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Figure 1.1. The plant associated microbiome provides benefits to the plant through various direct and
indirect mechanisms that help to shape leaf functional traits. These benefits include growth promotion,
stress tolerance, plant defense and immunity, phytohormone stimulation, and dysbiosis prevention. In
contrast, functional traits may be altered predictably by non-beneficial, or pathogenic, microorganisms.
These traits are heavily impacted by leaf microbial activity. Figure made using: https://biorender.com.
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(Within Host Species) (Between Host Species)

Figure 1.2. Schematic demonstrating the difference between (A) intraspecific variation (variation within a
host species)and (B)i nt er speci fic variation (variation between hc
A0 and fAHost Species B0 r epr grsydinch and tremblingespenhost st udy s
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Figure 1.3. Overview of the metagenomics workflow used in this study. Raw sequencing reads were
processed using the DADAZ2 pipeline, including quality filtering, denoising, chimera removal, and amplicon
sequence variant (ASV) inference. Taxonomic classification was performed using the SILVA reference
database, followed by diversity analyses (ASV richness, Shannon diversity, beta diversity), taxonomic
profiling, differential abundance analysis,andas s es s ment s
including linear mixed models (LMMs), PERMANOVA, and differential abundance testing (DESeq2), were
applied to assess the impact of host species identity, growing degree days (GDD), and individual plant
factors on the leaf microbiome. Figure made using: https://biorender.com.
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The phyb&tbephet al abovegdhasntds sau rvfaascte aonfd po
assembl age of microorganisms that influence p

(Chaudhry ¥Y¥arhRholt 2DQRN2) .-afAsnonigat e skeactdt emaifa pl ;

nutrient cycling, atmospheric interactions, a
critical ecol ogi cal actors (Kembel et al. 201
structure of phyll osphere microbiomes vary wi

stable core asséambrabpesenbBppedmByt al conditio
spati otempor al pr o;c eksesnebse | ()GartaMeyt ,e t2 Ba@l 4 me2cOhladn i s

governing the seasonal assembly and turnover
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nderstood, particul a-mkedi wi ed pespestesoandmp

host phenology (i .e., the seasonal timing of

Il n temper attheeaddsany sntgems, pl ant growth and d
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mi crobial taxa with distinct ther mal preferen

seasonal twurnover along the GDD c-baskeduum, pa
environmental filterimnmgemamal naahdtemphads ca one a¢
environment al fbialcttpeeritahat enoastradmaitthmeente,afa

phyll osphere(Waidhemdetspaler el1998; Chase and Lei

Whil e recent studies have begun to infer p
experi mental war mi,elgev &tait o o(aHu agntga dejte WRO.@ 100 2 A |
202®@éan annualand npeenstaialleeranatl e gr adi ents (Sang
t hessamthaebbgus on t hedhrhngime ptelee®ee , appnoaches
obscurse aflienseak agimtaali cs and confl ate temperat
climate vawiaalglee sni @nmr olbw rad o tndhiirsspeetrasnaitiye @ an atl
accumudmddronshared envi magsimdu toavi nogo rcd ietairems at
mi crobi al r e stpiomes ecsy meamid theer anla | f @D asftfaeerc osy st er
cont i mataruisct i nNeéemgewnéegahepkednonwiotghy t he ecol ogi «
context in which | eaf tmé mp @ibdidoilmye so naaslsleymb Iweh ia ne
species identity is widef ywhecikmdbmwg edgedhapi ag
| emifcr obLiadnbdr &esoi N2 6 & 6lbg jaa nKkke mb e | 2021), its ro
seasonal thernmad Rcecwutmué g ieafafi encst su nidretreerxgpd to r e

within functionally similar host groups.

To address these gaps, we investigated how
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Mi cjhSxa.l i caceae)Baladpgigmg atl @ vdeiRfefseardesn tf uonrcd e rosn,a |
similagrowi agtuceaslsyyenatduous broadl eaf species
di s;¢eamtbl i ng us dftoe sappwiessdsshmiraerdo ein v i procmvweditn gvha
uni que o0 pposretnumaorggyl d wn adt i onal simel arietl yge$ s om
mi crobi ome Bgs plaompt sflnrgeana ersa towcrgailml gyg tcoow etahge i n
same forestatevpen inn sQu®mae&P Oy rheed isewrats mnal mi zed
environmental confoundeumulaatdi 4 & pERdedatit he ef
specideat ahyg whegi i ntMp agrtiimaary objective is to
patt esrenass oonfa | pvhenalt oghnc gphyll ¢ edsnpdhaesarrnteea s mHer

mi cr o boifjormeeysr c hr ambilsipaeagr oss a gradi ent of GDD a

Speci fically, | seek to address the following

1.Do the microbiomes of two functionally sim
spedebiesch a@amdespoman si milarly or divergent |
2. How dhoeersmatl ( GDhi agcumul ati on) structure the
| eaf bacteri alh asoemansuonni atli epsh eancor | oosgsy ?

3.Do bacteri al communities exhibit ther mal n

patterns of generalism and specialization

Ilhypotdtehsaitzaec1) spedisdymer iidamy | ¢mif veobiodl
community turnover, shaping presence, abundan
tymebyrchr amblilsipreghowit| ldi €t iob ¢ bdmevse twgietphe+ at ur e
driveamsonal,bdynthheats wi | | be a | esser degree o
compared t odue hteor fsutnucdtiie@BR| acsc mmu laat it yn wi | |

Ssi gniifnidciarmgiatct on shapi ng tlheraofu gnhi ctrhoeb iianlt edryancat!
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speci fic i rGtber o tmiupaarddidyand ther i al wiaklh axkdi BSWVs
t her mal niche differentiaeaaclhhnspédieegpsfitihes (GDDg g

mi cr obtihoante skixhtiibmd¢t ecal ogical strategies

By focusing on continuous thermal accumul a
ecol ogical gr adtihansudiyn aidvenecwis wmumigieetreskdiendi ng
interactions iTrhitseenfitasguiyk e of ogestas. model i ng 1in
domain, where cumul ative tmphmepreoladagyad smotdrorwvleys

mi crobdi omesr ughdr ppetceontagancseaelgbanthbhshhimorwor Kk

of fers novel i nsi grheaspdmd ot dh oswve ars @wmr aolb i tohmersma |
underscores the i mportance of -9ean eigtriave nmhem al
framewor ks i n a rlanpiddoliyn gwasromi nnge weoxrplldo.r e t he p

mi crobi omes t o aacctti vaes chibenaots$ eald 5 toengsh eorfol ogi c al

chamegeaienpgbsi bl e unr eabf zQDIe a ptpok inti actrioobni sa | ecol «

2 0 MATERI ALS AND METHODS

All data processing and statistical analyseseperformed using R v.2@209.0 (R Core

Team 202) . An Wasused@s tike Significance threshold.

2.1 Host Leaf Sampling and Estimating Seasonal Phenology (Growing Degree Days)
assess thieaf bacteriomever host phenology,63eaf disk samples dfembling aspen
(Populus tremuloideBlichx., SalicaceagMalpighiales)and & leaf samples afrey birch
(Betula populifoliaMarshall BetulaceagFagalesyvere provided byny collaborators at the

Canadian Airborne Biodiversity Observatory (CABO), foundtgts://www.caboscience.org
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274  and at the Université de MontréAlongside the samples, sample dater®also provided byny

275 CABO colleagues (Kothari et al. 2028)pon receipt, all leaf disk samples were stored-in a

276 80 f r e seteaf disks wetre eollected along a-shonth chronosequence spanning the

277  months ofJune2018 to October 2018; roughlypecimens were sampled biweeKiable 1) For

278 each sample, a large group of sunlit leaves (>3 h estimated sun exposure per day) were collected
279 at the same vertical position; feachtree, the same branch or neighboring branches from the

280 same individual were sampled. Leaves with noticeable damageavwaded.

281 Table 2.1. Cumulative growing degree days (GDDs) at a base temperature of 5°C and their
282 corresponding sampling dates classified into generalized phenological periods for temperate trees in the
283  Northern Hemisphere.

General Phenological

Cumulative Growing Degree Days ( Tpase = 5°C) Sampling Date Period
437 June 8, 2018 Early-Mid
605 June 21, 2018 Early-Mid
1087 July 19, 2018 Mid
1606 August 16, 2018 Mid-Late
1992 September 11, 2018 Late
2140 September 24, 2018 Late
2219 October 8, 2018 Late-Early Senescence

284 Since this study seeks to evaluate phenology as a continuous response variable that

285 encompasses botharmaland emporaldimensions, sampling dates were converted to

286 cumulativegrowing degree day(GDDs)using2018temperatur@atafrom theMontréalSaint
287  Hubert weather station QuébecTo calculatecumulativeGDDsat a base temperature of 5°C
288 from thefirst day of the year & 1) to a given sampling dagf the yea(DOY) i, the following

289  equatiorwas enployed,asdescribed bycMaster and Wilheln{1997):

290 00406 awdd@mal Y
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WhereTmaxj is the temperature maxima on sampling gdyninjis the temperature

minima on samplinglay j, andThaseiS the chosen base temperature of 5°C. Thus, GDDs 437,

605, 10871606 1992, 2140, and 22Iepresent theumulative GDDsampling pointalong the

continuum of host phenolodyable 1) For each of the twhostspecies, five individugblants

were sampledteach of the seven GDI&l = 10), with the exception o&n inadvertently

repeated samplakenfrom the samasperindividualat GDD = 1087, resulting in N =11

(Kothari et al. 2023)The additionabspersample was retained to avoid omitting potentially

valuable microbiome dataesultingin a total sample size of= 71 samples, with 35 samples for

birchand 36 samples faspen Each individual serves as a biological replicate, and the same

individuals are resampled at each GDD point, providing temporal resolution across the seven

GDD points.

2.2 DNA Extractiord Toisolate microbial DNA from leaf disks, the Qiagen DNeasy

PowerLyzet PowerSoil ki t was used according t o sonfee

procedural adjustment8lthough theextractionprotocol calls for up to 0.2§ of sampleonly

20 mg of leaf tissue was usdde to limited leaf material To account for

effects exerted by the three DNA extraction kits used, a negative control was performed;

additionally, there were two positiventrolspreparedising the ZymoBIOMICE Microbial

Community Standard (Catalog No. D6300, Zymo Research Corp., Irvine, CA, USA).

2.3 Amplification and Sequencing of 16 RNA Gen& To conduct microbiome profiling, PCR

amplification and sequencing targeted the\WBhypervariable regions of the bacterial 16S

rRNA gene. All PCRs and sequencing were conduatéte Genome Québec Innovation

Centre. To amplify 16 SRNA regions, the lllumina primer pair 520F
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315

316

317

318

319

320

321

322

323

324
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326

327

328

329

330

331

332

333

(AGCAGCCGCGGTAAT)/T99R2 (CAGGGTATCTAATCCTGTT) was used to exclude

chloroplast sequencemrgeting an amplicon length of approximately 280 bp (Edwards et al.
2007) All primers were fitted with adapter sequences for multiplex sequencing. Extracted DNA

was organized and submitted on the Genome

submission portal, Nanug. Sequencing libraries were constructed with this DNApased

end reads othe lllumina MiSeq platform (Moroenyane et al. 2021a; Moroenyane et al. 2021b;

Zhou et al. 2011).

