2017).‌‌In‌‌comparison,‌‌                                             

the‌ ‌total‌ ‌area‌ ‌of‌ ‌forested‌ ‌land‌ ‌in‌ ‌the‌ ‌US‌ ‌is‌ ‌~333‌ ‌million‌ ‌ha‌ ‌(www.fs.usda.gov.).‌ ‌In‌ ‌European‌ ‌forests,‌ ‌the‌ ‌mean‌ ‌level‌ ‌of‌‌                                         

defoliation‌ ‌of‌ ‌pedunculate‌ ‌and‌ ‌sessile‌‌oak‌‌is‌‌yearly‌‌reported‌‌to‌‌be‌‌~27‌‌%,‌‌while‌‌most‌‌of‌‌the‌‌trees‌‌are‌‌10-25‌‌%‌‌(~39‌‌%‌‌of‌‌                                               

trees)‌ ‌or‌ ‌25-40‌ ‌%‌ ‌defoliated‌‌(~28‌‌%‌‌of‌‌trees,‌‌ICP‌‌Forests,‌‌2020).‌‌In‌‌comparison,‌‌only‌‌~19‌‌%‌‌of‌‌deciduous‌‌temperate‌‌oak‌‌                                         

trees‌‌in‌‌European‌‌forests‌‌are‌‌yearly‌‌reported‌‌to‌‌not‌‌be‌‌defoliated‌‌at‌‌all‌‌or‌‌that‌‌less‌‌than‌‌10‌‌%‌‌of‌‌the‌‌trees’‌‌foliage‌‌have‌‌been‌‌                                                 

defoliated‌‌by‌‌herbivores‌‌(ICP‌‌Forests,‌‌2020).‌‌Since‌‌European‌‌gypsy‌‌moth‌‌is‌‌one‌‌of‌‌the‌‌major‌‌defoliating‌‌insects‌‌feeding‌‌on‌‌                                     

pedunculate‌ ‌oak‌ ‌(https://www.cabi.org/isc/datasheet/31807#tohostsOrSpeciesAffected,‌ ‌last‌‌accessed‌‌11th‌‌of‌‌June,‌‌2021),‌‌it‌‌                   

must‌ ‌be‌ ‌reasonable‌ ‌to‌ ‌assume‌ ‌that‌ ‌a‌ ‌significant‌ ‌fraction‌ ‌of‌ ‌the‌ ‌reported‌ ‌defoliation‌ ‌is‌ ‌caused‌ ‌by‌ ‌feeding‌ ‌by‌‌gypsy‌‌moth‌                                       

larvae,‌‌and‌‌thus‌‌it‌‌is‌‌likely‌‌that‌‌accounting‌‌for‌‌stress‌‌emissions‌‌in‌‌response‌‌to‌‌feeding‌‌by‌‌gypsy‌‌moth‌‌larval‌‌is‌‌important‌‌for‌‌                                           

realistic‌‌predictions‌‌of‌‌new‌‌particle‌‌formation‌‌and‌‌growth.‌‌It‌‌is‌‌also‌‌likely‌‌that‌‌the‌‌reported‌‌defoliation‌‌which‌‌is‌‌not‌‌caused‌‌                                       

by‌‌gypsy‌‌moth‌‌larvae,‌‌but‌‌other‌‌herbivores,‌‌also‌‌impacts‌‌‌new‌‌particle‌‌formation,‌‌though‌‌to‌‌which‌‌direction‌‌and‌‌with‌‌which‌‌                                     

amplitude‌ ‌is‌ ‌currently‌ ‌unknown.‌ ‌When‌ ‌the‌ ‌larval‌ ‌density‌ ‌of‌ ‌autumnal‌ ‌moth‌ ‌in‌ ‌Fennoscandinavia‌ ‌is‌ ‌low,‌ ‌the‌ ‌level‌ ‌of‌‌                                   

defoliation‌ ‌usually‌ ‌remains‌ ‌less‌ ‌than‌ ‌15‌ ‌%‌ ‌(Bylund‌ ‌1995),‌ ‌but‌ ‌during‌‌outbreak‌‌years,‌‌large‌‌areas‌‌(in‌‌the‌‌order‌‌of‌‌several‌‌                                       

thousands‌‌of‌‌square‌‌kilometres)‌‌can‌‌become‌‌either‌‌completely‌‌or‌‌severely‌‌defoliated‌‌(e.g.,‌‌Ruohomäki‌‌et‌‌al.,‌‌2000;‌‌Tenow‌‌                                 

1975;‌ ‌Nikula‌ ‌1993).‌ ‌Thus,‌ ‌considering‌ ‌the‌ ‌scale‌ ‌of‌‌autumnal‌‌moth‌‌infestation‌‌combined‌‌with‌‌our‌‌findings‌‌about‌‌both‌‌the‌‌                                   

order‌‌of‌‌the‌‌increase‌‌in‌‌atmospheric‌‌new‌‌particle‌‌formation‌‌and‌‌growth‌‌caused‌‌by‌‌autumnal‌‌moth‌‌infestations,‌‌and‌‌also‌‌the‌‌                                     

absolute‌ ‌number‌ ‌and‌ ‌size‌ ‌of‌ ‌newly‌ ‌formed‌ ‌particles,‌ ‌it‌ ‌could‌ ‌seem‌ ‌that‌ ‌the‌‌importance‌‌of‌‌accounting‌‌for‌‌autumnal‌‌moth‌‌                                     

infestation‌‌in‌‌models‌‌to‌‌predict‌‌‌aerosol‌‌formation‌‌is‌‌minor.‌‌It‌‌should,‌‌however,‌‌be‌‌emphasised‌‌that‌‌in‌‌our‌‌simulations‌‌we‌‌did‌‌                                       

not‌ ‌accounted‌ ‌for‌ ‌delayed‌ ‌defense‌‌responses,‌‌which‌‌mountain‌‌birches‌‌are‌‌known‌‌to‌‌possess‌‌(e.g.,‌‌Kaitaniemi‌‌et‌‌al.,‌‌1998;‌‌                                   

Ruuhola‌‌et‌‌al.,‌‌2007),‌‌and‌‌which‌‌possibly‌‌cause‌‌elevated‌‌total‌‌particle‌‌concentrations‌‌for‌‌‌a‌‌few‌‌years‌‌after‌‌larval‌‌infestation‌‌                                     

(Ylivinkka‌‌et‌‌al.,‌‌2020).‌‌Also,‌‌we‌‌did‌‌not‌‌take‌‌multiple‌‌co-occurring‌‌stresses‌‌into‌‌account,‌‌which‌‌are‌‌often‌‌the‌‌rule‌‌in‌‌nature‌‌                                         

and‌ ‌which‌ ‌generally‌ ‌enhances‌ ‌the‌ ‌already‌ ‌induced‌ ‌emission‌ ‌response‌ ‌due‌ ‌to‌ ‌biotic‌ ‌plant‌ ‌stress‌ ‌(e.g.‌ ‌Blande‌‌et‌‌al.,‌‌2007;‌‌                                     

Vapaavuori‌‌et‌‌al.,‌‌2009;‌‌Holopainen‌‌and‌‌Gershenzon,‌‌2010;‌‌Kivimäenpää‌‌et‌‌al.,‌‌2016;‌‌Ghimire‌‌et‌‌al.,‌‌2017).‌‌For‌‌example,‌‌Li‌‌                                     
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et‌ ‌al.‌ ‌(2019)‌ ‌recently‌ ‌showed‌ ‌that‌ ‌warming‌ ‌significantly‌ ‌amplifies‌ ‌the‌ ‌emission‌ ‌response‌ ‌due‌ ‌to‌ ‌autumnal‌‌moth‌‌feeding.‌‌                                 

Thus,‌‌there‌‌is‌‌a‌‌great‌‌need‌‌for‌‌new‌‌field‌‌observations‌‌in‌‌order‌‌to‌‌validate‌‌modelling‌‌studies‌‌such‌‌as‌‌ours,‌‌and‌‌in‌‌general‌‌to‌‌                                             

quantify‌‌the‌‌role‌‌of‌‌stress‌‌emissions‌‌in‌‌‌the‌‌formation‌‌‌and‌‌subsequent‌‌growth‌‌‌of‌‌new‌‌particles‌.‌‌Especially‌‌because‌‌enclosure‌‌                                   

studies,‌ ‌which‌‌currently‌‌are‌‌close‌‌to‌‌the‌‌only‌‌published‌‌measurements‌‌studies‌‌which‌‌have‌‌investigated‌‌the‌‌ability‌‌of‌‌biotic‌‌                                   

plant‌‌stress‌‌to‌‌influence‌‌aerosol‌‌processes,‌‌often‌‌do‌‌not‌‌accurately‌‌represent‌‌what‌‌is‌‌observed‌‌on‌‌canopy‌‌to‌‌landscape‌‌scales.‌‌                                     

