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Abstract
Aim: Microbial communities often vary spatially in how they assemble and knowl-
edge is lacking about which factors determine the biogeography of host-associated 
microbiomes. Our aim is to assess the relative importance of spatial, environmental 
and host-associated factors on microbial community composition of an important de-
foliating insect.
Location: Boreal forests in eastern Canada (Quebec, Newfoundland and Labrador).
Taxon: The eastern spruce budworm (Choristoneura fumiferana) and its associated 
bacterial communities.
Methods: We characterized bacterial communities associated with spruce budworm 
larvae using bacterial 16S rRNA gene amplicon sequencing. We quantified how much 
of the variation in these bacterial communities could be explained by (1) environmen-
tal conditions, (2) the microbiome of foliage the larvae were eating, (3) host tree spe-
cies and (4) spatial structure as quantified using Moran's Eigenvector Maps (MEMs).
Results: Budworm larval microbiomes varied significantly among sites and between 
host tree species. Larvae bacterial community structure was strongly correlated with 
the structure of bacterial communities taken from paired foliage samples. Spatial 
structure, foliage bacterial communities and host tree species collectively explained 
almost one-sixth of the variation in budworm bacterial communities while environ-
mental conditions did not explain variation on their own.
Main conclusions: Lepidopteran microbiomes primarily originate from the foliage 
diet. However, subtle differences in microbial communities between larvae and foli-
age suggest that some bacteria establish and grow in the budworm microbiome, and 
that dispersal of bacteria from sources other than foliage as well as differences in 
environmental filtering between larval bodies and foliage play a role in the assembly 
of the budworm microbiome. While spatial location and spatial structure were also 
important drivers of spruce budworm bacterial community composition, none of the 
environmental variables we measured could explain the variation among sites, and 
identifying the drivers of this spatial variation remains an open question that will need 
to be addressed by future studies.
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1  |  INTRODUC TION

Insect microbiomes vary greatly both among species and geo-
graphically. Despite the numerous beneficial relationships having 
been found between insects and their microbiota (Breznak, 1982; 
Calderón-Cortés et al., 2011; Smith et al., 2015; Warnecke et al., 
2007), knowledge of the processes governing the biogeography 
and assembly of insect microbiomes is lacking (Engel & Moran, 
2013). Given the ecological importance of insects (Dimopoulos, 
2003; Hung et al., 2018; Wright, 1986) and the importance of 
microbe-associated benefits on hosts and ecosystems, there is 
increasing interest in understanding the biogeography of insect 
microbiomes. Some studies have suggested that Lepidoptera 
may lack a persistent, resident gut bacterial community and that 
their microbiomes are instead populated mostly by transient bac-
teria that are derived from dietary sources (Hammer et al., 2017; 
Schwarz et al., 2018). One such important Lepidopteran forest pest 
is the eastern spruce budworm, Choristoneura fumiferana, which 
is one of the most destructive forest insects in North America 
(Royama, 1984) and is responsible for the defoliation of almost 
13,500,000 hectares in the current outbreak in Québec (Ministère 
des Forêts, 2020).

The spruce budworm is part of a complex, multitrophic food 
web in which many other organisms affect its population and 
outbreak dynamics (Royama, 1984). The role of multitrophic in-
teractions in spruce budworm outbreaks has been explored in 
detail for insect parasitoids (Eveleigh et al., 2007; Marrec et al., 
2018) and avian predators (Crawford & Jennings, 1989; Germain 
et al., 2021). However, less attention has been given to the role 
of the spruce budworm microbiome, even though bacteria and 
fungi could play an important role in budworm population dynam-
ics (Chen et al., 2016, 2020; Xia et al., 2013). In general, little 
is known about the factors that drive biogeographical variation 
in microbiome communities and how they respond to environ-
mental gradients (Cohen et al., 2020), and this is particularly 
true for the spruce budworm (Landry et al., 2015). Improved un-
derstanding of what drives biogeographical patterns in spruce 
budworm-associated bacterial communities could lead to a better 
understanding of the drivers of budworm spatial population dy-
namics, which could be used to better understand outbreak me-
chanics (Broderick et al., 2009).