2.4 Sequence Quality Control, Filtering, and Taxonomic Assignment of A&\Reads were

processed using tH@ADA2 pipeline in R (Callahan et al. 2016; Lajoie and Kembel 2021; R

Core Team 208. Next, aa amplicon sequence variant (ASV) table waseratedrom the

merged sequenceShimeric sequencesgere identified and removed using the

agemoveBimeraDenovaffunction, which reconstructs chimeras from segments of abundant
parent sequencég€allahan et al. 2(]). In this dataset, approximately 97.74% of sequences were

nortchimeric Reads identified as mitochondria and chloroplasts were removed, and samples

from GDD 323 were excluded due to missing datdPfaremuloidesAltogether,these

adjustments reduced the total number of reads to 133015 and resulted in 1731 ASVSs.

2.5 Statistical Analysés All statistical analyses were conducted using 2024.09.QR Core

Team, 203). The bacterial ASV abundance datarenormalized such that the summed relative

abundance of all ASVs of each sample was equal toAdhanalyses were repeated to assess

both interspecific and intraspecific variation in host tree microbipmigis specific adjustments

that will be described in the following sections
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2.5.1 Bacterial AlSphrep | Dinwe rEsfiftoyr tP &athie rArSsv D
accumul ation curves were generated for all sa
G pecaoéfcwmne(t)i o efgmaenk a e t ot deamet mnige eif f ort wa:
to recover the majority of ASV diversity (Oks
Moroenyane et al. 202aslymptiometbhitd <ctawdy, timai
sampling effort captured the majority of dete
evaluate the estimated richness and oeccurrenc
nor mal cur ves we per egsetnoghrdantset drepgha nfrhge totbhes er ved d
fitted well to the nor mal di Bladti b ua b wwmd a rstu gagrec

ASVweere ciaptuhies study (Supplementary Fig. S2)

Al pha Diver si:FEyo @a¢ gpmabcaktmigden s i ¢ htneetsessmb( e rh e
oni A8¥s per sample) wapecalbhbbat pdnusand She
diversity was @avewhkan gtdi)wrs i migt h htethe i ndex pat
Ashannond (Oksanen et al. 2022; MorTooenyane et

visual i ze diawe rdsattay fpoart theortnhs ,mert r i @GBD wer e pl ot

accumul af{sdc058AnGdt tTheir associated months for bo

Al pha Diversity Model |l Togewnabdu&tatthbhei ebfe
accumuheartmeadl (t&EDPEgyt | denditlheom badcteericali oaml p
di veASYtyichness andefSbamosiehgdiviensat ymi xed m
usingl mae() 6 fl ik Btaite@ms. fel ®Fhebp)ar at e modealnsd wer e
i ntraspeci faiccc ocrodmpnagr itsoo nnso d e | as sFwomp tiind resr sgpred |
model s, ASV rtircahmsefsosr meads, laongd S hamrmdn tdiawnef Dirtr

Fixed effects inclGRDRHaADAC) ,s paercd etsh d idre nitritt g, &
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OPIl anitncllbubded as a random effect to account fo
were constructed separately for each host spe
meet model (Sappmemead &l 5 MBG haoslhsoecs sc opnotsrtast s, e
mar gi nal means weemmgpmekade,d amsd Adpotailmdmar gi n:
condi RY)o’Rall uges were calcul at edoft ot jeu amad &lys el
fixed(dafelne hitish@d24 )modelul 4t moadtedr el aghosti cs, p:

and methodol ogi cal Sepapl esneatarpr deehodd in t

2.5.2 Bacterial Community Structure (Befaiversity)d To assesbeta diversity, a
BrayCurtis dissimilarity mat rvegananapsincigpge ner at ed u
coordinate analysis ( PCo A)apetoaisualzeoimedandct ed usi n
intraspecific differences in leaf bacterial communities along a GDD accumulation gradient
(Moroenyane et al. 2021a; Oksanen et al. 2022; Paradis and Schliep 2019). Multivariate
di spersion was evaluated using O0beAN®DYA sper () O
with 999 permutations (Moroenyane et al. 2021a; Oksanen et al. 2022). NexXtop@stirwise
comparisons of all variable groupings were assesseail vieeyHSD(P(R Core Team 2024)

Finally, the 95% confidence intervals for the Tukey HSD results of each variable grouping were
plotted (Moroenyane et al. 2021a). For interspecific comparisons, groupings included host
6Speci es b6, 0 Giwbwayittéractiom Rodintraspezificrcomparisogsoupings

i ncl uded aiddé PD ah théséstem evaluatd whethersignificantdifferences in

beta diversity detected in subsequeERMANOVA analysegould be influenced by unequal

within-group variability.

To determine the drivers of variation in community composition and quantify their

explanatory poweiPERMANOVA was performed with 999 permutations usingddonis2()
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functionin vegan to model the effects dfost specieé 0 S p e cumwdasividgrowing degree

daysat a base temper atandrtheir twelvay Bitdr&tiomo |€abbacteSaC o )

community composition and turnovitaticov et al. 2021; Moroenyane et al. 2021a; Oksanen et

al. 2022) For intraspecificomparisons, the same method was applied, but PERMANOVA was

used to modehe effecto f 6 GDD _5C6, 06 P awayinterattioron leafn d

t hei

bacterial community compositioAll models here were run using absolute ASV count data.

2.5.3 Relative Abundance and Taxonomic Profifles)sing thedax_glom(pand

dransform_samplecounts(pfunctions from thehylosegackage in R, the relative abundamce

of leaf bacterial taxa @recalculated and then plotted at the phylum and genus levdigdor

andasperacross GDDs to evaluasad compargeneral phenological patterns in taxonomic

shiftswithin and between host speci@écMurdie and Holmes 2013All recovered bacterial

phylawerepresented, but only the top 20 genera by relative abundareisualized, as the

large number of genadaparticularly those withower abundancés made comprehensive

visualization impracticalRelative abundances were calculated within each sample by dividing

ASVY counts by the samplebdbs total read

count

transformation standardizes for sequencing depth while preserving sspepléc community

composition Taxonomic profiles of leaf bacterial relative abundances were generated as a

preliminary analysis to evaluate general phenological pattetagzonomic shifts and identify

dominant bacterial taxa associated with each thesspecies and phenological stage.

2.5.4 Differential Abundance Analysés To asseskhow leaf bacteriahSVs (and their

associated taxonomic assignmemésponded to seasonal GDD accumulatefierential

abundance analysis was performed usindE8eqg2ackagean conjunction withthe phyloseq

package (Faticov et al. 2021gve et al. 2014McMurdie and Holmes 2013Analyses were
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conducted separately for each host spegesypirch andtremblingaspen to identify ASVs
whose relative abundance changed significantly across the seasonal gradient of thermal
accumulation, measured as continu@®RBDs. Starting withthefiltered phylosebject the
abundance dataas convertethto aDESeq2object using théphyloseq_to_deseqg@function.
For each species, the model formiaGDD_5@ was usedtreating GDD as a continuous
numeric predictor. This allowee@sing for log2 fold changes in ASV abundance per unit
increase in cumulative GDD, effectively modeling temperatiineen phenological progression
without discretizing the thermal gradieBize factors were estimated internally usdgSeqd s
default method, which applies mediafiratios normalization to account for library size
differences. Dispersion estimates and shrinkage of log2 fold changes were calculated using the
defaultDESeqipeline.P-values were adjusted for multiple testing using the Benjamini
Hochberg false discovery rate (FDR) metliBdticov et al. 2021; Love et al. 2014ASVs were

considered significantly differentially abundant across GDD when-B@jRstedo < 0. 05.

To facilitate ecological interpretation, we annotated differentially abundant ASVs to the
genus level and visualized patterns of log2 fold change across the GDD gradient. Positive log2
fold changes indicate increased abundance with thexoaalimulation, while negative values
denote declines with increased heat accumulation. This approach enabled us to identify thermally
limited taxa within each host species and relate their seasonal enrichment or depletion to broader
patterns of microbial succession and niche differentiakon speciespecificseasonal
differential abundance analyses, pleaseSs26.4 Differential Abundance Analysighe

Supplemental Materials and Methods

2.55 Niche Width Analysi® To assess bacterial thermal niche breadth across GDD

accumul ati on, Levinsd niche widt hnichenwitdth(® wa s
22
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function from thespaapackage in RInput data consisted of scaled relative abundances of ASVs
across continuous GDD values to standardize across sequencing depth, summed within each
unique GDD value, thus capturing microbial distribution across thermal time. This formulation
incorporates both the presence and evenness

Notably, ASVs were retained only if they exhibited rpero relative abundance across at least

two distinct GDDvalues to avoid inflating niche width estimates with singleint occurrences

To classify ecological strategies, we applied fixed thresholds: ASVs with niche widb were

designated thermal specialists, thosén@li2.25 as generalists, and those in between as

intermediate. These thresholds were selected to reflect strongly concentrated distribfions

GDDs) versus moderate-even distributions acres GBDs, while excluding transient or

ambiguously distributed taxa.

Distribution of ASV niche breadth were visualized using histograms and proportional bar

plots of specialist, intermediate, and generalist classifications. Classification distributions were

also compared between host species using facetgdidisr To assess temporal patterns, we

generated boxplots of ASV niche width across cumulative GDD values, subset by host species.

