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A B S T R A C T

With global warming, the frequency and intensity of drought episodes are projected to increase worldwide, 
especially in the boreal forest. This represents a serious threat to the boreal forest ecosystem’s productivity and 
environmental services. It is thus crucial to better understand how drought or water limitation could affect boreal 
forest ecosystems functioning, and to be prepared to overcome damage caused by drought events. Studies suggest 
that microbes may mitigate the negative effects of drought or water shortage on plants. However, most of these 
studies focused on soil microbes and on agricultural ecosystems. Here, we used a rainout shelters and soil irri
gation experimental design to study the response to rain exclusion and soil water content of epiphytic phyllo
sphere bacterial communities associated with four boreal conifer tree species. Our results showed only a weak 
response of phyllosphere bacterial communities to variation in soil water content. On the other hand, host tree 
species identity and rain exclusion were the main drivers of epiphytic phyllosphere bacterial communities’ 
structure and diversity. This suggests that fewer rain events, in the context of climate change, would impact 
boreal trees phyllosphere microbiome composition.

1. Introduction

Drought episodes are projected to become more frequent and intense 
as global warming accelerates, making many ecosystems around the 
globe significantly more vulnerable (Lee et al., 2023). In agricultural 
systems, drought represents a critical obstacle to meeting the food de
mands of the coming century (Lesk et al., 2016), while in forest eco
systems, severe drought seriously threatens productivity and carbon 
sequestration (Ciais et al., 2005; Pan et al., 2024). Drought strongly 
limits plant growth by inducing changes in their physiology, nutrient 
acquisition, and metabolism (Evelin et al., 2009). In this context, a 
growing body of studies has focused on understanding mutualistic re
lationships between plants and other organisms (e.g., animal, arbuscular 
mycorrhiza), since positive interactions under drought conditions have 
been reported (Pringle et al., 2013; Augé et al., 2015; Angelini et al., 
2016;).

Experiments focusing specifically on microbes have suggested that, 
in addition to multiple other beneficial effects on plant-host fitness 
(Berg, 2009; Laforest-Lapointe et al., 2017; Zheng et al., 2018), they may 
help mitigate negative effects of drought on plants (Lau and Lennon, 
2012; Marasco et al., 2012; Ortiz et al., 2015). For example, mutualistic 
associations with fungi can help lettuce plants maintain growth under 
stress conditions and permit more efficient water usage (Ruiz-Lozano 
et al., 1995). Similarly, Achromobacter piechaudii ARV8 (i.e., an ACC 
deaminase-producing bacterium) significantly decreases the growth 
inhibition of peppers and tomatoes under drought (Glick et al., 2007). 
However, drought can affect microbes by decreasing their biomass and 
diversity, as well as inducing community shifts towards specific taxa 
(Hueso et al., 2012; Castaño et al., 2018; Preece et al., 2019). Some 
bacterial taxa can be more tolerant to water stress and therefore be 
advantaged during drought or limited water availability periods. For 
example, Gram-positive bacteria are generally more resistant to drought 
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than Gram-negative bacteria, perhaps due to their thicker cell walls 
(Schimel et al., 2007). In European coniferous forest soils, drought and 
rewetting stress was shown to increase relative abundance of Actino
bacteria and Firmicutes while decreasing relative abundance of Gam
maproteobacteria and Bacteroidetes (Chodak et al., 2015). Soil moisture 
was also shown to impact soil bacterial communities’ composition as it 
was negatively correlated with Caulobacterales and Rhizobiales abun
dance on a 500-km regional climate gradient in North American hard
wood forests (Romanowicz et al., 2016).

Drought can affect soil microbes through physical alteration of their 
environment. It can decrease soil water content (Schimel et al., 2007; 
Manzoni et al., 2012), reduce soil nutrient mobility (Schjønning et al., 
2003; Schimel et al., 2007), and ultimately, alter microbial physiological 
activity and biogeochemical cycles (Deng et al., 2021; Patel et al., 2021; 
Li et al., 2024). For example, in forest soils, lack of water can reduce 
microbial litter decomposition, nitrification, and C and N mineralization 
(Deng et al., 2021). Drought can also indirectly alter soil microbial 
communities by affecting plants and modifying plant-microbes in
teractions (Berendsen et al., 2012). On the contrary, several studies re
ported small effects or no effect of drought on soil microbial 
communities (Homyak et al., 2017; Cole et al., 2019; Hammerl et al., 
2019).