In‌‌addition‌‌to‌‌this,‌‌robust‌‌representations‌‌of‌‌stress‌‌emissions,‌‌and‌‌the‌‌drivers‌‌of‌‌the‌‌emissions,‌‌are‌‌needed‌‌before‌‌it‌‌is‌‌possible‌‌                                         

to‌ ‌integrate‌ ‌stress‌ ‌emissions‌ ‌into‌ ‌large‌ ‌scale‌ ‌models‌ ‌without‌ ‌introducing‌ ‌errors‌ ‌in‌ ‌the‌ ‌models.‌ ‌ 

‌ 

‌ 

Figure‌ ‌12.‌ ‌‌Differences‌ ‌in‌ ‌atmospheric‌ ‌response‌ ‌from‌ ‌various‌ ‌non-infected‌ ‌and‌ ‌biotically‌ ‌stressed‌ ‌plant‌ ‌species.‌ ‌‌(a)‌‌                             

atmospheric‌ ‌concentrations‌ ‌of‌ ‌OxOrg,‌ ‌‌(b)‌ ‌formation‌ ‌rates‌ ‌of‌ ‌3‌ ‌nm‌ ‌particles,‌‌‌(c)‌‌‌daily‌‌maximum‌‌diameter‌‌of‌‌the‌‌growing‌‌                                   

particle‌ ‌mode,‌ ‌‌(d)‌ ‌number‌ ‌concentration‌ ‌of‌ ‌formed‌ ‌particles,‌ ‌and‌ ‌‌(e)‌ ‌amount‌‌of‌‌days‌‌considered.‌‌‌a-d‌‌are‌‌provided‌‌as‌‌the‌‌                                     

differences‌ ‌between‌ ‌the‌ ‌averaged‌ ‌parameter‌ ‌in‌ ‌a‌ ‌stressed‌ ‌and‌ ‌stress-free‌ ‌forest‌ ‌stand‌ ‌of‌ ‌the‌ ‌same‌ ‌plant‌ ‌species‌ ‌type.‌‌                                   

Differences‌ ‌and‌ ‌averages‌ ‌are‌ ‌considered‌ ‌based‌ ‌on‌ ‌the‌ ‌complete‌ ‌growing‌‌season,‌‌the‌‌period‌‌with‌‌stress,‌‌when‌‌the‌‌ratio‌‌of‌‌                                     

isoprene-to-monoterpenes‌‌carbon‌‌concentration‌‌is‌‌less‌‌than‌‌1‌‌or‌‌less‌‌than‌‌22.5.‌‌Be‌‌aware‌‌that‌‌R‌‌is‌‌always‌‌zero‌‌in‌‌simulations‌‌                                       

of‌‌birch.‌‌In‌‌cases‌‌where‌‌R‌‌does‌‌not‌‌reach‌‌less‌‌than‌‌1‌‌or‌‌less‌‌than‌‌22.5‌‌in‌‌the‌‌atmosphere‌‌surrounding‌‌a‌‌non-infected‌‌forest‌‌                                             

stand,‌ ‌but‌ ‌it‌ ‌does‌ ‌in‌ ‌the‌ ‌case‌ ‌of‌ ‌the‌ ‌corresponding‌ ‌stressed‌ ‌stand,‌ ‌it‌ ‌is‌ ‌assumed‌ ‌that‌ ‌the‌ ‌atmospheric‌ ‌parameter‌ ‌in‌ ‌the‌‌                                         

non-infected‌‌stand‌‌is‌‌zero‌‌and‌‌hence‌‌the‌‌difference‌‌is‌‌given‌‌as‌‌the‌‌value‌‌of‌‌the‌‌stressed‌‌stand.‌‌The‌‌concentration‌‌differences‌‌                                       

of‌ ‌OxOrg,‌‌formation‌‌rates‌‌and‌‌number‌‌concentrations‌‌are‌‌calculated‌‌based‌‌on‌‌an‌‌average,‌‌for‌‌the‌‌period‌‌of‌‌interest,‌‌of‌‌the‌‌                                       

median‌‌values‌‌during‌‌10:00-16:00‌‌local‌‌time.‌‌“Severe”‌‌and‌‌“moderate”‌‌refer‌‌to‌‌that‌‌80‌‌%‌‌or‌‌30‌‌%‌‌of‌‌the‌‌total‌‌leaf‌‌area‌‌has‌‌                                             
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been‌ ‌consumed‌ ‌or‌ ‌infected‌ ‌by‌ ‌the‌ ‌end‌ ‌of‌ ‌the‌ ‌feeding/infection‌ ‌period,‌ ‌respectively.‌ ‌Southern‌ ‌Germany‌ ‌has‌‌been‌‌used‌‌as‌‌                                   

border‌ ‌conditions‌ ‌for‌ ‌simulations‌ ‌of‌ ‌oak‌ ‌and‌ ‌poplar,‌ ‌while‌ ‌SMEAR‌ ‌I,‌ ‌Finnish‌ ‌Lapland,‌ ‌has‌ ‌been‌ ‌used‌ ‌for‌ ‌modelling‌ ‌of‌ ‌birch.‌‌ ‌  

‌ 

4‌ ‌Conclusions‌ ‌ 

We‌‌constructed‌‌a‌‌conceptual‌‌model‌‌to‌‌simulate‌‌new‌‌particle‌‌formation‌‌and‌‌growth‌‌in‌‌various‌‌broadleaved‌‌forest‌‌stands,‌‌in‌‌                                   

clean‌ ‌low‌ ‌NO‌X‌ ‌environments,‌ ‌under‌ ‌biotically‌ ‌stressed‌ ‌and‌ ‌stress-free‌ ‌conditions,‌ ‌throughout‌ ‌a‌ ‌full‌ ‌growing‌ ‌season.‌‌                             

Unsurprisingly,‌ ‌we‌ ‌found‌ ‌that‌ ‌the‌ ‌predicted‌ ‌atmospheric‌ ‌importance‌ ‌of‌ ‌biotic‌ ‌plant‌ ‌stress‌ ‌highly‌ ‌depends‌‌on‌‌the‌‌specific‌‌                                 

individual‌‌stressor‌‌and‌‌tree‌‌species‌‌which‌‌are‌‌attacked.‌‌Thus,‌‌the‌‌amount‌‌of‌‌newly‌‌formed‌‌particles‌‌was‌‌predicted‌‌to‌‌be‌‌up‌‌to‌‌                                         

about‌‌one‌‌order‌‌of‌‌magnitude‌‌higher‌‌in‌‌a‌‌gypsy‌‌moth‌‌infested‌‌oak‌‌stand‌‌than‌‌in‌‌a‌‌non-infested‌‌oak‌‌stand.‌‌In‌‌comparison,‌‌the‌‌                                           

number‌ ‌of‌ ‌new‌ ‌particles‌ ‌was‌ ‌simulated‌ ‌to‌ ‌be‌ ‌up‌ ‌to‌ ‌about‌ ‌a‌ ‌factor‌ ‌of‌ ‌3,‌ ‌4‌ ‌and‌ ‌5‌ ‌higher‌ ‌in‌‌autumnal‌‌moth,‌‌oak‌‌powdery‌‌                                               

mildew‌ ‌and‌ ‌poplar‌ ‌rust‌ ‌infected‌ ‌mountain‌ ‌birch,‌ ‌pedunculate‌‌oak‌‌and‌‌balsam‌‌poplar‌‌stands,‌‌respectively.‌‌‌We‌‌furthermore‌‌                               

predicted‌‌that‌‌the‌‌new‌‌particles‌‌will‌‌grow‌‌up‌‌to‌‌about‌‌46,‌‌28,‌‌26‌‌and‌‌8‌‌nm‌‌larger‌‌in‌‌an‌‌oak‌‌gypsy‌‌moth,‌‌poplar‌‌rust,‌‌autumnal‌‌                                                 