To evaluate taxonomic variation, we plotted niche width by bacterial genus (focal genera only)

and by individual ASVTotal ASV proportion plots (Supplementary Fig. S23) aiadirv plots of

ASV niche widths by host speci€Supplementary Fig. S28jere additionally produced and

included to illustrate distributional spread. Differences in niche width distributions between host

species were tested using Wilcoxon r&unkn tests.
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3.0 RESULTS

Across the 2018 growing seastime growing degree day (GDDpake= 5°C)
accumulatiorcurveincreased in a sigmoidal fashion, with the highest rates observed during mid
phenology occurringbetween midluly and the end of Augusthis pattern oGDD
accumulation offers a cumulative measure of thermal exposure and seasonal progression for both
host s pec iSanypling datesgspann2d alcymulative GDD range of 437 to 2219,
capturing early leaf expansion through senescenus GDD trajectory served as the primary
ecological axis for analyzing temporal shifts in microbial diversity, community composition, and

thermal niche breadth

The amplicon sequence variant (ASV) accumulation curve reveals that sampling
recovered a considerable number of bact&&Vs, and its asymptote demonstrates saturation or
nearsaturation, indicating that sampling effort was comprehensive enough (Supplementary Fig.
S1). Additionally, the Preston lemprmal curve is belshaped and exhibits practically perfect
overlap with the expected normal distribution; this communicates that sequencing was deep
enough to detect rare and labundance bacterial taxa (Supplementary Fig. S2). Taken together,
these figures demonstrate that sampling effort not only recovered the most abundant taxa but also
rare taxa, permitting a more complete insight into the leaf bacterial communities (Moroenyane et

al. 2021a).
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Figure 2.1. Cumulative growing degree days (GDDs; Thase = 5°C) across the 2018 growing season at the
study site in Québec. Cumulative GDDs were calculated as the daily mean temperature minus the 5°C
base threshold, summed across all days with positive values. Vertical dashed lines represent leaf
sampling dates. This curve reflects the seasonal progression of thermal energy accumulationd a
physiologically relevant metric for predicting plant phenology and a key environmental driver of
microbiome dynamics in this study.
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Figure 2.2. Leaf bacterial community diversity and composition patterns of two host tree species, grey
birch (purple) and trembling aspen (orange), across a season phenological gradient of GDD accumulation
(Junei October 2018) using 16S rRNA gene amplicon sequencing showing (A) comparisons of amplicon
sequence variant (ASV) richness (left) and Shannon diversity (right). Bold horizontal bars represent the
median and the error bars indicate a measure of variability of the data at each GDD sampling value.
Circular data points represent individual samples of birch and aspen leaves taken at each sampling point
along the GDD continuum (total n = 71), which are horizontally jittered to avoid overlap. n.s. = non-
significant host species differences (P-value 2<0.05 and z %0.01); and (B) Principal Coordinate Analysis
(PCoA) of leaf bacterial community beta diversity based on Bray-Curtis dissimilarities. Each data point
denotes a host plant individual sampled at GDDs 437 (empty circle), 605 (empty square), 1087 (empty
diamond), 1606 (filled diamond), 1992 (filled square), 2140 (filled circle), and 2219 (asterisk).
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507 Table 2.2. Summary of the impact of host species identity (S), GDD accumulation at Tpase = 5°C
508 (GDD_5C), and their interaction (S x GDD_5C) on the leaf bacterial alpha diversities of grey birch and
509 trembling aspen using linear mixed modeling (LMMs).?

Host Species (9 Growing Degree Days 5 °C Jneracton |
P R?; Ry, P R?; RZm P R?, R%,
Interspecific °
ASVR' 0.00855** 0.144 0.0133 0.000364** 0.192  0.0617 0.00531* 0.326 0.0994
H' 0.0413* 0.341 0.261 0.881 0.34  0.000551 0.978  0.262 0.159
Birch ¢
ASV R' G} 0.000247**  0.513 0.25
H' 3 3 3 0.731 0.163  0.00297 G}
Aspen ¢
ASVR' 3 3 3 0.427 0.113  0.0164 ] G} 3
H' 3 3 3 0.857 0.0374  0.000908 ] G} 3
510 aThree separate LMMs were run for interspecific comparisons, intraspecific comparisons within each host
511 species. Conditional-R? (R%) and marginal-R? (R?y) values were calculated using r.squaredGLMM() in the
512 MuMiIn package (B a r 22@28Fby running separate models with the same random effect structure but only

513 a single fixed effect included (P-value 2<0.05, z 0.01 and z 2<0.001).
514 bInterspecific (between-species) results from LMMs for log-transformedASY r i chnes s squ#e&VY RO) a

515 roottransformedShannon di wonpasinglegf micrébibmes of grey birch and trembling aspen.
516 cIntraspecific (within-species) results from LMMsforASVY ri chness (ASV Ro6) aimd Shann
517 grey birch leaf microbiomes, which have both undergone reciprocal transformations.

518 d Intraspecific (within-species) results from LMMs for reciprocally-transformed ASY ri chness ( ASV RE¢
519 square-root transformed Sh annon d i inerembling agperf I¢abn)icrobiomes.

520 Intraspecific analyses further reinforced ttieASV richnesof birch microbiomes

521  significantly increased with GDOP(= 0.00025), explaining over 50% of variance wipéamt

522 levelrandom effects were includeB% = 0.513)and 25% of the variandarough fixed effects

523 (R’n= 0.25).However, richness did not differ significantly across individual GDD time points
524  (SuppkmentaryTable ), suggesting a caimuous overaltrend rather than discrete shifts.

525  Within aspenneither richness nor Shannon diversity varied significantly with GDD. Moreover,
526 no significant plantevel effects were observed within species across any GDppEmentary

527 Tables S6S7), indicating that environmental gradients, particularly temperature accumulation,

528 exert more influence over alpha diversity patterns than individual plant identity. Collectively,
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551

these results highlight that functionally similar hosts exhibit divergent alpha diversity responses

over phenology.

Table 2.3. Summary of pairwise comparisons of host species-specific differences in leaf bacterial alpha
diversity at each GDD sampling point (Tbase = 5°C) using the emmeans package in R to evaluate the
effect of host species identity (S) as seasonal phenology progresses.2

ASV Richness P Shannon Diversity °©
Host Species (S Host Species (S
GDD 5C p (_) p (-)

- emmean SE t-ratio P emmean SE t-ratio P
437 -0.6399 0.257 -2.489 0.0198* -0.263 0.101 -2.602 0.0139*
605 -0.5553 0.238 -2.333 0.0305* -0.263 0.0924 -2.851 0.0088**
1087 -0.3126 0.198 -1.578 0.146 -0.263 0.0732 -3.596 0.0046**
1606 -0.0513 0.191 -0.269 0.795 -0.263 0.0696 -3.782 0.0048**

1992 0.1431 0.212 0.675 0.512 -0.263 0.08 -3.288 0.0051**
2140 0.2176 0.225 0.967 0.348 -0.263 0.0863 -3.05 0.0065**
2219 0.2574 0.233 1.105 0.284 -0.263 0.09 -2.924 0.0078**

aPairwise comparisons only show host species effects, i
comparisons were isolated to each GDD sampling point,
The table shows the estimated mar Gignta lat ineRavds! d @smmean) |,

each GDD sampvbahxgxé®p ®@igmt 012z z<aOn.do 0 1) .

PASYV ri dBmwass-tl ognsformed to align with Whntleer shpoescti fsipce cLi M
identity may sigR@afti eamtlliyerafGDdst, AISWVWer seasonal facto
s hapiimtger speci fASV vrairdhand som -Eenggloadwerar GDhERs .

cShannon diHwa®s s isfgryoaorte transformed to align wiHaah iisnt er sp
heavily impacted by host species ideptyiamgattnandg point
predi dtndrercvpaerciiatiicon i n Haq.

To compare seasonal phenological patterdsaifbacteriabeta diversityand community
structurebetween birch and aspen across the GDD gradi@®ray-Curtis dissimilarity matrix
wasgeneratedinitial analyses of homogeneity and multivariate dispersion helped determine the
relative influence of betweecommunity composition (variance among samples) and within
community composition (variance within replicates) on the overall structure of leaf bacterial
communities (Moroenyane et al. 202TB)ere was significant multivariate dispersion between
host species (Supplementary &i§4i S5). Betweenbirch andaspen heterogeneous dispersion

was significantlt = 22.812 P = 0.001)for host species identityputlittle multivariate dispersion
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552  was observed across GDDs (Supplementaryg. B8 S7). Neither species exhibited significant
553 heterogeneous dispersion across GObPs (.242 P = 0.948), and pairwise comparisons using
554  Tukey HSD tests confirmed nesignificant differences in community structure between GDDs.

555  Thus, @spite variations in data spread, central tendencies (means) remained similar.

556 Finally, the interaction between host species and GDDs was assessed, revealing increased
557  multivariate dispersion compared to any individual variable alone (Supplementary Fig. S8). This
558 interaction showed significant heterogeneity in disperdton4.724, P = 0.001).However, as

559 this interaction compares all possible combinations & p e and@®@GBD _, Meuding across

560 dissimilarlevels of GDDs,caution is warranted in interpreting these results. This interaction may
561 not exclusively reflect variations within the same GDD levels, which was the primary focus of
562 this analysisThus, forbiological relevance, pairwise comparisons of dispersion using a Tukey
563 HSD test were only assessed for spe@&D interactions occurring within shared GDDs, but

564 not across differing GDDs. The Tukey HSD revealed relevant significant differences between
565 birchleafinteractiors with 605GDDsandaspen leainteractiors with 605 GDDs(early

566 phenologyP =0.023), aswellas e t w e e nintdractiorcwiti2219GDDsanda s pe n 6 s

567 interaction with 2219 DDs(senescence onsé&t = 0.0021).

568 Principal Coordinate Analysi$CoA) was performedisingBray-Curtisdissimilarity to

569 visualize changes in leaf bacterial community structure betgesy birch andtremblingaspen

570 across phenologfFig. 2.2B).PERMANOVA found significant effects from host species identity
571 (F=9.061 P=0.001), accumulated GDDE € 3.384 P = 0.001), and their interactiof &

572 3.022 P =0.001) on bacterial community variation (TaBld). Host species identity explained

573 ~11% of the variationR? = 0.11), GDDs ~4.1% R?= 0.041), and the interaction 3% (R? =
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574 0.03&/). The PCoApresentslear separain of bacterial communities based on host species

575 identity, mostly along Axis 2though there was no clear separation based on (Gefgeen

576 species (Fig2.2B). A weak positive correlation was observed between Axis 1GIDIOs

577 ( Sp e ar ma &= 04368 Andibatingy no significant association between Axis 1 and

578 GDDs. In contrast, Axis 2 showed a moderate negative correlatioGibbs( } -0.53,P =

579  2.25x10°%, suggesting that increasing GDD values are significantly associated with lower Axis 2
580 scores. Therefore, the directionality in the PCoA from ealnignology (low GDDs) to late

581 phenology (high GDDs) is likely associated with Axis 2, which showatesscally sgnificant

582 seasonalhermalgradient.

583 Table 2.4. Permutational analysis of variance (PERMANOVA) testing the impact of host species identity

584 ( 6 Sp e GDRa&d@Nulation at Trase =5°C( 6 GDD_5C6) as a proxy fdwo- host phe

585 wayinteraction( 6 Speci es wndE@ddcesitléaf beta diversity and bacterial community
586  composition within and between grey birch and trembling aspen.

Source of Variation SS R? F P
Species 3.3513 0.11 9.061 0.001***
GDD_5C 1.2516 0.041 3.384 0.001***
Species x GDD_5C 1.1178 0.0367 3.022 0.001***
Residuals 24.7794 0.812 0 0

587  aAsterisks indicate P-values 2<0.05, z z0.01 and z z<®.001.