While the majority of plant-microbes research has focused on the 
rhizosphere, less is known about phyllosphere microbial communities (i. 
e., microorganisms living on plant leaves or needles; Lindow and Brandl, 
2003; Vorholt, 2012), especially for non-model organisms such as forest 
trees. Drought or reduced water availability can affect phyllosphere 
bacteria (i) directly, as rain quantity received by leaves and immediately 
available to epiphytic bacteria decreases, (ii) or indirectly, by decreasing 
soil water content which can impact plant growth and development but 
can also modify phyllosphere morphological and chemical properties (e. 
g., foliar nutrients, wax layer) with potential consequences on bacterial 
communities’ structure. For example, leaf wax thickness is negatively 
correlated with phyllospheric bacterial biomass (Tang et al., 2023). On 
the other hand, the soil microbiome may be a reservoir for the phyllo
sphere microbiome (Copeland et al., 2015; Truchado et al., 2018). 
Therefore, any alteration in soil bacterial communities induced by 
drought or lower soil water content could ultimately modify phyllo
spheric bacterial communities’ composition.

Similarly to soil microbes, drought can impact phyllosphere bacterial 
communities’ structure and diversity. Rain events were shown to in
fluence tomato and cucumber phyllosphere bacterial communities’ 
composition (Allard et al., 2020) and rain exclusion treatment modified 
Holm oak phyllosphere epiphytic bacterial richness in a Spanish forest 
(Rico et al., 2014). Drought also caused an increase of Gammaproteo
bacteria abundance and a decrease of bacterial diversity in temperate 
and tropical forage grass species phyllospheres (Bechtold et al., 2021). 
However, it is still unclear how boreal forest tree phyllosphere microbes 
respond to drought or water limitation. Given their roles in forest 
nutrient cycling, it is crucial to investigate the effects of water avail
ability on tree phyllosphere bacterial communities.

In the present study, we aimed to determine how rain exclusion and 
variation in soil water content affect the epiphytic bacterial commu
nities of four host tree species’ phyllosphere, using a rainout shelters and 
soil irrigation experiment in the eastern Canadian boreal forest, where 
models predict that warmer and drier soil conditions during the growing 
season will have significant impacts on forest growth and biogeochem
ical cycles (Houle et al., 2012; Sherwood and Fu, 2014). We hypothe
sized that: i) as there is a potential relationship between soil and 
phyllosphere microbiomes, soil water content would indirectly influ
ence the overall epiphytic phyllosphere bacterial community composi
tion and would be positively correlated with its diversity; ii) epiphytic 
phyllosphere bacterial communities would vary with the host tree spe
cies identity, as observed in previous studies (Kembel et al., 2014; 
Laforest-Lapointe et al., 2016); iii) rain exclusion would modify phyl
losphere bacterial communities and reduce their diversity, as rain 

represents a source of inoculation for tree foliage.

2. Material and methods

2.1. Study site

The study site is located at the Montmorency research forest (47̊15’N 
71̊11’W) which is located at 800 m of altitude and approximately 70 km 
north of Quebec City in the province of Quebec, Canada, within the 
balsam fir – white birch bioclimatic domain (Fig. 1). The site is char
acterized by a cold and moist climate. Mean annual temperature and 
precipitation measured between 1971 and 2000 are − 0.5◦C and 
1605 mm, respectively. During the experiment, no specific rain pattern 
was observed as daily precipitation was relatively evenly distributed 
throughout the snow-free period (Fig. S1). However, summer 2017 
totalled 454 mm of rain and was therefore drier than 2015 and 2016 
which totalled 542 and 570 mm of precipitation, respectively.

The experimental site was clearcut harvested in summer 2013 
following a hemlock looper (Lambdina fiscellaria [Guenée]) outbreak. 
The soil has a sandy loam texture and is classified as Orthic Humo-Ferric 
Podzol (Soil Classification Working Group, 1998). Humus layer is 
~16.8 cm thick and is classified as Mor type. Soil pH is 4.2 and average 
C:N is 23.