moth‌‌and‌‌oak‌‌powdery‌‌mildew‌‌infected‌‌stand,‌‌respectively,‌‌compared‌‌to‌‌their‌‌corresponding‌‌non-infected‌‌stands‌‌within‌‌one‌‌                               

day.‌‌To‌‌our‌‌knowledge,‌‌this‌‌study‌‌is‌‌the‌‌first‌‌to‌‌investigate‌‌the‌‌atmospheric‌‌impact‌‌of‌‌biotic‌‌plant‌‌stresses‌‌throughout‌‌a‌‌full‌‌                                         

growing‌ ‌season.‌‌ ‌  

Our‌ ‌modelling‌ ‌results‌ ‌generally‌ ‌indicate‌ ‌that‌ ‌all‌ ‌the‌ ‌investigated‌ ‌plant‌ ‌stresses‌ ‌are‌ ‌capable‌ ‌of‌ ‌substantially‌‌                             

perturbing‌ ‌both‌ ‌the‌ ‌number‌ ‌and‌ ‌size‌ ‌of‌ ‌atmospheric‌‌aerosol‌‌particles,‌‌and‌‌it‌‌is‌‌thus‌‌likely‌‌that‌‌the‌‌induced‌‌emissions‌‌will‌‌                                       

subsequently‌ ‌lead‌ ‌to‌ ‌more‌ ‌efficient‌ ‌CCN‌ ‌production‌ ‌in‌ ‌the‌‌atmosphere.‌‌We‌‌also‌‌showed‌‌that‌‌it‌‌can‌‌be‌‌more‌‌important‌‌to‌‌                                       

account‌‌for‌‌biotic‌‌plant‌‌stresses‌‌in‌‌models‌‌for‌‌local‌‌and‌‌regional‌‌predictions‌‌of‌‌new‌‌particle‌‌formation‌‌and‌‌growth‌‌during‌‌the‌‌                                       

time‌‌of‌‌infestation/infection‌‌than‌‌significant‌‌variations‌‌in‌‌e.g.‌‌LAI,‌‌and‌‌temperature‌‌and‌‌light‌‌conditions,‌‌which‌‌are‌‌currently‌‌                                 

the‌ ‌main‌ ‌parameters‌ ‌controlling‌ ‌predictions‌‌of‌‌VOC‌‌emissions.‌‌Considering‌‌our‌‌findings‌‌together‌‌with‌‌the‌‌fact‌‌that‌‌insect‌‌                                 

outbreaks‌ ‌and‌ ‌fungal‌ ‌diseases‌ ‌are‌ ‌generally‌ ‌expected‌ ‌to‌ ‌increase‌ ‌in‌ ‌both‌ ‌frequency‌ ‌and‌ ‌severity‌ ‌in‌ ‌the‌ ‌future,‌ ‌our‌‌study‌‌                                     

underlines‌‌the‌‌need‌‌for‌‌new‌‌field‌‌measurements‌‌to‌‌quantify‌‌the‌‌role‌‌of‌‌stress‌‌emissions‌‌in‌‌atmospheric‌‌aerosol‌‌processes‌‌and‌‌                                     

for‌ ‌making‌ ‌integration‌ ‌of‌ ‌biotic‌ ‌plant‌ ‌stress‌ ‌emission‌ ‌responses‌ ‌into‌ ‌numerical‌ ‌models‌ ‌possible.‌ ‌ 

‌ 
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Appendix‌ ‌A:‌ ‌Emission‌ ‌factors‌ ‌at‌ ‌a‌ ‌few‌ ‌different‌ ‌degrees‌ ‌of‌ ‌stress‌ ‌ 

The‌ ‌emission‌ ‌factors‌ ‌utilised‌ ‌in‌ ‌our‌ ‌simulations‌ ‌depend‌ ‌on‌ ‌the‌ ‌degree‌ ‌of‌ ‌stress.‌ ‌The‌ ‌equations‌ ‌to‌ ‌calculate‌‌the‌‌emission‌‌                                     

factors,‌‌as‌‌a‌‌function‌‌of‌‌the‌‌degree‌‌of‌‌stress,‌‌are‌‌presented‌‌in‌‌Table‌‌1‌‌in‌‌the‌‌main‌‌paper.‌‌In‌‌this‌‌appendix,‌‌the‌‌emission‌‌factors‌‌                                               

at‌ ‌a‌ ‌few‌ ‌different‌ ‌degrees‌ ‌of‌ ‌stress‌ ‌are‌ ‌shown‌ ‌(Table‌ ‌A1).‌ ‌25‌ ‌ºC‌ ‌and‌ ‌1000‌ ‌μmol‌ ‌m‌-2‌ ‌s‌-1‌ ‌are‌ ‌here‌ ‌considered‌ ‌standard‌‌                                           

conditions‌ ‌(see‌ ‌Sec.‌ ‌2.4).‌ ‌ 
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‌ 

Table‌ ‌A1.‌ ‌Emission‌ ‌factors‌ ‌(‌ ,‌ ‌in‌ ‌unit‌ ‌nmol‌ ‌m‌-2‌ ‌one-sided‌ ‌LAI‌ ‌s‌-1‌)‌ ‌at‌ ‌a‌ ‌few‌ ‌different‌ ‌degrees‌ ‌of‌ ‌stress‌ ‌(‌Æ‌).‌ ‌ISO‌ ‌=‌‌        εi,Æ                                    

isoprene,‌ ‌MT‌ ‌=‌ ‌monoterpenes,‌ ‌MeSa‌ ‌=‌ ‌methyl‌ ‌salicylate,‌ ‌LOX‌ ‌=‌ ‌lipoxygenase‌ ‌pathway‌ ‌volatile‌ ‌compounds,‌ ‌DMNT‌ ‌=‌‌                               

4,8-dimethyl-1,3,7-nonatriene,‌ ‌MeOH‌ ‌=‌ ‌methanol,‌ ‌SQT‌ ‌=‌ ‌sesquiterpenes,‌ ‌α-Eud‌ ‌=‌ ‌α-Eudesmol.‌‌ ‌  
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Infestation‌ ‌of‌ ‌pedunculate‌ ‌oak‌ ‌(‌Quercus‌ ‌robur‌)‌ ‌by‌ ‌European‌ ‌gypsy‌ ‌moth‌‌                   

(‌Lymantria‌ ‌dispar‌)‌ ‌based‌ ‌on‌ ‌Copolovici‌ ‌et‌ ‌al.‌ ‌(2017).‌ ‌ 

Æ‌‌ ‌(%)‌ ‌  0‌ ‌  10‌ ‌  30‌ ‌  60‌ ‌  80‌ ‌ 

𝜀‌iso‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  30.3‌ ‌  19.6‌ ‌  8.21‌ ‌  0.161‌ ‌  0.0804‌ ‌ 

𝜀‌MT‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0400‌ ‌  2.16‌ ‌  4.40‌ ‌  5.96‌ ‌  6.54‌ ‌ 

𝜀‌MeSa‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0‌ ‌  0.0347‌ ‌  0.104‌ ‌  0.208‌ ‌  0.277‌ ‌ 

𝜀‌LOX‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0‌ ‌  0.577‌ ‌  2.37‌ ‌  6.63‌ ‌  10.5‌ ‌ 

𝜀‌DNMT‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0‌ ‌  0.0138‌ ‌  0.0475‌ ‌  0.113‌ ‌  0.167‌ ‌ 

Infection‌ ‌of‌ ‌pedunculate‌ ‌oak‌ ‌(‌Quercus‌ ‌robur‌)‌ ‌by‌ ‌oak‌ ‌powdery‌ ‌mildew‌‌ 
(‌Erysiphe‌ ‌alphitoides‌)‌ ‌based‌ ‌on‌ ‌Copolovici‌ ‌et‌ ‌al.‌ ‌(2014)‌ ‌ 

Æ‌‌ ‌(%)‌ ‌  0‌ ‌  10‌ ‌  30‌ ‌  60‌ ‌  80‌ ‌ 

𝜀‌iso‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  10.6‌ ‌  8.50‌ ‌  6.04‌ ‌  4.79‌ ‌  4.17‌ ‌ 

𝜀‌MT‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0400‌ ‌  0.120‌ ‌  0.247‌ ‌  0.386‌ ‌  0.471‌ ‌ 

𝜀‌MeSa‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0‌ ‌  0.136‌ ‌  0.279‌ ‌  0.437‌ ‌  0.533‌ ‌ 