588 Within each species, we tested whether bacterial community composition changed across
589 GDDs. Ingreybirch, PERMANOVA showed that GDDs significantly shaped community

590 composition F = 6.024, P = 0.01R? = 0.149), whileremblingaspen showed a weaker but

591 significant GDD effectfF = 1.288, P = 0.0232 = 0.037). However, withispecies PCoAs

592 revealed limited visual separation across phenology, except for weak directional shifts along

503 Axi s 1 in both splec7iless i(nEQBa7anr espampdply/sesg of =

594  multivariate dispersion (betadisper) indicated subtle shifts in variability, wittségtson
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596

597

598
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600
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603

604

605

606

607

608

609

610

611

612

613

dispersion changes in asp&nH4.005,P = 0.004) and marginal variation in birdh € 2.512,P
= 0.048), but no consistent or strongly significant dispersion patterns across most GDDs or
Plant_IDs. Full dispersion and plaetvel PERMANOVA results are presented in

Supplementary Results (S3.1) and Supplementary Ta&ble S

In this study, bothgreybirch andtremblingasperexhibit significant associations
between GDDs and Axis 1 when examined intraspecifically, indicating a clear relationship
betweenrcommunity compositiomnd GDDs within each species. However, whangared
interspecifically, the relationship shifts, with GDDs associating significantly with Axis 2 instead.
This phenomenon can be attributed to the interaction between species and GDDs, as highlighted

by the significantS p e c i e s : t&D DthéePERMANOVA analysis (Tabl@.4).

32 Specific taxa were enriched in the | eaf
accumul at ed adAorstsh 9 heead gyl GDD gradient, | e
ohrbyrchr amblsipeg were dominated by Proteobact
taxonomic and temp&uablpamenéenany FFQgg. S293A 1 n
steadily incredaedviam@mdahdd2a®OBRs to a peak of
GDDs, coinciding with a marked decline in Act
aspen exhibited fluctuating Proteobacteria | e
rel ati ve) abbutn ddaisnpemisrogn ii~-B0% at 1606 GDDs), whi

remained rel aB8b%ely stable (~25
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Figure 2.3. Taxonomic composition and differential abundance of leaf bacterial communities of grey birch
and trembling aspen. (A) Genus-level taxonomic profiles of relative abundance for birch (top) and aspen
(bottom) as GDDs (Trase = 5°C) accumulate over seasonal host phenology. For visual practicality, only the
top 20 most abundant genera are shown, but the general pattern remains consistent, regardless. (B)
Differential abundance analysis (DESeq2) showing significant changes (padj < 0.05) in the relative
abundance of leaf bacterial ASVs (colour-coded) within birch (top) and aspen (bottom) in response to
GDD accumulation (Tease = 5°C). The logz(foldi change) represents the rate of change in abundance for
every 1-unit increase in GDD and can be interpreted as a regression slope on a log2 scale. A positive
logz(foldi change) indicates that the ASV significantly increased in abundance as GDDs increased, while

a negative logz(foldi change) demonstrates thatt her e was a si gni f i cabundance e c |

as GDDs increased. Note that colours do not correlate to relatedness of taxa. The P-value is calculated
using the Wald test, and the adjusted P-value (padgj) is calculated using the Benjaminii Hochberg method.
A full list of the significantly differentially abundant ASVs, including unidentified ASVs, and all summary
statistics can be found in Supplementary Tables S9i S10.
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Figure 2.4. Thermal niche breadth of leaf-associated bacterial ASVs across seasonal heat accumulation

0
the breadth of thermal persistence for each ASV across a seasonal GDD (Trase = 5°C) gradient, a

and host
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ndex

physiologically relevant measure of heat accumulation that tracks host phenological progression. ASVs
wer e i

wa s

der

vV e

specialists,
intermediate. (A) Proportion of ASVs classified as thermal specialists, intermediates, or generalists,
faceted by host species. (B) Seasonal trends in ASV niche width across GDD accumulation for each host
species. Boxplots represent the distribution of ASV-level niche width values per GDD time point (median,
IQR, whiskers), with outliers shown as points. Dashed red and blue lines indicate specialist and generalist
thresholds, respectively. (C) Genus-level distributions of niche width among focal bacterial genera.
Narrow boxes (e.g., Frondihabitans, Nocardioides, and Pseudomonas) reflect low genus-level diversity or
consistent niche breadth. (D) Niche width of focal ASVs from key genera, illustrating intra-genus variability
in thermal niche strategy and highlighting the ecological importance of unclassified ASVs. Bars represent
individual ASVs; dashed lines mark classification thresholds as in prior panels, where red is the threshold
for thermal specialists and blue is the threshold for thermal generalists. ASVs are colour-coded by genus.
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1286 APPENDI X

1287 Table A1l. Summary of the most common bacterial taxa found within the phyllosphere and

1288 endosphere of plant leaves. Major phyla are displayed with their most common associated
1289 member classes and genera. The Gram status of each is listed, along with a brief description of
1290 their most important functions in the phyllosphere and endosphere (Durand et al. 2018; Kembel

1291 et al. 2014; Redford et al. 2010).
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1292 S2. OPBLEMENTAL MATERI ALS AND METHODS

1293 S2. 2 DNA &khiracdt oay-indepeadewmltt srmaenpl i ng met h

1294 representative of the trydeprmrindreabi amet bommu rf iBto

12905 202; Hinsu et al. 2021; Hugerth and Ander sson
1296 To achieve complete |ysis of plant cell wa
1297 sampling, two sterile 4.7 mm stainless steel

1298 vertical mi xer mill was used to pulverize fro
1299 grinding was complete, each sample tube was i

1300 65 for 30 min at 800 rpm; additionally, samp
1301 i ncubatingi8t hd otrulbesaniaat, 2 he sampl es were incu
1302 opti mal DNA purity. | sol ated DNA was run on a

1303 assay was performed to quantify the DNA produ

1304 S2.4 Sequence Quality Control, Fiol @Quealiintgy, afnd

1305 both forward and reverse reads was assessed w

1306 quality scores exceeded 30 and to determine t
1307 o6filter AndTrim()6é function, sequences were fil
1308 240 bases, reverse reads to 230 bases, with a
1309 maxi mum expected error (maxEE) of 2, a trunca
1310 sequences removed (rm.phix = TRUE). Paired re
1311 function, which only combines reads if they o
1312 overl|l ap region (Callahan et al. 2016)- Notabl

1313 t hroughput sequencing, providing a high resol
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1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

clustering thresholds I|Ii ke operational taxono
and reproducibility by capturing fine genetic

2019; Chiarello et al. 2022).

A total of 3046486 reads passed the qualit
Taxonomy was then assigned to these ASVs usi n
employs the naive Bayesian classifier method

reference training set with known taxonomy an

training FASTA files from the RDP, GreenGenes,
|l evel <c¢classifications were obtained through e
met hod is considered most accurate for 16S ge

2016; Edgar 2018). The 06 aadsSipercmerst( )tor diumicrn g oF

from the SILVA and RDP 16S databases for this

S2.5 Stati Al tabtAnhabyseal anal yses were cond

Team, 2024).

S2.5.1 Bacterial AlSphai Btverndi tMpdRat tCommg r
Di agnoPsrteilcismi nary analysis of the data include
by fixed eff esxdat taenrdp Igoetn emaattriinpges using t he 6s
t ceappackage. Applying thleméebdmnmem@lptd)i puaecti oeaf r |
models (LMMs) were constructed to model ASV r
within (intraspecific) and between (interspec
species identity, host -wahye n onltoegya c(tGDs,) ,wianhd v
transformations on the response variable dat a

effect (Bates et al. 2015; Faticov et al. 202
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Subsequently, for mal normal ity tests were
base R. Di agnostic statistics were generated
perf orpmacrkcagge t o assess homogeneity of wvarianc
observations, and normality of residuals for
compared using the o6anova()6 function, and th
Akai ke I nformation Criterion (AI C), the | owes
deviance, an-di kbkei hogtdest | og

speci fic

|l eaf bacteri al

Mo d e |

Sked re cit n toenr o pAd pihfai dDihwest

dlipha nidwhbietMsi & ayt, i 4 fhieed esttat i st i

checks and nod mhathriaznesdf orenseedd uAaSVs ri chnersosot( | og(
transformed SWAa'nn8otdi metsityg were independen
the fixed effects of host tree species -(6Spec
way interaction (6Species: GDD_5C6), with o6PI a

mo d e |

i ncorporating a

nested random e

considered but found to be unstable, producin
estimates. This instability is I|iklkéyedupuewt bh
only two species being compared, which | imits
reliably. Often, studies suggest dnodealtlhya,n atw:
|l east five (Aarts et al. 2014). Therefore, a
used to ensure model stability and reliable i
intraspecific data and does not explicitly ac
OPIl anstpdchiéfi c effects. While the simpler model
explicitly partition intraspecific and inters
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1378

anal yses of intraspecific variation, I fit se
variati on. However, comparisons of interspeci:
cauti ouslayb sdeunec et oo ft haen expl i cit nested random

sampl i ngoAlSirgindaldbve Reb)bset nf et dMdMoad ias foll ows
T TE&YHE* YR QOO DS Y Q@@@®S psld & QDO
For Shannon, dtitverlsedty f(iHta)i nterspecific LMM ws
MO X "YR QOQOO'DE Y Q@@®d psd a QDO

I ntraspecific Model Skd eaxddroens 5 Atl pihsa |Dii mietr e

analyzed intspegeceis§)i vafwiatthiom by fitting sep
where O6Plant | D6 was. mddebeaetdi abyadragdomt e€f e
residual daftar-svpahples, models selected for bir

. 1 . 1 . . .
transformations of b;%—\t/—kg,nbda cSthearmnaoI;r],Ad&)Wtermlscmtnyes:

model ed as functions of the fixed eHdrechi ré6cGD D

the best fit fiomt rA8YVp(eAdSidfimiRaglsNMMI | ows

P s~ ems T s e
5V O0@6 psSL O WOO

For birch, t he best fit i nt wasp eaci ffiod | loMM : f or
o 00@6  psb & GO

WithspemSV richness was ;\"§1<?,'C~Ri. pwha d ael |ISyh atnrnaoms

di ver si t yr owats tsroadhbssfedrommeadeellsead as a function o
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1387

1388

1389

1390
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1392

1393

1394

1395

1396

1397

1398

1399

0GDD_5C6 and the random effect oOPlant | D6. Ad:

continuous numeric variable in the LMMs. For
0Pl ant | D6 was modeled as a random effect to
whil e avovdrnmagr amet eri zation and instability t
fixed effect. This approach provided a more r
|l evel vRon abspeny.the best fit intrawapeasfic I
foll ows:

‘p X 00@6 psL a QDO

0 "Y& ‘ '
For aspen, the best fit intraspecific LMM for

NOox "00'@8 psh & ODO

Mar gi nal and?CaIndu ItFactocin@ia cR st ati stically s
effect, DbRBEH manrdy iccn@&fRi)jvtail uressl were calcul ated
the O6r.squaredGLMMU MPprafckkraaggtei, o nwhfirlsm trted ai ni ng
effects (FatBiac dw & 2@Ba13) .u2e0 29lu;ant i fi es the prop
explained by the fixed effects alone, highlig
Reval ue represents the total variance expl aine

insight into the overall fit of the model (Na

Pairwi se Comp®&Prhiesnoon so goyf IHosefma etviad m aEfef d otws
bacterial ASV richness and Shannon diversity
host species and accumul ated GDDs (6Species: G

conducted using the oOemmemask g gieLfeinm R iZdrz4f)r o m
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1416