2.2. Experimental design

The experimental design consisted of 3 blocks, divided into 6 plots of 
4.9 m × 7.6 m each (Fig. 1, Fig. S2). The three blocks were characterized 
by a natural slope of about 12 % north orientation, and one of them was 
separated from the other two by a road. Each plot was divided again into 
3 sub-plots where 10 seedlings of black spruce (Picea mariana (Mill.) 
BSP), white spruce (Picea glauca (Moench) Voss), jack pine (Pinus 
banksiana Lamb.), and balsam fir (Abies balsamea (L.) Mill.) were planted 
in June 2014 in two contiguous rows of five seedlings for a total of 8 
rows and 120 seedlings per plot. In total, the experiment included 18 
plots and 2160 seedlings.

Each plot corresponded to a soil irrigation treatment. The six treat
ments were arranged randomly within each block and consisted in a 
gradient of four levels of altered precipitation quantity distributed 
through a soil irrigation system (40 %, 60 %, 80 % and 150 % of 
received precipitation) and two controls (positive: 100 +% and nega
tive: 100-%). All treatments except treatments 150 % and 100-% were 
covered with a transparent polyethylene rainout shelter of 37 m2 (7.6 m 
× 4.9 m, and 0.15 mm thick) (Harnois Industries, Saint-Thomas-de- 
Joliette, Canada) maintained at 2–2.5 m above the ground using a 
galvanized steel structure. Rainout shelters had minimal impacts on 
light conditions as the material allowed transmission of 88–91 % of 
photosynthetically active radiation, according to the manufacturer’s 
specifications. The 150 % treatment corresponded to plots without 
rainout shelters receiving additional water volume corresponding to 
precipitation intercepted by 50 % of the surface of another rainout 
shelter. The controls 100 + % and 100-% represented plots receiving the 
totality of rainfall (or equivalent water volume through soil irrigation) 
with and without the presence of rainout shelters, respectively.

Rain used for the soil irrigation treatments was collected by a rain 
interceptor system (Fig. 1) located near the experimental set up. This 
system consisted of tarps catching rain and redirecting it in plastic 
barrels through gutters. The collected rain was then transferred to plots 
with perforated pipes.

Soil irrigation treatments started in August 2014 and stopped in 
October 2014 and were then maintained only during the snow-free 
period from June to September/October in 2015, 2016 and 2017. 
Rainout shelters were also only installed during the snow-free period, 
when soil irrigation treatments were performed.

Soil water content (%) was measured during the growing season 
(June to September) using a FieldScout TDR-300 soil moisture meter of 
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standard calibration with a 20-cm rod (accuracy ± 3 % vol; Spectrum 
Technologies Inc., Plainfield, USA). Systematic measurements along 
rows of seedlings were repeated four to seven times during the summer, 
before and during treatments.

2.3. Sample collection and DNA sequencing

At the end of September 2017, we randomly selected a total of 200 
seedlings (i.e., 50 seedlings from each tree species) across all the 
experimental plots. For each seedling, we collected and mixed branches 
from 3 distinct locations (top-, mid- and bottom-phyllosphere) in order 
to control for spatial variation in bacterial community structure. We 
used previously described protocols to collect, amplify and quantify 
epiphytic bacteria living on leaves (Kembel et al., 2014). Briefly, for 
each sample, we collected microbial communities from the surface of 
approximately 50 g of needles with a five minute agitation wash in 
100 mL of diluted Redford buffer solution (1 M Tris-HCl, 0.5 M Na 
EDTA, and 1.2 % CTAB) (Kadivar and Stapleton, 2003). We removed 
plant tissues from the buffer solution and centrifuged the samples at 
4000 rpm for 20 min at 4◦C to form a pellet. We then removed the su
pernatant and resuspended the pellet in 500 µL of PowerSoil bead so
lution (MoBio PowerSoil DNA Isolation kit, Carlsbad, CA, USA). We 
extracted DNA using the PowerSoil kit according to the manufacturer’s 
instructions with the exception that the samples were vortexed for 
15 min instead of 10. We amplified and barcoded the samples using a 
one-step PCR approach to prepare them for Illumina sequencing 
following a protocol adapted from Fadrosh et al. (2014). We used 
primers which target the V5-V6 region of the bacterial 16S rRNA gene 
(799 F and 1115 R; Redford et al., 2010). These primers exclude cya
nobacteria which avoids amplification of plant chloroplast DNA. We 
performed the PCR using 25 µl reactions prepared with 1 µl genomic 
DNA, 5 µl 5x HF buffer (Thermo Scientific), 0.5 µl dNTP’s (10 µM each), 
0.5 µl forward and reverse primer (10 µM each), 0.75 µl DMSO, 0.25 μl 
Phusion HotStart II polymerase (Thermo Scientific), and 16.5 μl 
molecular-grade water. Each reaction began with 30 seconds of dena
turation at 98◦C, followed by 35 cycles of: 15 s at 98◦C, 30 s at 64◦C, 30 s 
at 72◦C, and a final elongation step at 72◦C for 10 minutes. We included 