𝜀‌LOX‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.00213‌ ‌  0.0645‌ ‌  0.189‌ ‌  0.377‌ ‌  0.501‌ ‌ 

Infection‌ ‌of‌ ‌balsam‌ ‌poplar‌ ‌(‌Populus‌ ‌balsamifera‌‌ ‌var.‌ ‌‌suaveolens‌)‌ ‌by‌ ‌poplar‌‌ 
rust‌ ‌(‌Melampsora‌ ‌larici-populina‌)‌ ‌based‌ ‌on‌ ‌Jiang‌ ‌et‌ ‌al.‌ ‌(2016)‌ ‌ 

Æ‌‌ ‌(%)‌ ‌  0‌ ‌  10‌ ‌  30‌ ‌  60‌ ‌  80‌ ‌ 

𝜀‌iso‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  86.0‌ ‌  36.8‌ ‌  22.8‌ ‌  17.9‌ ‌  16.6‌ ‌ 

𝜀‌MT‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0625‌ ‌  0.145‌ ‌  0.302‌ ‌  0.762‌ ‌  1.22‌ ‌ 

𝜀‌MeSa‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0‌ ‌  0.0552‌ ‌  0.128‌ ‌  0.194‌ ‌  0.249‌ ‌ 

𝜀‌LOX‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.481‌ ‌  1.96‌ ‌  3.96‌ ‌  11.8‌ ‌  19.8‌ ‌ 

𝜀‌DNMT‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0‌ ‌  0.0199‌ ‌  0.0460‌ ‌  0.0698‌ ‌  0.0898‌ ‌ 

𝜀‌MeOH‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  16.9‌ ‌  14.9‌ ‌  19.0‌ ‌  45.6‌ ‌  76.9‌ ‌ 

𝜀‌SQT‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0‌ ‌  0.133‌ ‌  0.308‌ ‌  0.468‌ ‌  0.602‌ ‌ 



‌ 

Appendix‌ ‌B:‌ ‌Leaf‌ ‌age‌ ‌effect‌ ‌ 

Simulations‌ ‌of‌ ‌pedunculate‌ ‌oak‌ ‌infested‌ ‌with‌ ‌European‌ ‌gypsy‌ ‌moth‌ ‌larvae‌ ‌ 

It‌ ‌seems‌‌likely‌‌that‌‌Copolovici‌‌et‌‌al.‌‌(2017)‌‌conducted‌‌their‌‌measurements‌‌on‌‌leaves‌‌that‌‌emit‌‌isoprene‌‌at‌‌peak‌‌rate,‌‌since‌‌                                       

their‌‌reported‌‌emission‌‌rate‌‌of‌‌isoprene‌‌from‌‌non-infested‌‌leaves‌‌is‌‌comparable‌‌to‌‌the‌‌rates‌‌reported‌‌from‌‌mature‌‌leaves‌‌in‌‌                                     

previous‌‌studies‌‌(e.g.‌‌Smiatek‌‌and‌‌Steinbrecher,‌‌2006;‌‌Perez-Rial‌‌et‌‌al.,‌‌2009;‌‌van‌‌Meeningen‌‌et‌‌al.,‌‌2016).‌‌The‌‌impact‌‌of‌‌                                     

leaf‌ ‌age‌ ‌was‌ ‌tested‌ ‌during‌ ‌the‌ ‌period‌‌with‌‌stress‌‌utilising‌‌the‌‌moderations‌‌shown‌‌in‌‌Table‌‌B1.‌‌The‌‌first‌‌period‌‌covers‌‌the‌‌                                         

number‌‌of‌‌days‌‌between‌‌budbreak‌‌and‌‌the‌‌induction‌‌of‌‌isoprene‌‌emission,‌‌while‌‌the‌‌second‌‌period‌‌ends‌‌when‌‌initiation‌‌of‌‌                                     

peak‌‌isoprene‌‌emission‌‌rates‌‌has‌‌been‌‌reached.‌‌The‌‌duration‌‌of‌‌these‌‌two‌‌periods‌‌were‌‌calculated‌‌using‌‌Eq.‌‌18a‌‌and‌‌Eq.‌‌19‌‌                                         

in‌‌Guenther‌‌et‌‌al.‌‌(2006)‌‌and‌‌our‌‌assumptions‌‌about‌‌the‌‌ambient‌‌temperature‌‌conditions‌‌(Fig.‌‌4b).‌‌Since‌‌isoprene‌‌does‌‌not‌‌                                     

show‌‌an‌‌induced‌‌response‌‌in‌‌emission‌‌upon‌‌gypsy‌‌moth‌‌herbivory,‌‌the‌‌emission‌‌rate‌‌of‌‌isoprene‌‌was‌‌reduced‌‌in‌‌simulations‌‌                                     

of‌ ‌both‌ ‌non-infested‌ ‌and‌ ‌infested‌ ‌oak‌‌forest.‌‌The‌‌applied‌‌factors‌‌used‌‌for‌‌reductions‌‌are‌‌from‌‌Guenther‌‌et‌‌al.‌‌(2012).‌‌The‌‌                                       

emission‌‌rate‌‌of‌‌monoterpenes‌‌was‌‌increased‌‌in‌‌the‌‌beginning‌‌of‌‌the‌‌growing‌‌season‌‌for‌‌simulations‌‌of‌‌a‌‌non-infested‌‌oak‌‌                                     

stand‌‌utilising‌‌the‌‌coefficients‌‌from‌‌Guenther‌‌et‌‌al.‌‌(2012).‌‌Stress-induced‌‌emissions‌‌were‌‌not‌‌altered,‌‌since‌‌we‌‌do‌‌not‌‌know‌‌                                     

the‌ ‌effect‌ ‌of‌ ‌leaf‌ ‌age‌ ‌on‌ ‌these‌ ‌types‌ ‌of‌ ‌emissions‌ ‌and‌ ‌Guenther‌ ‌et‌‌al.‌‌(2012)‌‌e.g.‌‌also‌‌assumed‌‌the‌‌same.‌‌The‌‌results‌‌are‌‌                                             

shown‌ ‌in‌ ‌Fig.‌ ‌B1-2.‌ ‌ 

‌ 

Table‌‌B1.‌‌Moderations‌‌made‌‌in‌‌order‌‌to‌‌consider‌‌the‌‌effect‌‌of‌‌leaf‌‌age.‌‌ ‌and‌‌ ‌are‌‌the‌‌emission‌‌factors‌‌of‌‌                          εisoprene     εmonoterpenes            

isoprene‌ ‌and‌ ‌monoterpenes,‌ ‌respectively,‌ ‌used‌ ‌in‌ ‌the‌ ‌simulations‌ ‌when‌ ‌the‌ ‌leaf‌ ‌age‌ ‌effect‌ ‌has‌ ‌been‌ ‌considered,‌ ‌while‌‌                                 

‌and‌ ‌ ‌are‌ ‌the‌ ‌emission‌ ‌factors‌ ‌of‌ ‌isoprene‌ ‌and‌ ‌monoterpenes,‌ ‌respectively,‌ ‌used‌ ‌in‌ ‌the‌ ‌default‌‌εiso,mature     εmono,mature                            

simulations‌‌(i.e.‌‌resulting‌‌in‌‌Fig.‌‌5-6).‌‌The‌‌moderations‌‌have‌‌been‌‌applied‌‌to‌‌the‌‌simulations‌‌of‌‌either‌‌only‌‌non-infested‌‌oak‌‌                                     

or‌ ‌also‌ ‌stressed‌ ‌oak‌ ‌as‌ ‌indicated‌ ‌under‌ ‌“simulations”.‌ ‌ 
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𝜀‌𝜶-Eud‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0‌ ‌  0.0219‌ ‌  0.0507‌ ‌  0.0768‌ ‌  0.0989‌ ‌ 

Infestation‌ ‌of‌ ‌mountain‌ ‌birch‌ ‌(‌Betula‌ ‌pubescens‌‌ ‌var.‌ ‌‌pumila‌)‌ ‌by‌ ‌autumnal‌‌ 
moth‌ ‌(‌Epirrita‌ ‌autumnata‌)‌ ‌based‌ ‌on‌ ‌Yli-Pirilä‌ ‌et‌ ‌al.‌ ‌(2016)‌ ‌ 