1417

1418

1419

1420

1421

1422

6emmeans ()6 function calculates the estimated
using the fitted L{tMMtsamded tthen deidrhneuetnsets (co
means to assess the signiftfiecdarsce ncforpairrawiede t
sl ope for the continuous variable O0GDD_5C6 an:
residual varspeciefi andegmweeds of -faleeadomandcensul
confidence intervals (Lenth 2024). Note that

within the same GDD werbei rcoomtssirdaecrteido n( ewigt.h, ~GDoL
aspennteraction with GDD 437) for the sake of
investigation of how host speciesd phenologi c.

|l eaf bacteri al di fferepeesfiandi WhetkPaeceshase

Pairwise Comparisons of HostT®piexoleat &€ftflee
0Speciesb6 differences at each 6GDD_5C6é6 value,
struicntuoso econsmmMewas iwbmned with the specificatio
Species |(LEDD h5 @ah24 )Y)ednmewmmet(i on cal cul ates th
means for each | evel of 6Speciesd at specifi e
t hen cearmreduct sont the differences (contrasts) be
of pairwise comparisons. This method permits

|l oss of nuance associated with subsetting the

GDD, without the additional consideration of
di fferenti al influence of host species ident.i
tempedai vea phenol ogi cal stages (GDDs) .

Pairwise Comparisons of Growing Degree Day Effects Within Host Speciel$ the

LMMs identified O0GDD_5C6 as significalirtchhy i mp
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1424

1425
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1428

1429
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1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

or aspen(i.e., intraspecific comparisons), tammmeangackage in R was used for pairwise
comparisons of 6GDD_5Cb6 to identify specific
where bacterial alpha diversity differed most over host phendlagth 2024) Since

0Pl ant | D6 was modeled as a random effect, di
were not possible. Instead, | subset the data by GDD within each host species and compared

di fferences in 6Pl ant | D6 effects within each

To validate subsetting by GDD, | first ass

Kwi at KB hvis kSicihprig it n ( KPSS) tests for ASV richne

using the Our . kpusrsp(a)cok & guen c(t Moorno e myoam & heet al . 2
Normal ity of alpha diversity data within each
nor mal data, ANOVAs assessed the effects of oI

6aov ()6 f ursdtpiberk afgregm ftohd owed by reswibodwmal nor

dat a-panametr-Wal Krsskasts were conducted using

t set paskage (Moroenyane et al. 2021a; R Core T
and individual plants with significant i mpact
t het monporal and individual variation within e

S2.5.4 Differential Abundance Analysés To assess which ASVs (and their associated
taxonomic assignments) were most differentially abundant betiwedrand tremblingasperas
GDDs accumulate, and overall, differential abundance analysis was performed uSlSau?
package in conjunction with thhylosegpackage (Faticov et al. 2021; Love et al. 2014;
McMurdie and Holmes 2013RESeq2akes count data and normalizes them. To account for
multiple comparisons-values were adjusted using the Benjartlochberg procedure (Faticov

et al. 2021; Love et al. 2014). Differential abundance analysis was performed comparing the two
77



1446  host tree species overall and then subsequently, the data were subset by GDD and differential
1447  abundance analysis at each GDD was assed&ftkg2akes count data and normalizes them.

1448  To account for multiple comparisorizvalues were adjusted using the Benjartiochberg

1449  procedure (Faticov et al. 2021; Love et al. 2014). Differential abundance analysis was performed
1450 comparing the two host tree species overall and then subsequently, the data were subset by GDD

1451 and differential abundance analysis at each GDD was assessed.

1452 The purpose of conducting differential abundance anaipstg®njunction with

1453 visualizing relative abundance profiles over GDDs, is to statistically identify bacterial taxa that
1454  show significant changes @anrichmenbetweerbirch andasperacross phenological

1455  progressioroverall, and at the specific GDDs sampl@étis method allows fgoreciserelative
1456 quantification of how specific taxa respond to the effects of host idetioss cumulative

1457 GDDs accounting for variability and noise in the d@#ferential abundance analysis identifies
1458 taxa with significant patterns of variation, offering actionable insights intedpestific

1459  microbiome dynamics, phenological shifts, and the ecological or functional roles of bacterial
1460 ASVs. This approach complements taxonomic visualizations of relative abundance by

1461 highlighting rare, lowabundance, or unidentified ASVs that may disproportionately influence
1462  microbial dynamics but remain underrepresented in standard taxonomic ffediiesv et al.

1463 2021; Love et al. 2014; McMurdie and Holmes 2013)

1464 S3 SOUPPLEMBNREAULTS

1465  S3.1 Alpha Diversitg In ealy-mid season comparisorssperhad higher ASV richness than
1466  birch. However, this trend inverted mldte season, withirch surpassingspenexcept near the

1467 end of the seasq®2140GDDs). Shannon diversity differed significantly between the two tree
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1484

1485

1486

1487

1488

1489

1490

speciesP = 0.0413), with consistently higher values observeasipercompared tdirch across
phenology (Fig2.2). Despite the observed patterns, overlapping bar plots and large error bars
suggest caution in visual interpretations. Therefore, the results loMiles were used to further

assess the impact of host species identity and GDDs on alpha diversity more reliably.@able 2

For ASV richness, which underwent | ogarith
speci esP3 de.ndld85PH, 0GODB364), arPd Oheobds3intera
significantly influenced variation be.t)2veen ho
Host species identity explained ~1.3RB% of var
0.0133) and ~14.4% wheRh=ihclad)ng Smeadiofm edlf le
reveal ed significant differencaspeexnhiAS\M erdi chh ng:
ASVY richnesbi dehpamad et = 0ra@ab89f poprmedhABY¥cki ch
estimates of apapsrpeernd mab e ubyi r&Bh dGbDBbr5Cé6 = 0. GI
alone explained ~6.17Rn=0f0.AFM 7r)i;c hmoessesy ewar iidn.
included, GDDs describes ~1% 2% 0192)h.e Addiitain
there was a positive associabi orresktdtmaegaen =GDDs
0.000463), indicating that each wunit increase

richnadqiougitrtel@aisep wase maiihd € a 0 n

The interaction between species identity and GDDs explained ~9R#% (.0994) of
the variation observed in ASV richness when considering only fixed effects @.apl&Vhen
taking both fixed and random effects into account, the interaction between host tree species
identity and accumulated GDDs explains ~32.6% of the variance in ASV ricliRfes0(326).
Further, the interaction term (estimated000502) suggested that spenthe relationship

was less positive, with a slight decrease in ASV richness as GDD increased (combined effect
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1513

estimate =0.0000387). The interaction between host spespesific traits and temperatdre

dependent phenological shifts (i.e., accumulated GDDs) explains the most variation in leaf ASV
richness and is more significant than either factor alone. This interaction drives differences in

ASV richness among host species, with species identity moderating the effect of GDDs on

microbial richness. However, caution is warranted in interpreting this result, as the interaction
term includes all possi ble combinations of 6S
GDDs. This broad comparison may not exclusively capture variations within the same GDD

sampling points, which were the primary focus for biological relevance. Nonetheless, the

findings emphasize significant specg®ecific responses to temperature accumulation

(6GDD_5C6) and its influence on microbial ASV

As stated, while the LMM identifies signif
richness, it does not differentiate between biologically meaningful comparisons (e.g., interactions
between host species at the same GDD) and less relevant ones (e.g., interactions across different
GDDs). LMMs detect overall patterns but do not explicitly test interactions at specific GDD
levels. Instead, they identify whether the relationship between the two variables, GDDs and ASV
richness, differs between groups of host species overall. While this broad approach provides
statistical evidence for an interaction, the interpretation requires careful contextualization, like
narrowing comparisons to specific GDDs that reflect similar phenological stages. To refine
interpretation, poshoc pairwise comparisons were conducted usingtmmeanpackage in R,
comparing interactions within the same GDD values (e.g., the interactimrciof/s. aspenwith
GDD 437); comparisons across different GDD groupings were discarded for biological relevance
(Supplementary Table $1The significant interaction in the overall LMM indicates that ASV
richness responds to phenological progression (GDDs) in sspesific manner. However,
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1532

1533

1534

1535

1536

pairwise comparisons at individual GDDs revealed no significant differences between the two
species, suggesting the interaction reflects cumulative trends across the phenological gradient

rather than discrete shifts at specific GDDs.

Regarding Shannon diversity, which was sqtrag transformed during LMM analysis,
only host species identity? (= 0.0413) significantly impacted bacterial diversity (TahB®).
Host species identity alone explained ~26.1% of the variance in Shannon diversity when
considering only fixed effect®kfm= 0.261), increasing to ~34.1% when random effects were
included R% = 0.341). Specificallyasperexhibited a higher Shannon diversity compared to the
reference specidsrch (estimate = 0.264), with badkansformed estimates indicating an alpha
diversity of approximately 2.56 fasperrelative to 2.49 fobirchwh en o6 GDD_5C6 = 0.
and their interaction with species identity had no significant effect on Shannon diversity,
suggesting that the relationship between species identity and Shannon diversity remains
independent of GDD accumulation (TaBl2). Thus, species identity plays a crucial role in
determining Shannon diversity, while the effects of accumulated GDDs may be minimal in this
context. The model accounted for variability among different plants, with random effects
associated with 6Pl ant |1 D6 contributing to th
underscore the i mportance of host species ide

Shannon diversity, independent of the effects of GDD.

Subsequently, themmeangackage was used to assess the points during host phenology
where interspecific differences in ASV richness and Shannon diversity were most pronounced
(Lenth 2024)By issingi s pecs = pai r wi s eemmeaSpmiilstirespectifg GDD _ 5 C
the structure ofthe LM c al cul at ed pairwi se comparisons be

|l evel of 0GDD_5 Co-specilic differaneesin dlphaadiversitysnplependeat ©f
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1552

1553

1554

1555

1556

1557

1558

their interaction with GDDs to see where
diversity during the growing season (TaBI8). Regarding ASV richness, significant
interspecific differences were observed at GDD 437-2.489,P = 0.0198) and GDD 603 € -
2.333,P = 0.0305) Similarly, Shannon diversity was analyzed across GDD intervals, revealing
significant speciespecific impacts at all GDD values (&l 0.05; Table2.3). This pattern
highlights strong speciespecificdifferencesn evenness throughout the growing season.
Notably, Shannon diversity, which accounts for both richness and evenness, showed a more

persistent impact of host species across the entire season compared to ASV richness.