a positive control and a negative control in each PCR run, that were 
verified using gel electrophoresis on an agarose gel prior to sequencing. 
We used a SequalPrep Kit (Invitrogen) to clean and normalize PCR 
products following manufacturer’s instructions. We then purified 
normalized products using Agencourt AMPure XP beads (New England 
Biolabs) according to the manufacturer’s recommendations. We pre
pared multiplexed 16S libraries by mixing equimolar concentrations of 
DNA and subsequently sequenced the DNA library using Illumina MiSeq 
platform (Claesson et al., 2010). We included all negative controls in the 
sequencing run to ensure the absence of contamination by confirming 
that they yielded no sequences.

2.4. Bioinformatics

We demultiplexed raw DNA sequence reads into separate files using 
QIIME 1.9.1 software (Caporaso et al., 2010). We used the R package 
DADA2 version 1.8.0 (Callahan et al., 2016) to turn demultiplexed 
paired reads FASTQ files into quality checked, filtered, and trimmed 
sequences. We used default filtering parameters to filter and trim the 
reads. We removed the primers and truncated the forward reads at po
sition 210 and the reverse reads at position 175 to remove low quality 
tails. Sequences that passed quality control filtering were dereplicated 
and subjected to the DADA2 algorithm to identify error-corrected 
unique sequences (amplicon sequence variants; ASVs). After merging 
paired-end reads and removing chimeric sequences, the ASVs were 
identified and annotated taxonomically using the SILVA rRNA database 
version 123 (Quast et al., 2013). Finally, chloroplast and eukaryote se
quences were removed.

2.5. Statistical analyses

After the first year of the experiment, we found that the study site’s 
slope and its bedrock structure influenced soil thickness and water 
holding capacity, creating a natural soil water gradient that was main
tained despite the irrigation treatments. We thus used each block as a 
statistical unit and used the variation in soil water content as a predic
tive variable. More precisely, the soil irrigation treatments were grouped 

Fig. 1. (A) Study site location in the province of Quebec, Canada. (B) Experimental design showing blocks (dashed lines) and plots (colour lines) set up. Values in 
each plot indicate the soil irrigation treatment applied, which corresponds to a percentage of received precipitation volume. Treatments 100 + and 100- represent 
negative and positive controls receiving the totality of precipitation volume with and without shelter, respectively. Colours correspond to treatment type (orange for 
reduced precipitation, blue for excess precipitation and green for controls). (C) Example of seedlings distribution in each plot. Colours correspond to a tree species.
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as presence or absence of rainout shelters for subsequent analysis.
We performed all statistical analyses in R version 3.4.4 (http://www. 

R-project.org) and built all figures using the package ggplot2 (Wickham, 
2016). To analyse bacterial community composition for each rain 
exclusion treatment and tree species, taxa relative abundances were 
calculated and plotted using the package vegan (Oksanen et al., 2016).

Prior to bacterial alpha-diversity analysis, ASVs were rarefied to the 
minimum number of reads per sample using the phyloseq package 
(McMurdie and Holmes, 2013) to permit comparison of diversity among 
samples. Then, to estimate bacterial alpha-diversity, we used Shannon 
index calculated from ASVs relative abundances for each treatment and 
tree species. We tested the potential differences in Shannon index means 
between treatments with and without rain exclusion and tree species 
using ANOVA followed by Tukey’s post hoc test. To evaluate the rela
tionship between bacterial diversity and soil water content, we per
formed Pearson’s correlations for each tree species.

We investigated relationships between bacterial community 
composition, soil water content, tree host species identity, and the 
presence of rainout shelters by conducting a permutational multivariate 
analysis of variance (PERMANOVA; Anderson, 2001) of Bray-Curtis 
dissimilarities among samples using the adonis function from the 
package vegan. Since we had an unbalanced design (71 seedlings 
without shelters vs. 129 seedlings with shelters) and because PERMA
NOVA is more robust to heterogeneity in balanced designs (Anderson 
and Walsh, 2013), we randomly selected 71 samples from the seedlings 
with shelters in order to balance our design for this analysis.