Biogeographical variation in budworm bacterial communities is 
influenced by the community of bacteria present in the insect's diet 
and those that are present in the insect's environment (Nemergut 
et al., 2013). The community present in the environment are filtered 
by the budworm host (Engel & Moran, 2013). Consequently, the pool 
of environmentally available microbes that colonize the budworm 
microbiome are likely to be determined by a variety of factors in-
cluding environmental conditions, foliar bacterial communities, host 
tree species and other underlying spatial structure. Environmental 
conditions, including climate, affect the structure of ecological com-
munities (Hernández-Gómez, 2020; Sepulveda & Moeller, 2020) by 
acting as filters that allow only a subset of the regional species pool 

to disperse and establish in a habitat (Kraft et al., 2015). Ecological 
filters are a form of selection, that is, an ecological process by which 
organisms possessing specific traits are favoured in an environ-
ment (Nemergut et al., 2013; Vellend, 2016). Abiotic factors such as 
moisture, temperature and precipitation all affect bacterial growth 
(Balser et al., 2010). Climatic differences between sites can therefore 
modulate the selection and establishment of microbial populations 
in natural environments. The spatial configuration of populations of 
microbiome hosts can also affect microbiome community composi-
tion by affecting dispersal from a regional species pool (Nemergut 
et al., 2013; Vellend, 2016). Finally, spatial structure among sites can 
be used as a proxy for unmeasured spatial or environmental varia-
tion (Borcard et al., 2011) that may influence microbiome assembly, 
filtering or dispersal. Currently, we do not have a strong understand-
ing of the relative importance of these different factors in deter-
mining community assembly and biogeography of insect-associated 
microbiomes.

An ongoing debate in microbial ecology has focused on whether 
animal-associated microbiomes are composed primarily of resident 
versus transient taxa (Astudillo-García et al., 2017; Hammer et al., 
2019; Martinson et al., 2019). In insects, some studies have demon-
strated that some microbes from the diet can establish and grow 
in the arthropod microbiome (Kennedy et al., 2020). Conversely, 
Hammer et al. (2017) argued that the Lepidopteran gut was devoid 
of a resident microbiome, that most bacteria are transient within the 
insect and that most bacteria are imported through diet. Previous 
work has shown that the bacterial communities residing on tree 
foliage vary spatially and among tree species (Laforest-Lapointe 
et al., 2016). If environmental and spatial variability impact foliar 
bacterial communities, and foliage is the spruce budworm's major 
dietary source of bacterial inoculants, foliar bacterial communities 
absorbed through foliage consumption should be the main deter-
minant of the budworm bacterial community. Because the spruce 
budworm feeds on both spruce and balsam fir, bacterial community 
composition might also vary as a function of host tree species. The 
budworm itself could also act as an ecological filter and select for 
only certain bacterial taxa, in which case larval microbiomes could 
represent a subset of the foliage communities and specific bacte-
rial taxa on the foliage could be consistently excluded by budworm 
body conditions.

In this study, we investigated what determines spatial variation 
in spruce budworm bacterial community composition. Our specific 
objective was to quantify the relative importance of four factors: (1) 
environmental conditions, (2) foliage bacterial communities, (3) host 
tree species and (4) spatial structure. We also sought to determine 
the degree to which these multiple factors interact to shape bac-
terial community composition. Because Lepidoptera are thought to 
lack a resident microbiome (Hammer et al., 2017), we hypothesized 
that the bacterial communities found on the foliage on which bud-
worm feed should reflect the bacterial community found both in and 
on spruce budworm larvae. We also hypothesized that because fo-
liar bacterial communities vary geographically and among host tree 
species (Laforest-Lapointe et al., 2016), spatial structure and host 
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    |  301LANDRY et al.

tree species will be important drivers of microbial community struc-
ture in both budworm and foliage.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

We sampled spruce budworm bacterial communities and asso-
ciated foliar bacterial communities at 26  sites along a gradient 
of outbreak density from Gaspésie to the Côte-Nord in Québec 
to Newfoundland & Labrador (Figure 1) in an area spanning 
more than 25,000 km2. Our study area included sites near Baie-
Comeau, Québec, which is the epicentre of the current budworm 
outbreak (Ministère des Forêts, 2020), as well as surrounding 
areas that had lower budworm population densities at the time 
of sampling. All sites (Table S1) were forested and contained both 
balsam fir (Abies balsamea) and black spruce (Picea mariana). For 
each site, we calculated mean annual temperature, total annual 
precipitation, solar radiation, evaporation, climatic moisture def-
icit and relative humidity using ClimateNA v5.10 (Wang et al., 
2016).