Within birch, there wasio overall change iBhannon diversity ovehe GDD gradient
though bacterial ASV richness increased with GDD accumulationZFAgSupplementary Fig.
S3). Converselyasperexhibited no change in both ASV richness and Shannon diversity as
GDDs accumulated (Fi@.2, Supplementary Fig. S3). When examining variation from one
GDD to the nextbirch demonstrated nelinear relationshigin both ASV richness and Shannon
diversity, though the trajectory of these cycles differed between the two metric8.2Fidn
aspenoscillating norlinearrelationships were observed, with increases in diversity during
earlymid season, followed by midat e season declines, and a

end, with reductions in diversity at maximal GDDs ().

Intraspecific(within-speciesktatistical analyses of GDD influence on bacterial diversity
in birchrevealed that GDDs had a significant impact on the inverse of ASV richHhess (
0.000247), explaining ~25% of variance in the fixed moBt&) € 0.25) and ~51.3%; =

0.513) when random effects were included (Taki. Zhe negative coefficient for GDD

(esti mat e'mdicatds thdtad GDD increases, the valu/g—sle\i— dg,creases. Thus, a
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decrease ilil\sl—v means that ASV richness itself is increasing with increasing GDD, indicating

that higher temperatures positively affect biodiversity by enhancing ASV richness. The estimated

intercept indicates a baseline species richness of approximately 19.1 individuals at zero GDD

within birch. The model accounted for variability among different plants, with random effects

associated with 6Pl ant | D6 contributin

importance of temperature in shaping the species richness of leaf bacterial commuliiteds in

while also demonstrating that host plant identity has a minimal effect on variability in species

g

t

richness among individuals. However, GDDs did not significantly affect Shannon diversity (

0.731) inbirch. In contrastGDD accumulation exhibitedo significant effecin asperon either

ASV richness P = 0.427) or Shannon diversitl £ 0.857), suggesting that other variables not

considered in this study and stochastic procdgsag drive diversity withinaspenTable 22).

Within birch, only ASV richnessvas significantly impacted by GDDs; therefore,
pairwise comparisons of GDDs were conducted usingitimeanpackage in R to investig
whether specific GDDs were driving variation in ASV richness Witbh, or if the impact of

GDDs is more global or consistent across the se&agup(ementaryrableS2). Results of th

ate

is

test indicate that no combination of pairwise comparisons between GDDs were significantly

different. In other words, withibirch, ASV richness is not significantly different between any

given set of GDDs. This suggests that while GDDs have a significant overarching, consistent

effect on ASV richness withihirch across the season, the differences in richness betwe

en

individual time points are not substantial enough to be statistically significant. Pairwise

comparisons between GDDs wittaspenwere not conducted since neither alpha diversity

metric was significantly impacted by GDDs.
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Finally, further testing with ANOVA and KruskaWVallis methods on GDBubset data

assessed intraspecific variation of individua

(Supplementaryrables S61 S7 ) . However, since O0GDD_5C6o

S

tr

KPSS tests were performed to assess the appropriateness of GDDs being subset and categorized

in this manner. All KPSS tests for temporal autocorrelation indicaté thath interspecifica

and intraspecificallyy ASV richness and Shannon diversity were not temporally autocorrelated.

The tests were unable to reject the null hypothesis that the datasets were stRior@afb].

Therefore, this data is not temporally linked, and it is appropriate to subset the data by GDD

value to determine 6Pl ant |1 D6 differences

Forbirch, individual plantattributes{l 6 Pl ant | D6) did not

lly

wi t

€

signi fi

richness or Shannon diversity at any GDD sampling point (i.e., plant individuals did not differ

significantly in their alpha diversity at any given GDD), indicating that GDDs are a more critical

driver of bacterial diversitySupplementaryableS3). Similarly, aspershowed no significant

effect of OPlant | D6 on bacter i Supplethéentagyr si ty a

Table$4). However, since GDDs have no significant impact on alpha diversity veiiien it

reinforces the notion that environmental and host factors not investigated here may be driving

alpha diversity dynamics withiaspen

S3.2 Community Composition and StructudeWhen subset by GDD, the greatest

differencedetween the host tree spediedacterial community structuaecurred 8605 (early-

mid phenology) 1606(mid-late phenology)214Q and 2219GDDs, representing key stages of

seasonal phenologythe latter two of which represent late phenology and near senescence

(Supplementary Fig. S1.7Thus, variation in leaf bacterial community structure betvioée

8 4



1603 andaspens driven primarily by host species, witiie most pronounced differences occurring

1604 earlymid, mid-late and late phenologyl.o assess bed@iversity patterns and the structure of

1605 bacterial communities withihirch, a BrayCurtis dissimilarity matrix was applie@imilarly, the

1606 Bray-Curtis dissimilarity matrix was used to assess community structure \&gpam starting

1607  with homogeneity and multivariate dispersion analyses to gauge the impact of these variances on
1608 the structure of leaf bacterial communitiésalyses of homogeneity and multivariate dispersion
1609 assessed the relative impact of betweard withircommunity compositionfVioroenyane et al.

1610 2021)

1611 In birch, increased multivariate dispersion occurre@BDsthat aligned with earklynid
1612 and late phenological stages (Supplementarg. 58 S10. Leaf bacterial communities birch
1613 leavesexhibitedmarginallysignificant heterogeneous dispersamross GDDgF = 2.512, P =
1614 0.048)Howe v er , Tu k-boyg tests reMeal&d thatavhile some specific comparisons,
1615 such as betweedB7 and 2219 GDDsapproached significancP € 0.058), most comparisons
1616 showed no statistically significant differences in dispersiorP(all0.05).This suggests that
1617 while certain GDDthresholdsnay influence community variability, the differences are not
1618 consistently strong across all groupgspite variations in data spread, central tendencies
1619 (means) remained similainalysisrevealed only one plant (Plant_ID: 8553879) with a
1620 deviation in multivariate dispersipauggesting it is potentially driving most withépecies
1621 differencesHowever, across dilirch tree, there was no significant multivariate dispersion
1622 (Supplementary Fgy SL1i S12. The leaf bacterial communities did not show significant
1623  heterogenous dispersioR £ 0.848,P = 0.51) with a Tukey HSD test confirming nen

1624  significant differences in means between groups.
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1625 In tremblingaspen multivariate dispersion was limited across GDDs, except during late
1626 phenological stages (SupplementarysFgi 31 S14). Here, leaf bacterial communities

1627 demonstrated significant heterogeneous dispersien4.0(®b, P = 0.004).Posthoc Tukey HSD
1628 tests identifiedhe point at which the season reaches 2140 Gi3agotentiadriver of these

1629 differencesdemonstrating significarttispersion compared to other GBBmpling points437

1630 (P =0.0367), 605F = 0.0173), 1087F = 0.00768), 1606 = 0.00342), 1992K = 0.0278), and
1631 2219 f =0.0231) Thisindicateghat the conditions &140GDDspromote greater

1632 homogeneity in bacterial community structure, particularly distinguishingéatson stages

1633 from midlate and earhseason stages, while no significant differences were found between early
1634 and midseason stagg¢Supplementary Fig. S11Regardingndividual plantspnly onetree

1635 (Plant_ID: 8987955) showed slight deviation in multivariate dispefSapplementary Figy

1636 S15/S16, butoverall, there was no significant multivariate dispersion acrosspdmlants £
1637 =0.582;P =0.678) with a Tukey HSD test further confirming neignificant differences

1638 between groups.

1639 To visualize and investigate bacterial community structure changes acrossM@biDs
1640 each specie®rincipal Coordinate Analysi®CoA) usingBray-Curtis dissimilarity was

1641 performedfor each host, exclusively (Supplementary Fig. S¥&}hin birch, PERMANOVA

1642 (SuppkmentaryTable %) revealed that GDDs significantly impacted leaf bacterial community
1643  shifts throughout host phenology € 6.024 P = 0.01), explaining ~14.9% of the variatidR?E
1644  0.149).&Plant_IDbdid not significantly influence community variatigih = 1.159,P = 0.231)

1645 nor did the interaction betweéRlant_IDdand GDDs F = 1.159,P = 0.231; Supplementary Fig.
1646 S18A; Supplementary TablblsIn aspen PERMANOVA showed GDDs significantly impacted

1647 community variation across host phenology=(1.28, P = 0.02), though the effect was modest
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1648

1649

1650

1651

1652

1653

1654

1655

1656

1657

1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

1669

(R2=0.037).In contrast&lant_ID6(F =0.91;P = 0.952)and its interaction with GDD@- =
0.963;P = 0.735)did not significantly affect leaf bacterial community structiBagplementary

Fig. S18B; Supplementaiyable S5).

Despite the significant impact of GDDs, the PCoA did not clearly separate bacterial
communities across GDDthin either specieSupplementaryrig. S18. When grouped by
generalized phenological periods (earyd, mid-late, latesenescence), there is no clear
separation, except for in birch where earlid phenology and late phenoleggnescence
demonstrate clear separation (Supplementary Fig. S18A). Both groupings share overlap with
mid-phenology, supporting the idea of rgdason restructuring. However, it is important to note
that generalized phenological periods are unbalanced in their groupings. Within birch, a
significant negative correlation was observed between Axis G&ids( Spear manods |
0.715, P = 1.344x1®), indicating that increasing GDD values correspond to lower Axis 1 scores
and demonstrating directionality within birch leaf microbiomfeds 2 showed a weak, nen
significant correlation witltGDDs( } =2, ®B=.0218), suggestinghis axisis not strongly
associated with the seasonal variation captured in the ordination. Therefore, the directionality in
the PCoA, from earlymid phenology (low GDDs) to latghenologyand early senesceniggh
GDDs), is likely driven by Axis 1, reflecting a significant seasonal phenological gradient along

this axis.

Despite no clear separation in the PCoA for aspsigraficant negative correlation was
observed between Axis 1 a@DDs( S p e a r m®.6833, B = Q.044Supplementary Fig.
S18B. In contrast, Axis 2 showed no significant correlation with GPCS p e ar m#®.4a70 s |}

P = 0.32). This indicates that increasing GDD values are associated with lower Axis 1 values,
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1670 suggesting a potentiakasonatlirectional relationship. Therefore, the observed negative
1671 correlation along Axis 1 indicates a significant seasonal phenological trend in responsesto GDD
1672  within the aspemlatasetThe lowR? and high residud®? further implies that combination of

1673 unexamined environmental variabkasd stochasticity likelghgeleaf microbiomestructure.