Æ‌‌ ‌(%)‌ ‌  0‌ ‌  10‌ ‌  30‌ ‌  60‌ ‌  80‌ ‌ 

𝜀‌MT‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.131‌ ‌  0.278‌ ‌  0.423‌ ‌  0.475‌ ‌  0.485‌ ‌ 

𝜀‌LOX‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0868‌ ‌  0.200‌ ‌  0.425‌ ‌  0.764‌ ‌  0.989‌ ‌ 

𝜀‌DNMT‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.00122‌ ‌  0.00662‌ ‌  0.0125‌ ‌  0.0148‌ ‌  0.0153‌ ‌ 

𝜀‌SQT‌‌ ‌(nmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  0.0437‌ ‌  0.0926‌ ‌  0.141‌ ‌  0.158‌ ‌  0.161‌ ‌ 

Period‌ ‌(day/month)‌ ‌  ‌εisoprene   Simulations‌ ‌  ‌εmonoterpenes   Simulations‌ ‌ 

15-26/5‌ ‌  ‌.05×ε0 iso, mature   Non-infested,‌ ‌moderate‌‌ 
stress,‌ ‌severe‌ ‌stress‌ ‌ 

‌×ε2 mono, mature   Non-infested‌ ‌ 

27/5-11/6‌ ‌  ‌.6×ε0 iso, mature   Non-infested,‌ ‌moderate‌‌ 
stress,‌ ‌severe‌ ‌stress‌ ‌ 

‌.8×ε1 mono, mature   Non-infested‌ ‌ 



‌ 

‌ 

Figure‌ ‌B1.‌ ‌An‌ ‌oak‌ ‌stand‌ ‌infested‌ ‌with‌ ‌European‌‌gypsy‌‌moth‌‌larvae‌‌in‌‌comparison‌‌to‌‌a‌‌non-infested‌‌oak‌‌stand‌‌simulated‌‌                                     

with‌ ‌and‌ ‌without‌ ‌considering‌ ‌the‌ ‌impact‌ ‌of‌ ‌leaf‌ ‌age‌ ‌on‌ ‌the‌ ‌rates‌ ‌of‌‌emissions.‌‌Canopy‌‌emissions‌‌of‌‌‌(a)‌‌isoprene‌‌and‌‌‌(c)‌‌                                         

monoterpenes,‌ ‌atmospheric‌‌concentrations‌‌of‌‌‌(b)‌‌isoprene,‌‌‌(d)‌‌monoterpenes‌‌and‌‌‌(e)‌‌OxOrg.‌‌“Moderately”‌‌and‌‌“severely”‌‌                           

refer‌‌to‌‌30‌‌%‌‌and‌‌80‌‌%,‌‌respectively,‌‌of‌‌the‌‌leaf‌‌area‌‌that‌‌has‌‌been‌‌consumed‌‌by‌‌the‌‌end‌‌of‌‌the‌‌feeding‌‌period.‌‌Black‌‌makers‌‌                                                 

are‌ ‌for‌ ‌simulations‌ ‌where‌ ‌the‌ ‌effect‌ ‌of‌‌leaf‌‌age‌‌was‌‌not‌‌considered,‌‌while‌‌magenta‌‌markers‌‌are‌‌for‌‌simulations‌‌where‌‌the‌‌                                       

effect‌‌of‌‌leaf‌‌age‌‌was‌‌considered.‌‌Simulation‌‌results‌‌(independently‌‌of‌‌whether‌‌the‌‌effect‌‌of‌‌leaf‌‌age‌‌was‌‌considered‌‌or‌‌not)‌‌                                       

for‌ ‌“severe”‌ ‌is‌ ‌always‌ ‌indicated‌ ‌by‌ ‌circles,‌ ‌for‌ ‌“moderate”‌ ‌by‌ ‌asterisks,‌ ‌and‌ ‌for‌ ‌“non-infested”‌ ‌by‌ ‌diamonds.‌ ‌ 
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12/6-‌ ‌  ‌εiso, mature   Non-infested,‌ ‌moderate‌‌ 
stress,‌ ‌severe‌ ‌stress‌ ‌ 

‌εmono, mature   Non-infested,‌ ‌moderate‌‌ 
stress,‌ ‌severe‌ ‌stress‌ ‌ 



‌ 

Figure‌ ‌B2.‌ ‌An‌ ‌oak‌ ‌stand‌ ‌infested‌ ‌with‌ ‌European‌‌gypsy‌‌moth‌‌larvae‌‌in‌‌comparison‌‌to‌‌a‌‌non-infested‌‌oak‌‌stand‌‌simulated‌‌                                     

with‌ ‌and‌ ‌without‌ ‌considering‌ ‌the‌ ‌impact‌ ‌of‌ ‌leaf‌ ‌age‌ ‌on‌ ‌the‌ ‌rates‌ ‌of‌ ‌emissions.‌ ‌‌(a)‌‌the‌‌ratios‌‌of‌‌isoprene-to-monoterpene‌‌                                     

carbon‌‌concentrations‌‌provided‌‌as‌‌a‌‌zoom‌‌in‌‌‌(b)‌,‌‌where‌‌the‌‌red‌‌line‌‌indicates‌‌R‌‌=‌‌1.‌‌Formation‌‌rates‌‌of‌‌‌(c)‌‌2,‌‌‌(d)‌‌3‌‌and‌‌‌(e)‌‌10‌‌                                                   

nm‌ ‌particles.‌ ‌‌(f)‌ ‌number‌ ‌concentrations‌ ‌of‌ ‌formed‌ ‌particles,‌ ‌‌(g)‌‌growth‌‌rates‌‌of‌‌newly‌‌formed‌‌particles,‌‌and‌‌‌(h)‌‌the‌‌daily‌‌                                     

maxima‌ ‌diameter‌ ‌of‌ ‌the‌ ‌growing‌ ‌particle‌ ‌mode.‌ ‌Symbols‌ ‌mean‌ ‌the‌ ‌same‌ ‌as‌ ‌in‌ ‌Fig.‌ ‌B1.‌ ‌ 

‌ 

Simulations‌ ‌of‌ ‌pedunculate‌ ‌oak‌ ‌infected‌ ‌by‌ ‌oak‌ ‌powdery‌ ‌mildew‌ ‌and‌ ‌balsam‌ ‌poplar‌ ‌infected‌ ‌by‌ ‌rust‌ ‌fungi‌ ‌ 

The‌ ‌emission‌ ‌rates‌ ‌used‌ ‌for‌ ‌simulations‌ ‌of‌ ‌oak‌ ‌and‌ ‌poplar,‌ ‌with‌ ‌and‌ ‌without‌ ‌pathogenic‌‌infection,‌‌were‌‌measured‌‌in‌‌the‌‌                                     

middle‌ ‌and‌ ‌beginning‌ ‌of‌ ‌September,‌ ‌respectively,‌ ‌in‌ ‌Estonia‌ ‌(Copolovici‌ ‌et‌ ‌al.,‌ ‌2014;‌ ‌Jiang‌ ‌et‌ ‌al.‌ ‌2016).‌ ‌Representative‌‌                                 

photographs‌ ‌of‌ ‌control‌ ‌leaves‌ ‌indicate‌ ‌that‌ ‌the‌ ‌measured‌ ‌leaves‌ ‌were‌‌mature‌‌and‌‌without‌‌any‌‌visible‌‌signs‌‌of‌‌senescence‌‌                                   

(Copolovici‌ ‌et‌ ‌al.,‌ ‌2014;‌ ‌Jiang‌ ‌et‌ ‌al.‌ ‌2016).‌‌ ‌  

When‌ ‌leaves‌ ‌grow‌ ‌old,‌‌they‌‌eventually‌‌lose‌‌their‌‌ability‌‌to‌‌photosynthesise‌‌and‌‌produce‌‌isoprene‌‌(Monson‌‌et‌‌al.,‌‌                                 