We performed a principal coordinates analysis (PCoA) ordination on 
Bray-Curtis dissimilarities with the package vegan to visualize patterns 
of bacterial community composition of the four tree species in presence 
or absence of rainout shelter.

Finally, for each tree species, we used the univariate DESeq2 method 
(Love et al., 2014) to identify ASVs that showed significant differential 
relative abundance in presence vs. in absence of rainout shelters and 
between samples collected in plots with soil water content < 35 % vs. 
> 35 %. This threshold of 35 % was determined as the soil water content 
percentage for which there was the overall highest number of signifi
cantly different ASVs.

3. Results

3.1. Sequence quality and rarefaction

After sequencing, we identified a total of 3423,807 sequences from 
199 samples. After quality filtering, we obtained 2613,196 sequences 
and one sample was excluded from subsequent analyses due to insuffi
cient sequence reads. The number of sequences per sample ranged from 
2301 to 27,366. We rarefied each sample to the minimum sample count 
over all samples (i.e., 2301 sequences) (Fig. S3). In total, we used 
455,598 sequences and 4867 ASVs from 198 samples for the analyses.

3.2. Taxonomic composition of epiphytic phyllosphere bacterial 
communities

Whether between host tree species or in the presence or absence of 
rainout shelters, we observed that the overall most abundant taxa 
belonged to the phyla Proteobacteria (Alphaproteobacteria and Gammap
roteobacteria classes), Acidobacteria, and Actinobacteria. In absence of 
shelters, the genus 1174–901–12, which belongs to the Beijerinckiaceae, 
had the highest relative abundance for all tree species and accounted for 
25–35 % of the assigned taxa (Fig. 2). Sphingomonas had the second 
highest relative abundance for black spruce, white spruce, and balsam 
fir (~10–12 % of bacterial communities) while Endobacter had the sec
ond highest relative abundance for jack pine (~12 % of bacterial com
munities). The most abundant genera varied much more in presence of 
shelters. Frondihabitans, Serratia, Erwinia, and Sphingomonas had the 
highest relative abundances for white spruce, black spruce, jack pine 

and balsam fir respectively, while 1174–901–12 accounted for less than 
10 % of bacterial communities of all tree species.

3.3. Effects of soil water content, tree species and rain exclusion on the 
diversity of epiphytic phyllosphere bacterial communities

We found a significant negative Pearson’s correlation between the 
overall (i.e., considering all samples) epiphytic phyllosphere bacterial 
diversity and soil water content (r = -0.145; p = 0.042). Among the four 
host tree species, jack pine was the only one whose bacterial diversity 
responded significantly negatively to an increase in soil water content 
(r = -0.28, p = 0.046) (Fig. 3).

We also found that bacterial alpha-diversity was significantly higher 
in balsam fir samples compared to black spruce in absence of shelters 
(p = 0.016) (Fig. 4). Bacterial diversity was also significantly higher in 

Fig. 2. Epiphytic bacterial community structure in the phyllosphere of white 
spruce (EPB), black spruce (EPN), jack pine (PIG), and balsam fir (SAB) trees 
grown in presence or absence of rainout shelters.

Fig. 3. Pearson’s correlations between soil water content and phyllosphere 
bacterial diversity of white spruce (EPB; r = -0.19, P = 0.190), black spruce 
(EPN; r = 0.02, P = 0.882), jack pine (PIG; r = -0.28, P = 0.046), and balsam 
fir (SAB; r = -0.24, P = 0.081). Dots represent observations, lines represent 
linear regressions, and grey zones represent 95 % confidence intervals.
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absence of rainout shelters for all host tree species (p = 6.7 × 10− 6 for 
black spruce; p = 0.003 for white spruce; p = 0.032 for balsam fir), 
except jack pine.

3.4. Epiphytic phyllosphere bacterial community response to soil water 
content, tree species, and rain exclusion

The epiphytic phyllosphere bacterial community structure respon
ded significantly to soil water content, host tree species and the presence 
of rainout shelters (Table 1). Among these three variables, the presence 
of rainout shelters was the most important factor explaining variation in 
bacterial community structure (R2 = 13 %), followed by host tree spe
cies (R2 = 7 %) and soil water content (R2 = 1 %). The interaction be
tween the host tree species and the presence of rainout shelters, as well 
as the interaction between the host tree species and soil water content 
also slightly influenced epiphytic phyllosphere bacteria, explaining 4 % 
and 2 % respectively of the variation in bacterial community structure.