2.2  |  Sample collection

In the summer of 2015, we collected sixth instar larvae (the last 
larval stage of the spruce budworm) from all sites. At each site, we 
collected three larvae from three black spruce and three balsam fir 
randomly selected trees using aseptic techniques. We also collected 
a foliage sample consisting in a bud from each tree. Tree-level de-
foliation was visually estimated using the Fettes defoliation index 
(Fettes, 1951) to be used as an environmental factor. Larval and fo-
liar samples were placed in sterile containers with RNAlater (Thermo 
Fisher, 2010) and stored on ice for approximately 2  days before 
being shipped to the laboratory, where they were stored at −80°C.

2.3  |  Processing

We characterized the bacterial communities of whole insects at 
the level of individual trees. Collected larvae from each tree were 
pooled and homogenized together without any surface steriliza-
tion. Foliage samples were crushed by intensive bead-beating with 
2.3  mm sterile steel beads in a BioSpec Mini-Beadbeater-16 prior 
to DNA extraction. DNA was extracted from larval and foliar sam-
ples using the Qiagen PowerSoil™ DNA extraction kit according 
to the manufacturer's instructions. Following DNA extraction, we 
amplified the bacterial 16S rRNA gene regions V5-V6 using the 
799F-1193R primer pair (Chelius & Triplett, 2001) with barcodes 
and Illumina adapters. Amplified larval and foliar samples were 
concentration-equalized with the Invitrogen Sequalprep kit before 
paired-end sequencing with Illumina MiSeq V3 technology to ob-
tain 2x300-nucleotide reads. Extraction negatives (water processed 
with the extraction kit) and PCR negatives were also sequenced and 
incorporated in the analysis.

Raw sequencing reads were demultiplexed with the idemp 
software (https://github.com/yhwu/idemp/​blob/master) and then 
imported into the DADA2 1.12.1 package (Callahan et al., 2016) in 
R 3.6.0 (R Development Core Team, 2013) for processing. We fil-
tered low-quality reads, merged paired-end reads and trimmed 20 
nucleotides from the 5’ end of each read to remove barcodes and 
primers. We then clustered reads into amplicon sequence variants 
(ASVs) using the DADA2 default parameters for all functions, and we 
annotated the taxonomic identity of each ASV by comparison with 
the SILVA database version 128 (Quast et al., 2012).

2.4  |  Statistical analyses

We first used rarefaction curves to determine whether sequencing 
depth and sampling effort were adequate to capture a sufficient 
portion of bacterial diversity (Gotelli & Colwell, 2001). Samples 
with fewer than 4000 sequences were discarded, and the remaining 

F I G U R E  1  (a) Map of sampling sites in Québec, Canada and surrounding provinces. (b) Schematic of the sampling design at each site 

 13652699, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jbi.14299 by U

niversity O
f T

oronto, W
iley O

nline L
ibrary on [01/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://github.com/yhwu/idemp/blob/master
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samples were rarefied to 4000 sequences per sample; these criteria 
were sufficient to capture the majority of bacterial ASV diversity 
while retaining 95% of the samples (Figure S2). All subsequent analy-
ses except for differential abundance analysis were performed on 
the rarefied data.

2.5  |  Characterizing spatial structure

To include spatial predictors that account for unmeasured spatial 
variation, we quantified the spatial structure of our sampling sites 
using Moran's eigenvector maps (MEMs) (Borcard et al., 2011). 
MEMs are orthogonal vectors that quantify spatial structure 
in geospatial data (Legendre et al., 2015). These synthetic vari-
ables, referred to as MEM eigenvectors, capture spatial structure 
at different spatial scales and can be used as predictors in con-
strained ordination models (e.g. redundancy analysis [RDA]). The 
use of MEMs in an RDA framework to quantify spatial structure in 
ecological and genetic data is preferred relative to other methods 
often used in ecology, such as the Mantel test, due to its lower 
type 1 error rate (Harmon & Glor, 2010; Legendre et al., 2015; 
Lisboa et al., 2014).