1994;‌‌Schnitzler‌‌et‌‌al.,‌‌1997;‌‌Sun‌‌et‌‌al.,‌‌2012)‌‌and‌‌Guenther‌‌et‌‌al.‌‌(2012)‌‌e.g.‌‌assumed‌‌a‌‌reduction‌‌of‌‌10‌‌%‌‌in‌‌the‌‌emissions‌‌                                               

of‌‌isoprene‌‌from‌‌senescing‌‌leaves‌‌(compared‌‌to‌‌that‌‌of‌‌mature‌‌leaves).‌‌However,‌‌a‌‌reduction‌‌on‌‌such‌‌a‌‌scale‌‌(i.e.‌‌10‌‌%)‌‌is‌‌                                           

not‌‌sufficient‌‌to‌‌decrease‌‌the‌‌ratio‌‌of‌‌isoprene‌‌to‌‌monoterpene‌‌carbon‌‌concentration‌‌to‌‌less‌‌than‌‌one‌‌in‌‌our‌‌simulations‌‌of‌‌oak‌‌                                         

and‌ ‌poplar‌ ‌infected‌ ‌by‌ ‌fungi.‌ ‌The‌ ‌impact‌ ‌of‌ ‌leaf‌ ‌age‌‌was‌‌therefore‌‌tested‌‌during‌‌the‌‌period‌‌with‌‌stress‌‌by‌‌decreasing‌‌the‌‌                                         

emission‌‌rate‌‌of‌‌isoprene‌‌to‌‌such‌‌a‌‌degree‌‌that‌‌R‌‌was‌‌either‌‌just‌‌under‌‌22.5‌‌or‌‌just‌‌under‌‌1.‌‌Since‌‌isoprene‌‌does‌‌not‌‌show‌‌an‌‌                                                 

induced‌ ‌response‌ ‌in‌ ‌emission‌ ‌upon‌ ‌oak‌ ‌powdery‌ ‌mildew‌ ‌or‌ ‌rust‌ ‌infection,‌ ‌the‌ ‌emission‌ ‌rate‌ ‌of‌ ‌isoprene‌ ‌was‌‌reduced‌‌in‌‌                                     

simulations‌ ‌of‌ ‌both‌ ‌non-infected‌ ‌and‌ ‌stressed‌ ‌oak‌ ‌and‌ ‌poplar‌ ‌forest.‌ ‌The‌ ‌results‌ ‌are‌ ‌shown‌ ‌in‌ ‌Fig.‌ ‌B3-4.‌ ‌ 
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Figure‌ ‌B3.‌ ‌‌An‌ ‌oak‌ ‌stand‌ ‌infected‌ ‌by‌‌oak‌‌powdery‌‌mildew‌‌in‌‌comparison‌‌to‌‌a‌‌non-infected‌‌oak‌‌stand‌‌simulated‌‌with‌‌and‌‌                                       

without‌ ‌considering‌ ‌the‌ ‌impact‌ ‌of‌ ‌leaf‌ ‌age‌ ‌on‌ ‌the‌ ‌rates‌ ‌of‌ ‌isoprene‌ ‌emissions.‌ ‌‌(a)‌ ‌the‌ ‌fraction‌ ‌of‌ ‌isoprene‌ ‌emitted‌ ‌in‌‌                                       

comparison‌‌to‌‌simulations‌‌where‌‌the‌‌leaf‌‌age‌‌effect‌‌was‌‌not‌‌considered.‌‌For‌‌example,‌‌in‌‌order‌‌to‌‌reach‌‌R‌‌=‌‌1‌‌in‌‌simulations‌‌                                           

of‌‌a‌‌non-infected‌‌stand‌‌(magenta‌‌diamonds),‌‌the‌‌leaves‌‌are‌‌assumed‌‌to‌‌only‌‌emit‌‌1‌‌%‌‌of‌‌isoprene‌‌compared‌‌to‌‌our‌‌default‌                                         

simulations‌‌of‌‌a‌‌non-infected‌‌stand‌‌(black‌‌diamonds‌‌in‌‌Fig.‌‌7a).‌‌The‌‌syntax‌‌is‌‌equivalent‌‌to‌‌that‌‌of‌‌Guenther‌‌et‌‌al.‌‌(2012,‌‌p.‌‌                                           

1476).‌‌‌(b)‌‌canopy‌‌emissions‌‌of‌‌isoprene‌‌and‌‌atmospheric‌‌concentrations‌‌of‌‌‌(c)‌‌isoprene‌‌and‌‌‌(d)‌‌OxOrg.‌‌The‌‌units‌‌provided‌‌                                   

in‌‌black‌‌in‌‌‌(b-c)‌‌are‌‌connected‌‌to‌‌black‌‌and‌‌grey‌‌data‌‌points,‌‌while‌‌the‌‌units‌‌in‌‌magenta‌‌in‌‌‌(b-c)‌‌are‌‌connected‌‌to‌‌magenta‌‌                                             

data‌ ‌points.‌ ‌‌(e)‌ ‌‌formation‌ ‌rate‌ ‌of‌‌2‌‌nm‌‌particles,‌‌‌(f)‌‌number‌‌concentrations‌‌of‌‌formed‌‌particles,‌‌‌(g)‌‌growth‌‌rates‌‌of‌‌newly‌‌                                       

formed‌ ‌particles,‌ ‌and‌ ‌‌(h)‌ ‌the‌‌daily‌‌maxima‌‌diameter‌‌of‌‌the‌‌growing‌‌particle‌‌mode.‌‌The‌‌values‌‌of‌‌other‌‌parameters‌‌during‌‌                                     

these‌ ‌simulations‌ ‌are‌‌the‌‌same‌‌as‌‌in‌‌Fig.‌‌7.‌‌“Moderately”‌‌and‌‌“severely”‌‌refer‌‌to‌‌30‌‌%‌‌and‌‌80‌‌%,‌‌respectively,‌‌of‌‌the‌‌leaf‌‌                                             

area‌‌being‌‌infected‌‌by‌‌fungi‌‌by‌‌the‌‌20th‌‌of‌‌September.‌‌Black‌‌makers‌‌are‌‌for‌‌simulations‌‌where‌‌the‌‌effect‌‌of‌‌leaf‌‌age‌‌was‌‌not‌‌                                             

considered‌ ‌(see‌‌Fig.‌‌7‌‌for‌‌what‌‌R‌‌is‌‌then),‌‌while‌‌magenta‌‌markers‌‌are‌‌for‌‌simulations‌‌where‌‌the‌‌emission‌‌of‌‌isoprene‌‌was‌‌                                         

reduced‌ ‌sufficiently‌‌for‌‌R‌‌to‌‌be‌‌just‌‌under‌‌1.‌‌Grey‌‌diamonds‌‌are‌‌used‌‌to‌‌illustrate‌‌simulation‌‌results‌‌of‌‌a‌‌non-infected‌‌oak‌‌                                         

stand,‌ ‌where‌ ‌the‌ ‌emission‌ ‌of‌ ‌isoprene‌ ‌has‌ ‌been‌ ‌reduced‌ ‌sufficiently‌ ‌for‌ ‌R‌ ‌to‌ ‌be‌ ‌just‌ ‌under‌ ‌22.5.‌ ‌Simulation‌ ‌results‌‌                                     

(independently‌ ‌of‌ ‌whether‌ ‌the‌ ‌effect‌ ‌of‌ ‌leaf‌ ‌age‌ ‌was‌ ‌considered‌ ‌or‌ ‌not)‌ ‌for‌ ‌“severe”‌ ‌are‌ ‌always‌‌indicated‌‌by‌‌circles,‌‌for‌‌                                       

“moderate”‌ ‌by‌ ‌asterisks,‌ ‌and‌ ‌for‌ ‌“non-infected”‌ ‌by‌ ‌diamonds.‌ ‌ 
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Figure‌ ‌B4.‌ ‌‌A‌ ‌poplar‌ ‌stand‌ ‌infected‌ ‌by‌ ‌rust‌ ‌in‌ ‌comparison‌ ‌to‌ ‌a‌ ‌non-infected‌ ‌poplar‌ ‌stand‌ ‌simulated‌ ‌with‌ ‌and‌ ‌without‌‌                                     

considering‌‌the‌‌impact‌‌of‌‌leaf‌‌age‌‌on‌‌the‌‌rates‌‌of‌‌isoprene‌‌emissions.‌‌‌(a)‌‌the‌‌fraction‌‌of‌‌isoprene‌‌emitted‌‌in‌‌comparison‌‌to‌‌                                         

simulations‌‌where‌‌the‌‌leaf‌‌age‌‌effect‌‌was‌‌not‌‌considered.‌‌‌(b)‌‌canopy‌‌emissions‌‌of‌‌isoprene‌‌and‌‌atmospheric‌‌concentrations‌‌                                 