Supporting these results, the PCoA ordination revealed that phyllo
sphere bacterial communities differed in presence or absence of rainout 
shelters whereas the effect of tree species was less visible (Fig. 5).

3.5. Effects of rain exclusion and tree species on epiphytic phyllosphere 
bacterial communities at the ASV level

Using differential abundance analysis, we identified ASVs whose 

abundances differed significantly in the presence versus absence of 
rainout shelters (Table 2) and between tree species (Fig. S4). We found 
that bacterial communities in absence of shelters had more ASVs from 
genera 1174–901–12 (Proteobacteria), Massilia (Proteobacteria), Terri
globus (Acidobacteria), Bdellovibrio (Proteobacteria), Jatrophihabitans 
(Actinobacteria), Caedibacter (Proteobacteria), Novosphingobium (Proteo
bacteria), Acidicaldus (Proteobacteria), Bryocella (Acidobacteria), Rhizo
bacter (Proteobacteria), Mucilaginibacter (Bacteroidetes), Rhodovastum 
(Proteobacteria) compared to epiphytic phyllosphere bacterial commu
nities in presence of rainout shelters. On the other hand, epiphytic 

Fig. 4. Epiphytic bacterial diversity estimated with Shannon index in the 
phyllosphere of white spruce (EPB), black spruce (EPN), jack pine (PIG), and 
balsam fir (SAB) trees grown in presence (n = 32) or absence (n = 17) of 
rainout shelters. Capital letters represent ANOVAs significant differences be
tween tree species and p indicate ANOVAs p-values between shelter treatments 
for each species.

Table 1 
PERMANOVAs of Bray-Curtis dissimilarities on bacterial community structure 
explained by host tree species, the presence of rainout shelter, soil water content, 
and their interactions.

Model df R2 (%) Pa

Species 3 0.07343 0.001 *
Rainout shelter 1 0.13452 0.001 *
Soil water content 1 0.01112 0.013 *
Species * Rainout shelter 3 0.04242 0.001 *
Species * Soil water content 3 0.02173 0.042 *
Rainout shelter * Soil water content 1 0.00571 0.289 n.s.
Species * Rainout shelter * Soil water content 3 0.01443 0.732 n.s.

a *, P < 0.05; n.s., not significant

Fig. 5. Principal coordinates analysis (PCoA) ordination on Bray-Curtis dis
similarities showing structure variation in phyllosphere bacterial communities 
of white spruce (EPB), black spruce (EPN), jack pine (PIG), and balsam fir (SAB) 
trees grown in presence or absence of rainout shelters. The PCoA regroups 198 
observations. Points represent observations and ellipses represent 95 % confi
dence intervals. Point shapes were assigned to host tree species and colors were 
assigned to rainout shelter conditions.

Table 2 
ASVs relative abundance differential analysis between rainout shelter conditions 
(presence vs. absence). Only ASVs whose abundances differed significantly be
tween treatments (P ≤ 0.05) are shown.

No Shelter Shelter

ASVs associated 
taxa (Genus level)

Relative 
Abundance 
of ASVs (%)

ASVs associated taxa 
(Genus level)

Relative 
Abundance 
of ASVs (%)

1174–901–12 13.88 Sphingomonas 6.98
Granulicella 11.43 Acidothermus 6.05
Sphingomonas 8.16 Rickettsia 5.58
Acidiphilium 5.31 Granulicella 5.12
Massilia 4.08 Pseudomonas 5.12
Terriglobus 3.67 Acidiphilium 2.79
Bdellovibrio 3.27 Clostridium_sensu_stricto_1 2.79
Endobacter 3.27 Acidisoma 2.33
Jatrophihabitans 3.27 Erwinia 2.33
Caedibacter 2.86 Frigoribacterium 2.33
Novosphingobium 2.86 Aureimonas 1.86
Methylobacterium 2.45 Bacillus 1.86
Methylocella 2.45 Burkholderia-Caballeronia- 