1674 S3.3 Differential Abundance Analysi8 Across the entire growing season, differential
1675 abundance analysis revealed a notable contrast in the number of differentially aB8\ant
1676 betweerbirchandaspen, measured as idgld change (log-C). Overall,birch had only three
1677  ASVs that were significantly more abundant compareaspen whereasasperexhibited a total
1678 of 14 ASVs that were significantly more abundant relativieirch (Supplementary Fig. S20;
1679 Supplementary Table8s In birch, the ASVs with the highest positileg.FC (indicating greater
1680 relative abundance comparedagpenwere ASV10 (unidentified Proteobacteria), ASV39
1681 (Endobactessp.), and ASV186RMMR1sp.) in descending orde€onverselyasperexhibited
1682  over four times as many ASVs with a negativgFC (indicating greater relative abundance
1683 compared tdirch), including ASV86 Erwiniaceag, ASV106 Blastococcusp.), ASV44

1684  (MethylobacteriurMethylorubrumsp.), ASV33 Quadrisphaerasp.), ASV81 Hymenobacter

1685 sp.), and ASV36Rubellimicrobiunsp.).

1686 When the data were subset®pD sampling pointsdifferential abundance analysis
1687 identified one ASV (ASV10) with a positiveg-FC, indicating significantly greater relative
1688 abundance ibirchcompared tasperat GDD 437 Supplementaryig. S22 Supplementary
1689 TableS9). At 605GDDs 15 ASVs were identified as differentially abundant, with 4 showing
1690 positivelogoFC (birchenriched) and 11 showing negatleg.FC (asperenriched) At 1087

1691 GDDs(mid-phenology, the number of differentially abundant ASVs increased to 18, with 10
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1692

1693

1694

1695

1696

1697

1698

1699

1700

1701

1702

1703

1704

1705

1706

1707

1708

1709

1710

1711

1712

1713

enriched inbirchand 8 inaspen By 1606accumulated GDDQghe total decreased to 10
differentially abundant ASVs, with 1 enrichedasperand 9 inbirch. As phenology progressed
to lateseason (199&DDs), the number rose to 29, with 25 ASVs enrichedirnhand 4 in
aspenThe number of differentially abundant ASVs peaked1a0GDDs, with 45 identified

25 enriched irbirchand 20 inaspen At 2219accumulated GDD&enescencense}, the total

decreased to 32, with 20 ASVs enrichedtbirth and 12 inaspen

At each GDD along host phenoladyrch consistently exhibited a higher number of
ASVs with significant differential abundance comparedgpen From the beginning of
phenological sampling (432DDs), the number of differentially abundant ASVs increased
steadily untilL087GDDs. This was followed by a decreasel 606 GDDs, before rising again
into lateseason (1992 and 218DDs) and tapering slightly by 221GDDs. Both hosts share
this similar trendwith peaks ifog.FC occurring eaier and late in the growing season
(Supplementaryig. S22 Supplementary Tablg9). Notably, ASV10, identified only to the
phylum Proteobacteria in the SILVA database, was consistently more abunbiaol than

asperacross all GDDs, highlighting its potential ecologiaatl functionatelevance tdirch.

Across the phenological gradiesteveral ASVs were consistently enrichetinth
compared t@aspenwith notable shifts in the composition of these ASVs across GDDs
(Supplementary Figs. S23922 Supplementary TabdeS11:S12). At 437 GDDs, only ASV10
(unidentified Proteobacteria) was enrichedtirch. By 605GDDs ASV19 (unidentified
Proteobacteria) emerged as the second most enriched Af¢hnBy 1087GDDs, ASV10 and
ASV19 were joined by ASV35 (unidentified beyond Bacteria), ASEi8dpbactersp.), ASVv42

(1174901-12sp.), and ASV95Kryocellasp.).At GDD 1606, ASV9 {174901-12sp.) and
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1714

1715

1716

1717

1718

1719

1720

1721

1722

1723

1724

1725

1726

1727

1728

1729

1730

1731

1732

1733

1734

1735

1736

ASV49 (P30B42sp.) became prominery 1992GDDs 16 additional ASVs exhibited
significant enrichment ibirch, with ASV10 remaining the most enriched. New ASVs, such as
ASV7 (Endobactessp.), ASV14 {174901-12 sp.), and ASV97Nlassiliasp.), appeared at this
stage At GDD 2140, ASV7 Endobactersp.) overtook ASV10 as the most enriched ASV,
followed by ASV9, ASV19, ASV29, ASV25, ASV14, ASV8, and ASV35. By GDD 2219,
ASV7 and ASV8 (botlEndobactersp.) surpassed ASV10, while ASV1Qd4ssiliasp.) and

ASV37 (Myxococcota also emerged among the most enriched ASVs.

In contrastasperhadfewer differentially abundant ASVs acrgsisenology overall
(Supplementaryig. S22 Supplementary Tablg9). At the start (431GDDs), no ASVs were
differentially abundantelative tobirch, but by 605GDDs 11 ASVsweredifferentialy
abundah including ASV33 Quadrisphaerasp.), ASV59 (unidentified Bacteria), ASV54
(Sphingomonasp.), and ASV323%phingomonasp.), indescending order of abundance. By
1087GDDs, the number of differentially abundant ASVs decreased slightly, with ASV33
remaining the most prominent. Other significant ASVs at this time included ASV106
(Blastococcusp.), ASV81 Hymenobactesp.), ASV60 Sphingomonasp.), and ASV93
(Corynebacteriunsp.). At 1606GDDs, the number decreased further, with only ASV44
(MethylobacteriuriMethylorubrumsp.) being significantly enrichéda pattern also observed at
605, 1087, and 2148DDs. By 1992GDDs the number of differentially abundant ASVs
slightly increased, with ASV172Massilia timonag showing the most significant enrichment,
followed by ASV59, ASV33, and ASV41AMmnibacteriunsp.). At 2140GDDs, there was a
more substantial increase in differentially abundant ASVs. ASR8b¢llimicrobiunmsp.)
exhibited the greatest change, followed by ASVA&tihomycetospora iriomoten$iASV33,
and ASV44. Other notable ASVs at this stage included ASWitHylobacterium
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1737

1738

1739

1740

1741

1742

1743

1744

1745

1746

1747

1748

Methylorubrumsp.), ASV80 Amnibacteriunsp.), and ASV59 (unidentified Bacteria). By 2219

GDDs ASV45 remained the most abundant, followed by ASV59 and ASV33, among others.

Overall, differentially abundant ASVs birch were primarily dominated by
Proteobacteria, Adobacteriota, and Myxococcof{&upplementary Figs. SP$22
Supplementary TaldeS11' S12). Key genera itbirch includedEndobactersp.,1174901-12 sp.,
Bryocellasp.,P30B42 sp., andMassiliasp. Notably, ASV10, which was the most consistently
differentially abundanASV acrossirchd seasonal phenology, could only be identified to the
phylum level. In contrasgsperexhibited differential enrichment of ASVs from
Actinobacteriota and Bacteroidota, though it shared some Proteobacteria ASYsahitKey
genera imspenncludedQuadrisphaeraSphingomonad®lastococcusHymenobacter
MethylobacteriurrMethylorubrum CorynebacteriumandRubellimicrobium with Massilia

timonaeandActinomycetospora iriomotensentified assignificantat the species level.
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Supplementary Figure S1.Leaf bacterial ASV accumulation curve indicating the cumulative
number of recovered ASVs (Kindtds exact

confidence interval fofA) all samples an¢B) the positive control.

92

met ho



1754

1755

1756

1757

1758

1000

800
|
N
/

600
|

Species

400
:
o

200
|

| | | I | | | | [ | I | | | |
1 2 4 8 16 32 64 256 1024 4096 16384

Frequency

Supplementary Figure S2.Preston lognormal curve indicating the total number of leaf
bacterial ASVs recovered (area under the curve) and the proportion of rare ASVs recovered.
Sequencing recovered both abundant and rare ASVs, as indicated by the peak and truncation

points at both ends of the curve.
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Supplementary Figure S3.Untransformed relationship between accumulated growing degree

days at a base temperature of 5°C (GDD_5C) an@®hASYV richness an@) Shannon

diversity

i ndex

( Ha) gregkureh et panels)andtremidirggaspen r e e

(right panels). The scatter plots show individual sample data points, while the blue lines

spe

represent linear regression fits. The red lines depict additional smoothing for trend visualization.
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1765 Supplementary Table S1Summary of pairwise comparisons using énemeangackage in R
1766 to assess the interaction between host species identitg@Dd at a base temperature of 5°C
1767 ( 6Species: GDD_5C6) on | eaf ASV richness compa

1768 season betwegreybirch (Betulg andtremblingaspenPopulug.?

ASV Richness P

Species x GDD_5C emmean SE t-ratio P
Betula.437-Populus.437 -0.63991 0.257 -2.489 0.451
Betula.605-Populus.605 -0.55532 0.238 -2.333 0.552
Betula.1087-Populus.1087 -0.31261 0.198 -1.578 0.917
Betula.1606-Populus.1606 -0.05127 0.191 -0.269 1
Betula.1992-Populus.1992 0.1431 0.212 0.675 1
Betula.2140-Populus.2140 0.21763 0.225 0.967 0.999
Betula.2219-Populus.2219 0.25741 0.233 1.105 0.996

1769 ?Tabl e shows the test statistics and associ ate
1770 er roFt (eat i @wadl ues for each comparison. Resul
1771 i nteraction between host species identity anc
1772 comparisons of the species interaction at i ngc

1773 di ffePealkre®. 050. 02 zah.dOO 1) .
1774 PASV richn¢ssansdorimeg to meet model assumpti or
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1775

1776

1777

1778

1779
1780
1781
1782
1783
1784

Supplementary Table S2Summary of pairwise comparisons using ¢énemeanpackage in R

to evaluate the differential effects @DDsa t a base

temperature of 5AC

bacterial ASV richness withigreybirch. Analyses were conducted between each sampling point

combi nat i on accbéduntibg3drie LNBMCséructuré’

Grey Birch
ASV Richness P

GDD_5C emmean SE t-ratio P

437-605 6.85E-03 0.00972 0.705 0.991

437-1087 6.78E-03 0.00972 0.697 0.992

437-1606 1.84E-02 0.00972 1.89 0.505

437-1992 2.79E-02 0.00972 2.869 0.102

437-2140 2.43E-02 0.00972 2.5 0.203

437-2219 2.66E-02 0.00972 2.735 0.132

605-1087 -7.23E-05 0.00972 -0.007 1

605-1606 1.15E-02 0.00972 1.186 0.893

605-1992 2.10E-02 0.00972 2.164 0.35

605-2140 1.75E-02 0.00972 1.796 0.563

605-2219 1.97E-02 0.00972 2.03 0.423

1087-1606 1.16E-02 0.00972 1.193 0.89

1087-1992 2.11E-02 0.00972 2172 0.346

1087-2140 1.75E-02 0.00972 1.803 0.559

1087-2219 1.98E-02 0.00972 2.037 0.419

1606-1992 9.52E-03 0.00972 0.979 0.954

1606-2140 5.93E-03 0.00972 0.61 0.996

1606-2219 8.21E-03 0.00972 0.844 0.977

1992-2140 -3.58E-03 0.00972 -0.368 0.999

1992-2219 -1.31E-03 0.00972 -0.134 1

2140-2219 2.28E-03 0.00972 0.234 1

The table shows the estimated Sratr @itmaihndmeans

valfues each GDD sampling point. Results highl
significant d4dWAWSNaRItB.mMmpaepuldilmfeolcihaanges i n ri
bet ween specific 6GDD_5Cé values arePnot | arg

valzge. 0%0. 01z,z<z@nd01) .