of‌‌‌(c)‌‌isoprene‌‌and‌‌‌(d)‌‌OxOrg.‌‌The‌‌units‌‌provided‌‌in‌‌black‌‌in‌‌‌(b-c)‌‌are‌‌connected‌‌to‌‌black‌‌and‌‌grey‌‌data‌‌points,‌‌while‌‌the‌‌                                             

units‌ ‌in‌ ‌magenta‌ ‌in‌ ‌‌(b-c)‌ ‌are‌ ‌connected‌ ‌to‌ ‌magenta‌ ‌data‌ ‌points.‌ ‌‌(e)‌ ‌‌formation‌ ‌rate‌ ‌of‌ ‌2‌ ‌nm‌ ‌particles,‌ ‌‌(f)‌ ‌number‌‌                                       

concentrations‌ ‌of‌ ‌formed‌ ‌particles,‌ ‌‌(g)‌ ‌growth‌ ‌rates‌ ‌of‌ ‌newly‌ ‌formed‌ ‌particles,‌‌and‌‌‌(h)‌‌the‌‌daily‌‌maxima‌‌diameter‌‌of‌‌the‌‌                                     

growing‌‌particle‌‌mode.‌‌The‌‌values‌‌of‌‌other‌‌parameters‌‌during‌‌these‌‌simulations‌‌are‌‌the‌‌same‌‌as‌‌in‌‌Fig.‌‌8.‌‌Grey‌‌markers‌‌are‌‌                                         

for‌‌simulations‌‌where‌‌the‌‌emission‌‌of‌‌isoprene‌‌was‌‌reduced‌‌sufficiently‌‌for‌‌R‌‌to‌‌be‌‌just‌‌under‌‌22.5.‌‌Symbols‌‌are‌‌the‌‌same‌‌as‌‌                                           

in‌ ‌Fig.‌ ‌B3.‌ ‌ 

‌ 

Appendix‌ ‌C:‌ ‌Chemical‌ ‌reactions‌ ‌in‌ ‌the‌ ‌model‌ ‌ 

We‌ ‌considered‌ ‌the‌ ‌following‌ ‌chemical‌ ‌reactions‌ ‌in‌ ‌our‌ ‌model:‌ ‌ 

OH‌ ‌+‌ ‌isoprene‌ ‌→‌ ‌product‌ ‌+γOxOrg‌(g)‌,‌ ‌k=2.7·10‌-11‌·e‌(390/T)‌‌ ‌cm‌3‌·molecule‌-1‌·s‌-1‌,‌ ‌γ‌a‌=0.03‌ ‌%‌ (C1)‌ ‌ 

O‌3‌‌ ‌+‌ ‌isoprene‌ ‌→‌ ‌product‌ ‌+γOxOrg‌(g)‌,‌ ‌k=1.03·10‌-14‌·e‌(-1995/T)‌‌ ‌cm‌3‌·molecule‌-1‌·s‌-1‌,‌ ‌γ‌b‌=0.01‌ ‌%‌ (C2)‌ ‌ 

OH‌ ‌+‌ ‌monoterpenes‌ ‌→‌ ‌product‌ ‌+γOxOrg‌(g)‌,‌ ‌k=1.2·10‌-11‌·e‌(440/T)‌‌ ‌cm‌3‌·molecule‌-1‌·s‌-1‌,‌ ‌γ‌c‌=1.7‌ ‌%‌ (C3)‌ ‌ 

O‌3‌‌ ‌+‌ ‌monoterpenes‌ ‌→‌ ‌product‌ ‌+γOxOrg‌(g)‌,‌ ‌k=8.05·10‌-16‌·e‌(-640/T)‌‌ ‌cm‌3‌·molecule‌-1‌·s‌-1‌,‌ ‌γ‌d‌=5.0‌ ‌%‌ (C4)‌ ‌ 

OH‌ ‌+‌ ‌methyl‌ ‌salicylate‌ ‌→‌ ‌product‌ ‌+γOxOrg‌(g)‌,‌ ‌k=4.0·10‌-12‌ ‌‌cm‌3‌·molecule‌-1‌·s‌-1‌,‌ ‌γ‌e‌=10.0‌ ‌%‌ (C5)‌ ‌ 

OH‌ ‌+‌ ‌LOX‌ ‌→‌ ‌product,‌ ‌k=6.0·10‌-11‌ ‌‌cm‌3‌·molecule‌-1‌·s‌-1‌ ‌(C6)‌ ‌ 

OH‌ ‌+‌ ‌methanol‌ ‌→‌ ‌product,‌ ‌k=2.85·10‌-12‌·e‌(-345/T)‌‌ ‌cm‌3‌·molecule‌-1‌·s‌-1‌ ‌(C7)‌ ‌ 

O‌3‌ ‌+‌ ‌DMNT,‌ ‌sesquiterpenes‌ ‌or‌ ‌oxidised‌ ‌sesquiterpenes‌ ‌→‌ ‌product‌ ‌+‌ ‌γOxOrg‌(g)‌,‌‌k=1.2·10‌-14‌ ‌cm‌3‌·molecule‌-1‌·s‌-1‌,‌‌γ‌f‌=7.7‌‌%‌‌                             

(C8)‌ ‌ 

OxOrg‌(g)‌‌ ‌→‌ ‌OxOrg‌(p)‌,‌ ‌k=CS·0.5‌ (C9)‌ ‌ 

OH‌ ‌+‌ ‌SO‌2‌‌ ‌→‌ ‌H‌2‌SO‌4(g)‌,‌ ‌k=1.5·10‌-12‌‌ ‌cm‌3‌·molecule‌-1‌·s‌-1‌ ‌  (C10)‌ ‌ 
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H‌2‌SO‌4(g)‌‌ ‌→‌ ‌H‌2‌SO‌4(p)‌,‌ ‌k=CS‌ (C11)‌ 

T‌‌is‌‌temperature‌‌(K),‌‌p‌‌indicates‌‌“particle‌‌phase”,‌‌CS‌‌is‌‌the‌‌condensation‌‌sink,‌‌while‌‌γ‌i‌ ‌are‌‌the‌‌fractions‌‌of‌‌organic‌‌products‌‌                                         

which‌ ‌can‌ ‌partition‌ ‌to‌ ‌the‌ ‌particle‌ ‌phase‌ ‌(OxOrg).‌ ‌In‌‌practice,‌‌γ‌i‌ ‌are‌‌either‌‌reported‌‌HOM‌‌yields,‌‌as‌‌defined‌‌in‌‌Ehn‌‌et‌‌al.‌‌                                           

(2014),‌‌or‌‌reported‌‌SOA‌‌yields‌‌/‌‌2.2.‌‌SOA‌‌yields‌‌are‌‌decreased‌‌by‌‌a‌‌factor‌‌of‌‌2.2‌‌in‌‌order‌‌to‌‌account‌‌for‌‌the‌‌fact‌‌that‌‌SOA‌‌                                                 

yields‌‌represent‌‌mass‌‌yields,‌‌and‌‌not‌‌molar‌‌yields‌‌as‌‌it‌‌is‌‌the‌‌case‌‌of‌‌HOM‌‌yields.‌‌We‌‌utilised‌‌HOM‌‌yields‌‌based‌‌on‌‌Jokinen‌‌                                             

et‌‌al.‌‌(2015)‌‌(γ‌a‌,‌‌γ‌b‌,‌‌γ‌c‌,‌‌γ‌d‌),‌‌Berndt‌‌et‌‌al.‌‌(2016)‌‌(γ‌c‌),‌‌and‌‌Ehn‌‌et‌‌al.‌‌(2014)‌‌(γ‌d‌).‌‌We‌‌used‌‌SOA‌‌yields‌‌from‌‌Mentel‌‌et‌‌al.‌‌(2013)‌‌                                                     