Paraburkholderia
1.86

Acidicaldus 2.04 Endobacter 1.86
Bryocella 2.04 Enterococcus 1.86
Pandoraea 2.04 Methylobacterium 1.86
Rhizobacter 2.04 Pandoraea 1.86
Rickettsia 2.04 Conexibacter 1.40
Acidisoma 1.63 Methylocella 1.40
Mucilaginibacter 1.63 Pantoea 1.40
Pseudomonas 1.22 Serratia 1.40
Rhodovastum 1.22 Shewanella 1.40
Others (< 1 %) 17.14 Wolbachia 1.40
​ Others (< 1 %) 37.21
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phyllosphere bacterial communities in presence of rainout shelters had 
more ASVs from genera Acidothermus, Clostridium, Erwinia, Frigor
ibacterium, Aureimonas, Bacillus, Burkholderia-Caballeronia-Para
burkholderia, Enterococcus, Conexibacter, Pantoea, Serratia, Shewanella 
and Wolbachia compared to bacterial communities without shelters.

Soil water content had much less impacts on ASVs differential 
abundance compared to the presence of rainout shelters. Between soils 
with water content < 35 % and > 35 %, there were only a few different 
ASVs abundances, and there was even no difference detected for white 
spruce (Fig. S4). All the ASVs whose abundance differed were more 
abundant for soil water content < 35 %. Black spruce was the tree 
species with the highest number of ASVs abundance differences. For 
black spruce, jack pine and balsam fir, most of these ASVs belonged to 
the phyla Proteobacteria and 1174–901–12 was the only genus that dis
played differential ASVs abundance for all three tree species.

4. Discussion

The aim of the present study was to explore the epiphytic phyllo
sphere bacterial community response to rain exclusion and variation in 
soil water content in four coniferous tree species of the eastern Canadian 
boreal forest. We hypothesized that decreasing soil water content would 
induce changes in the composition of epiphytic phyllosphere bacterial 
communities and lower their diversity, and that microbial communities 
would differ among host tree species. We also investigated a potential 
effect of rain exclusion on epiphytic phyllosphere bacterial communities 
since rainout shelters have been criticized for creating confounding ef
fects on the plant microenvironment (Fay et al., 2000; English et al., 
2005; Vogel et al., 2013).

While we were expecting a lower bacterial diversity associated with 
lower soil water content, we found that soil water content only had weak 
effects on epiphytic phyllosphere bacterial community structure 
(Table 1) and diversity (Fig. 3), which partly contradicted our first hy
pothesis, but was in accordance with other studies reporting small or no 
effects of drought on soil (Homyak et al., 2017; Cole et al., 2019; 
Hammerl et al., 2019) and phyllosphere bacterial communities (Lin 
et al., 2023; Hoefle et al., 2024). This suggests that phyllosphere mi
crobes are not significantly impacted by soil water availability, poten
tially because there is no direct contact between soil water and foliage 
bacteria.

As expected, we found significant variation in phyllosphere bacterial 
community structure depending on host tree species identity (Fig. 2), as 
well as a difference of bacterial diversity between black spruce and 
balsam fir (Fig. 4), which is in agreement with our second hypothesis 
and other studies (Kembel et al., 2014; Laforest-Lapointe et al., 2016). 
This reinforces the idea that host tree species identity is an important 
driver of phyllosphere bacterial communities’ structure. We also 
observed that the effects of soil water content differed among species. In 
contrast with our hypothesis, jack pine bacterial diversity significantly 
increased as soil water content decreased. Since jack pine usually grows 
in dry soils, the higher soil water contents measured in our study are 
unusual for this species, which may explain this observation if the 
elevated water levels lead to changes in the ecophysiology of jack pine 
hosts. The effects of rainout shelter also differed among tree species. We 
observed differences in epiphytic phyllosphere bacterial community 
structure with and without rainout shelters (Fig. 2), as well as a higher 
bacterial diversity in absence of rainout shelters (Fig. 4). However, we 
found that, unlike other tree species, jack pine bacterial diversity did not 
vary in presence of rainout shelter. This could suggest that jack pine 
phyllosphere bacterial communities could be more sensitive to the in
ternal physiological state of the host tree species (here, sensitivity to soil 
water content potentially affecting root nutrient acquisition) than to 
external environmental factors.