PASV r i

chness und

er went

a

reciprocal

transf orn
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1785

1786

1787

1788
1789
1790
1791
1792
1793
1794

Supplementary Table S. Summary of statistical tests (ANOVA and Kruskahllis)
evaluating the i mpact of overal/l | leadASV i du al h

richness and Shannon diversity at different points in the growing seasgneydirch.?

ASV Richness P Shannon Diversity °©
GDD_5C : Plant_ID Plant_ID
G F-value P G2 F-value P
437 0 0.034 0.866 4 0 0.406
605 0 0.32 0.611 0 6.09 0.0902
1087 4 0 0.406 0 2.274 0.229
1606 0 1.848 0.267 0 0.511 0.526
1992 0 0.198 0.686 0 3.369 0.164
2140 0 0.063 0.819 0 0.047 0.842
2219 0 0.001 0.979 0 0.001 0.981

2Theanalyses were performed on data subset by accum@&Bd at a base temperature of
5AC (O6GDD_5C6). The tabl e s h’gRmandP-Valeesforest s
each phenological stage. Results iASY¥i cat e
richness nor Shannon diversétany point in the seasamboth host specig®-valuez<0.05,
z 20.01 andt 2<0.001)

® ASV richness underwent a reciprocal transformation to meet model assumptions.

¢ Shannon diversity underwent a reciprocal transformation to meet model assumptions.

at
h ¢
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1805

Supplementary Table S4. Summary of statistical tests (ANOVA and Krusiahllis)

evaluating the i mpact of overal/l i ndi vidual h
of foliar ASV richness an@&hannon diversitat different points in the growing season for
tremblingaspen.
ASV Richness P Shannon Diversity °©
Plant_ID Plant_ID
GDD_5C an_ an_
G2 F-value P G? F-value P
437 3 0.963 0.399 3 0.058 0.825
605 o} 0.241 0.657 o} 0.134 0.739
1087 o} 0.049 0.836 o} 1.402 0.302
1606 4 o} 0.406 o} 0.213 0.676
1992 o} 0.045 0.846 o} 0.345 0.598
2140 o} 1.492 0.309 o} 1.083 0.374
2219 o} 0.07 0.809 o} 0.617 0.489
Tha&nal yses were performed on data subset by a
temperature of 5AC (6GDD_5C6). The&*FEamlde shov

Pval ues

af fAeSc\t
valzge.
PASV ric

t'Shannon

for each phenol ogical
r i tdSrheasnsn o n adti vaenrys iptoyi nt
$0. 0k z&W.dOO 1) .

hness wunderwent a reciprocal

di vewriotty twansd qou anreal

stage.

to

n

t heP-season

me et

Result s

model
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Supplementary Figure S9.Principal Coordinate Analysis (PCoA) showing multivariate

dispersion of leaf bacterial communiti@ghin greybirch based on the Bra@urtis dissimilarity
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Supplementary Figure S11.Principal Coordinate Analysis (PCoA) showing multivariate

dispersion of leaf bacterial communities witlgirey birch based on the Bra@urtis dissimilarity
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Supplementary Figure S13.Principal Coordinate Analysis (PCoA) showing multivariate
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Supplementary Figure S14.Homogeneity of multivariate dispersion (distance to centroid) of

leaf bacterial communities withimnemblingasperbased on the Bragurtis dissimilarity across
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Supplementary Figure S15.Principal Coordinate Analysis (PCoA) showing multivariate

dispersion of leaf bacterial communities witthiemblingasperbased on the Bra@urtis
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1870  Supplementary FHgure S17. Principal Coordinate Analysis (PCoA) comparing leaf bacterial

1871 communities ofyreybirch (pink) andtremblingaspenturquoise) based on Brayurtis

1872  dissimilarity as host seasonal phenological change progresses, represented by accumulated

1873 growing degree days at a base temperature of 5°C (GDDs). Data has been subset by GDD to

1874 pinpoint the greatest differences between hos
1875 data point denotes a plant individual sampled at G@D€37,(B) 605,(C) 1087,(D) 1606, (E)

1876  1992,(F) 2140, andG) 2219. The more proximal samples are to one another, the more similar

1877  their community composition is. In contrast, samples that are further from one another are more

1878 dissimilar and distinct in their foliar bacterial community composition.
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1880 Supplementary Fgure S18 Principal Coordinate Analysis (PCoA) of leaf bacterial

1881 communities within a population @A) greybirchand(B) tremblingaspenndividuals based on
1882  Bray-Curtis dissimilarity along host seasonal phenglagpresented by accumulat@®Ds

1883 (Twhase= 5°C)and grouped bgeneral phenologyEach data point denotes a plant individual

1884 sampled at GDDs 437 (open circle), 605 (open square), 1087 (open diamond), 1606 (filled
1885 diamond), 1992filled triangle), 2140 (filled square), and 2218sterisk. Earlymid phenology
1886 (blue) encompasse$37and605GDDs mid-late phenology ¢reern denotes 108and 1606

1887 GDDs and late phenology to senescence orggdtlénrod corresponds t@992, 2140, and 2219
1888 GDDs Samples that are more distal from one another are more dissimilar and distinct in their

1889 foliar bacterial community compositidhan those proximal
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1890 Supplementary Table S5. Permutational analysis of variance (PERMANOVA) doey birch
1891 (top) andtremblingaspen(bottom) testing the impact @DDsat a base temperature of 5°C
1892 ( 6GDD _5Cd6) as a proxy for host phenology, ind

1893 interaction on leaf bacterial beta diversity and community strugture.

Source of Variation SS R? F P

GDD_5C 1.8135 0.149 6.024 0.0071***
>S5 Plant_ID 1.3958 0.115 1.159 0.231
Om GDD_5C x Plant_ID 1.3958 0.115 1.159 0.231

Residuals 7.526 0.62 o} o}

GDD 5C 0.5559 0.037 1.288 0.023*
g S Plant_ID 1.5715 0.105 0.91 0.952
g §' GDD_5C x Plant_ID 1.664 0.111 0.963 0.735
= Residuals 11.2264 0.748 5 5

1894 4P-v alzg@e.0%0. 0F zah.dOO 1
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1895

1896

1897

1898

1899

1900

Phylum

Abditibacteriota
Acidobacteriota
Actinobacteriota
Armatimonadota
Bacteroidota
Bdellovibrionota
Campylobacterota
Chloroflexi
Cyanobacteria
Desulfobacterota
Firmicutes
Fusobacteriota
Gemmatimonadota
Myxococcota
Nitrospirota
Patescibacteria
Proteobacteria
Spirochaetota
TX1A-33
Verrucomicrobiota

Relative Abundance

A
1.004
0.754
0.504
0.254
0.001

T
X
o
®
~

G

LE7
509+
9091+
2661
(44
6122

rowing Degree Days (5°C)
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1.004
0.754
0.504
0.254
0.001

T
P
o
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N
Gi

Phylum

Abditibacteriota
Acidobacteriota
Actinobacteriota
Armatimonadota
Bacteroidota
Bdellovibrionota
Campylobacterota
Chloroflexi
Cyanobacteria
Desulfobacterota
Firmicutes
Fusaobacteriota
Gemmatimonadota
Myxococcota
Nitrospirota
Patescibacteria
Proteobacteria
Spirochaetota
TX1A-33
Verrucomicrobiota

Relative Abundance
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N

90914
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(U4%4

rowing Degree Days (5°C)

Supplementary Hgure S19 Phyluni level comparison of taxonomic profiles showing the
interspecific and intraspecific patterns of change in the relative abundances of leaf bacterial
communities ofA) greybirch and(B) tremblingasperthroughout seasonal host phenological
change (measured @DDsat a base temperature of 5°C). Note that the relatedness of colour

shades does not reflect the relatedness of bacterial phylogenetic relationships.
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Phylum

[J Acidobacteriota
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ﬁ
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Log2 Fold Change
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1901
1902 Supplementary Fgure S20. Differential abundance analysiBESeq?2 at the phylm-level

1903 showing significant changesafp< 0.05) in the relative abundee of leaf bacterial ASVs

1904  (colourcoded) within(A) birch and(B) aspen in response to GDD accumula(idskse= 5°C).

1905 The log(foldi change) represents the rate of change in abundance for ewsityiricrease in

1906 GDD and can be interpreted as a regression slope on a log2 scale. A posiffetdiadnange)

1907 indicates that the ASV significantly increased in abundance as GDDs increased, while a negative
1908 logx(foldic hange) demonstrates that there was a sig

1909 GDDs increased. Note that colours do not correlate to relatedness dafiialavalue is
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1910 calculated using the Wald test, and the adjuBtedlue (pgj) is calculated using the Benjaniini
1911 Hochberg methodA full list of the significantly differentially abundant ASVs, including

1912 unidentified ASVs, and all summary statistics can be found in Supplementary TalB30S9
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1913
1914

1915

1916

1917

Phylum
Abditibacteriota

Actinobacteriota

Bacteroidota

Proteobacteria
T T T

Log2 Fold Change

64

B Genus

6 Abditibacterium
Acidiphilium
Blastococcus
Endobacter
Hymenobacter

Methylobacterium-Methylorubrum

Nakamurella

Nocardioides

Log2 Fold Change

Quadrisphaera
Rubellimicrobium

Sphingomonas

Spirosoma

NA

Supplementary Fgure S21 Differential abundance analysBESeq2 showing significant
changes (padj 0.05) in the relative abundance of leaf bacterial ASVs within and betgvegn
birch andtremblingasperacross the entirety of host phenologyAtthe phylumlevel and(B)

the genudevel. A positive log(foldi change) indicates that ASVs were significantly more
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1918

1919

1920

1921

1922

differentially abundant ibirch, while a negative lagfoldi change) demonstrates that ASVs

were significantly more differentially abundantaspen Note that colours do not correlate to

relatedness of taxa. A full list of the significantly differentially abundant ASVS, including

unidentified ASVs, and all summary statistics can be fourlpplementary Table8®f the

Supplementary Information section.
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1923

1924

1925

1926

1927

1928

1929

Supplementary Fgure S22 Differential abundance analysBESeq2 showing significant
changes (padj < 0.05) in the relative abundance of leaf bacterial ASVs-{gealusolour
coded) within and betweeagreybirch andtremblingaspenGDDs (Thase= 5°C) are accumulated
at a base temperature of 5°C at GDD sampling p&ijtg37,(B) 605,(C) 1087,(D) 1606, (E)
1992,(F) 2140, andG) 2219. GDDs are a therm@mporal measure of host plant seasonal

phenological change. A positive lgfpldi change) indicates that ASVs were significantly more
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