(γ‌e‌‌ ‌,γ‌f‌).‌ ‌ 

Appendix‌ ‌D:‌ ‌Sensitivity‌ ‌tests‌ ‌ 

Table‌‌D1.‌‌Constrained‌‌parameters‌‌for‌‌sensitivity‌‌tests‌‌and‌‌their‌‌range‌‌of‌‌values.‌‌Nine‌‌different‌‌sensitivity‌‌tests‌‌(ST1-9)‌‌were‌‌                                   

conducted‌ ‌for‌ ‌all‌ ‌plant‌ ‌species‌ ‌and‌ ‌infections,‌ ‌where‌ ‌only‌ ‌one‌ ‌parameter‌ ‌was‌ ‌changed‌ ‌at‌ ‌a‌ ‌time.‌ ‌BHL‌ ‌is‌ ‌the‌ ‌planetary‌‌                                       

boundary‌ ‌layer‌ ‌height,‌ ‌PPFD‌max‌ ‌is‌ ‌the‌ ‌daily‌ ‌maximum‌ ‌photosynthetic‌ ‌photon‌ ‌flux‌ ‌density,‌ ‌T‌max‌ ‌is‌ ‌the‌ ‌maximum‌ ‌daily‌‌                                 

temperature,‌‌LAI‌‌is‌‌the‌‌leaf‌‌area‌‌index‌‌of‌‌non-infested‌‌leaves,‌‌CS‌‌is‌‌the‌‌condensation‌‌sink,‌‌and‌‌γ‌OxOrg‌ ‌is‌‌the‌‌yield‌‌of‌‌OxOrg.‌‌                                           

“HPB“‌‌and‌‌“SMEAR‌‌I”‌‌refer‌‌to‌‌simulations‌‌conducted‌‌in‌‌Hohenpeissenberg‌‌(i.e.‌‌oak‌‌and‌‌poplar)‌‌and‌‌SMEAR‌‌I‌‌(i.e.‌‌birch)‌‌                                     

conditions,‌ ‌respectively.‌ ‌ 
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Sensitivity‌‌ 
test‌ ‌no.‌ ‌ 

Parameter‌ ‌that‌ ‌changes‌  HPB‌ ‌  SMEAR‌ ‌I‌ ‌  Notes‌ ‌and‌ ‌references‌ ‌ 

ST1‌ ‌  BLH‌ ‌(m)‌ ‌  200‌ ‌-‌ ‌2500‌ ‌  Classical‌ ‌textbook‌ ‌example.‌ ‌ 

ST2‌ ‌  PPFD‌max‌‌ ‌(μmol‌ ‌m‌-2‌‌ ‌s‌-1‌)‌ ‌  200‌ ‌–‌ ‌2000‌ ‌  200‌ ‌-‌ ‌1600‌ ‌  The‌ ‌lower‌ ‌limit‌ ‌is‌ ‌based‌ ‌on‌ ‌observations‌‌at‌‌the‌‌                 
SMEAR‌ ‌I‌ ‌station,‌ ‌the‌ ‌upper‌ ‌on‌ ‌the‌ ‌theoretical‌‌               
clear‌ ‌sky‌ ‌maxima.‌ ‌ 

ST3‌ ‌  T‌max‌‌ ‌(ºC)‌ ‌  10‌ ‌-‌ ‌40‌ ‌  5‌ ‌-‌ ‌35‌ ‌  Based‌ ‌on‌ ‌observations‌ ‌and‌ ‌the‌ ‌IPCC‌ ‌2014‌‌             
predictions‌ ‌of‌ ‌the‌ ‌regional‌ ‌temperature‌ ‌increase.‌ ‌ 

ST4‌ ‌  LAI‌ ‌(m‌2‌‌ ‌m‌-2‌)‌ ‌  1‌ ‌-‌ ‌9‌ ‌  0.5‌ ‌–‌ ‌4‌ ‌  The‌ ‌upper‌ ‌limit‌ ‌is‌ ‌based‌ ‌on‌ ‌Tripathi‌ ‌et‌ ‌al.‌ ‌(2016).‌‌  

ST5‌ ‌  [O‌3‌]‌ ‌(ppb)‌ ‌  35‌ ‌-‌ ‌100‌ ‌  20‌ ‌-‌ ‌70‌ ‌  Naja‌‌et‌‌al.‌‌(2003),‌‌Ruuskanen‌‌et‌‌al.‌‌(2003).‌‌The‌‌                 
upper‌ ‌end‌ ‌for‌ ‌HPB‌‌simulations‌‌is‌‌similar‌‌to‌‌the‌‌                 
highest‌ ‌values‌ ‌which‌ ‌are‌ ‌observed‌ ‌in‌ ‌the‌‌             
Amazon‌‌where‌‌concentrations‌‌of‌‌isoprene‌‌can‌‌be‌‌             
very‌ ‌high‌ ‌(e.g.‌ ‌Pacifico‌ ‌et‌ ‌al.,‌ ‌2015)‌ ‌ 

ST6‌ ‌  [OH]‌max‌‌ ‌(molec‌ ‌cm‌-3‌)‌ ‌  0.1-10·10‌6‌ ‌  1-25·10‌5‌ ‌  Petäjä‌ ‌et‌ ‌al.‌ ‌(2009),‌ ‌Berresheim‌ ‌et‌ ‌al.‌ ‌(2000),‌‌               
Rohrer‌ ‌and‌ ‌Berresheim‌ ‌(2006).‌ ‌The‌‌lower‌‌limit‌‌             
has‌‌not‌‌been‌‌observed‌‌in‌‌HPB,‌‌but‌‌is‌‌included‌‌in‌‌                   
order‌‌to‌‌test‌‌the‌‌impact‌‌of‌‌potential‌‌OH‌‌depletion‌‌                 
on‌ ‌our‌ ‌results.‌ ‌ 

ST7‌ ‌  [H‌2‌SO‌4‌]‌max‌‌ ‌(molec‌ ‌cm‌-3‌)‌ ‌  5-25·10‌6‌ ‌  1-6.5·10‌6‌ ‌  Birmili‌ ‌et‌ ‌al.‌ ‌(2003),‌ ‌Kyrö‌ ‌et‌ ‌al.‌ ‌(2014).‌ ‌ 

ST8‌ ‌  CS‌ ‌(s‌−1‌)‌ ‌  2-8·10‌−3‌ ‌  0.2-3.5·10‌−3‌  Birmili‌‌et‌‌al.‌‌(2003),‌‌Vana‌‌et‌‌al.‌‌(2016),‌‌Kyrö‌‌et‌‌                   
al.‌ ‌(2014).‌ ‌ 

ST9‌ ‌  γ‌OxOrg‌ ‌  0.1‌ ‌-‌ ‌2·γ‌OxOrg,default‌ ‌  Ehn‌ ‌et‌‌al.‌‌(2014),‌‌Jokinen‌‌et‌‌al.‌‌(2015),‌‌Bianchi‌‌                 
et‌ ‌al.‌ ‌(2019),‌ ‌McFiggans‌ ‌et‌ ‌al.‌ ‌(2019).‌ ‌ 



‌ 

Figure‌ ‌D1.‌ ‌Impact‌ ‌of‌ ‌changed‌ ‌boundary‌ ‌conditions‌ ‌on‌ ‌the‌ ‌growth‌ ‌rate‌ ‌of‌ ‌small‌ ‌particles‌ ‌in‌ ‌non-infected‌ ‌and‌ ‌biotically‌‌                                   

stressed‌ ‌forest‌ ‌stands.‌ ‌The‌ ‌subplots‌ ‌correspond‌ ‌to‌ ‌those‌ ‌in‌ ‌Fig.‌ ‌10,‌ ‌except‌ ‌the‌‌subplots‌‌here‌‌display‌‌growth‌‌rate,‌‌and‌‌not‌‌                                       

number‌ ‌of‌ ‌particles.‌ ‌Thus‌ ‌we‌ ‌refer‌ ‌to‌ ‌Fig.‌ ‌10‌ ‌for‌ ‌further‌ ‌explanations.‌‌ ‌  

‌ 

‌ 

Figure‌ ‌D2.‌ ‌Impact‌ ‌of‌ ‌changed‌ ‌boundary‌ ‌conditions‌ ‌on‌ ‌the‌ ‌growth‌ ‌rate‌ ‌of‌ ‌small‌ ‌particles‌ ‌in‌ ‌non-infected‌ ‌and‌ ‌biotically‌‌                                   

stressed‌ ‌forest‌ ‌stands.‌ ‌The‌ ‌subplots‌ ‌correspond‌ ‌to‌ ‌those‌ ‌in‌ ‌Fig.‌ ‌11,‌ ‌except‌ ‌the‌‌subplots‌‌here‌‌display‌‌growth‌‌rate,‌‌and‌‌not‌‌                                       

number‌ ‌of‌ ‌particles.‌ ‌Thus‌ ‌we‌ ‌refer‌ ‌to‌ ‌Fig.‌ ‌11‌ ‌for‌ ‌further‌ ‌explanations.‌ ‌ 

58‌ ‌ 
‌ 