Among all the studied variables (soil water content, host tree species 
identity and rain exclusion), we found that rain exclusion was the var
iable explaining the most variation in phyllosphere bacterial 

communities (Table 1). This effect may have several causes since phyl
losphere bacterial communities have been shown to be sensitive to 
various environmental factors (Kadivar and Stapleton, 2003; Lindow 
and Brandl, 2003; Beattie, 2011; Gomes et al., 2018; Haas et al., 2018). 
However, lower solar radiation and higher temperature under the 
shelters are unlikely to be involved here, since the materials used in this 
study allowed transmission of 88–91 % of photosynthetically active 
radiation (manufacturer’s specifications) while the structure insured 
good air circulation. Moreover, a recent study on soil microbial com
munities (which reported a high resilience of soil microbes to drought) 
showed that unanticipated artefacts of rain shelters were unlikely to 
have impacted their results (Cole et al., 2019). Another important po
tential impact of rainout shelters on phyllosphere bacteria is the fact that 
they prevent contact between rain and needle’s surface, leading to 
changes in the likelihood of colonization by bacterial taxa that are 
dispersed via rain, as well as changes in the leaf/needle surface micro
climate. Rainwater could represent an additional source of bacterial 
inoculation of tree needles, as well as a source of liquid water that could 
activate some dormant bacteria. Moreover, rain is also a source of nu
trients directly available for phyllosphere microbes. In this N-limited 
ecosystem, canopy uptake represents an important sink for atmospheric 
N deposition and contributes significantly to tree nutrition, as it was 
demonstrated by previous work at the study site (Houle et al., 2015). 
Bacterial community composition was more diverse for trees exposed 
directly to rain versus those growing under rainout shelters, further 
suggesting that exposure to rainwater leads to more stochastic coloni
zation of the phyllosphere by microbes arriving from the environment. 
Interestingly, many of the phyllosphere bacteria found in presence of 
rainout shelters are taxa that are commonly associated with human and 
animal hosts, including Clostridium, Enterococcus, Pantoea, Shewanella, 
and Wolbachia. To explain this, we suggest that the lack of direct contact 
between rain and needles in presence of rainout shelters could lead to 
decrease needles’ colonization by rainborne bacteria and ultimately 
increase the relative abundance of animal-associated bacterial taxa (e.g., 
from wildlife or people who carried out maintenance and measurements 
at the study site) that are dispersing from the atmosphere. As the fre
quency of rain events is predicted to decrease during summer in the 
boreal forest, boreal tree phyllosphere bacterial communities’ compo
sition and diversity could change in the future. A decline of phyllosphere 
bacterial diversity caused by lower water availability, as demonstrated 
in this study, could impact microbial beneficial services towards their 
host plants, such as growth promotion or protection against pathogens. 
This may reduce overall tree growth and increase tree disease outbreaks, 
ultimately affecting forestry activities and management in boreal 
ecosystems.

Further work is needed to assess if these changes would also imply 
bacterial activity modifications and ultimately impact boreal forest 
trees’ physiology and health.

Overall, our results highlight that the use of rainout shelters for 
studies of drought or water limitation effects on plants and their asso
ciated microbes may have important unintended effects due as shelters 
can affect the leaf-surface microclimate and colonization by microbes. 
We suggest that future studies investigating drought/water availability 
impacts on plants and their associated microbes should evaluate the 
effects of different irrigation and water-exclusion methods and should be 
designed to ensure that rainout shelter effects per se are not incorrectly 
attributed to drought/water limitation. Such studies should also deter
mine whether these impacts are mediated by effects on microbial colo
nization dynamics versus direct effects on leaf surface microclimate or 
host tree ecophysiology.

5. Conclusion

In summary, contrary to our expectations, we found that soil water 
content only weakly influenced epiphytic phyllosphere bacterial com
munities of coniferous trees. On the other hand, our results showed that 
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epiphytic phyllosphere bacteria were more sensitive to host tree species 
identity and rain exclusion. The strong effect of rain exclusion on 
phyllosphere bacterial structure and diversity highlights the importance 
of considering the direct impacts of rainout shelters when conducting 
drought or water limitation experiments. Overall, our results suggest 
that a diminution of rain events predicted by climate change models 
could lead to changes in phyllosphere bacterial biodiversity of boreal 
trees. Future studies will be needed to forecast the exact impacts of 
drought or rain reduction on phyllosphere microbes’ activity and tree 
health in boreal forest ecosystems.
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