2.6  |  Larval and foliage community variation

We tested whether bacterial community composition varied signifi-
cantly among geographical location and between host tree species 
(Anderson, 2017) using hierarchical modelling with permutational 
multivariate analyses of variance (PERMANOVAs) performed with 
the adonis function in vegan 2.5 in R. Bacterial taxa that were dif-
ferentially abundant between spruce-feeding and fir-feeding bud-
worm were then identified using the Analysis of Compositions of 
Microbiomes with Bias Correction (ANCOM-BC) method which 
models absolute abundance in a linear regression framework (Lin 
& Peddada, 2020). We used ANCOM-BC with default parameters, 
with two exceptions: (1) we filtered for taxa present in at least two 
samples and (2) we enabled structural zeros detection. We then used 
Principal Coordinates Analysis (PCoA) based on the Bray–Curtis dis-
similarity between samples to visualize differences in community 
composition (Gower, 1966). To determine whether our measured 
environmental and spatial variables explained overall variation in 
bacterial community composition, we used the envfit function of the 
R package vegan 2.5 (Oksanen et al., 2016) to identify and plot pre-
dictors that were significantly correlated with the ordination axes 
(p < 0.05).

2.7  |  Correlation between foliar and larval bacterial 
communities

The data used for comparing foliar and larval communities in-
cluded all larval samples that could be associated their homologous 

foliage sample with enough reads (>4000). We measured the re-
lationship between foliar and larval bacterial communities using 
the Procrustes rotation test (Mardia et al., 1979; Peres-Neto & 
Jackson, 2001) using the PCoA-derived ordination solutions for 
both datasets as inputs. ANCOM-BC was used as before to iden-
tify taxa whose abundance was significantly different between 
larval and foliar samples.

2.8  |  Modelling variation in bacterial community 
composition

We divided potential predictors of spruce budworm bacterial com-
munity composition into four categories to investigate the contribu-
tion of each predictor to community variation among samples while 
controlling for the effect of the others. The four categories were as 
follows: (1) environment, which included host tree damage (Fettes 
defoliation index), elevation and site-based climate variables; (2) fo-
liar bacterial communities; (3) host tree species; and (4) spatial struc-
ture which was represented by MEMs. For this analysis, the bacterial 
community composition of foliage was represented using the scores 
of the first two axes of the PCoA ordination of the foliage bacte-
rial communities. All continuous predictors were standardized to 
zero mean and unit variance prior to analysis. The response matrix, 
which in this case was the matrix of bacterial community relative 
abundance data, was Hellinger-transformed (Legendre & Gallagher, 
2001).

We next identified the best predictors within each of the 
four categories described above by fitting models of community 
structure using redundancy analysis (RDA). For each category, we 
constructed an RDA model predicting bacterial community com-
position, and we reduced the set of potential predictors in the 
category using a bidirectional stepwise model selection procedure 
implemented with the ordistep function in vegan. Permutation p-
values for each variable were used as the criterion for variable re-
tention and model simplification. The variables that were retained 
in each of the four components after model simplification were as 
follows: (1) precipitation; (2) the scores of the first two axes of the 
foliar community PCoA ordination; (3) host tree species (i.e. fir or 
spruce); and (4) two of the eight eigenvectors obtained from the 
MEMs {1, 8}.

For our final model, we used the same transformed matrix indi-
cated above as the response and the significant variables retained 
in each of the four categories as predictors. The unique and shared 
contributions of each predictor category to overall biogeographical 
variation in bacterial community structure among budworm larvae 
were then assessed using variance partitioning (Borcard et al., 1992). 
It is important to note that predictors that were excluded from this 
final analysis may still potentially impact budworm communities; 
they were removed during stepwise selection on the basis of permu-
tational p-values, but this does not imply that they are necessarily 
unimportant. Correlations among predictors are shown in Tables S4 
and S5.
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3  |  RESULTS

3.1  |  Larval and foliage community variation

Spruce budworm bacterial communities were dominated by the 
phyla Firmicutes (39.6 ± 4.0% relative abundance) and Proteobacteria 
(36.3 ± 3.6%), whereas foliage communities were mostly dominated 
by Proteobacteria (53.8 ± 1.5%). We detected a total of 131 ASVs 
in larvae and 115 ASVs in foliage. Because negative control sam-
ples were either very different from experimental samples or had 
very few reads, indicating that reads in experimental samples rep-
resented budworm or foliage bacteria, they were removed from the 
analysis. The cut-off of 4,000 reads per larval and foliar samples was 
sufficient to ensure that all ASVs represented all bacterial diversity 
in our samples, as shown by the asymptotic rarefaction curve (Figure 
S1). The average (±SD) number of ASVs per sample was 24 ± 11 for 
larvae and 28 ± 11 for foliage. There was no significant difference in 
the average number of ASVs found in larval samples versus foliage 
samples (ANOVA; F = 2.437, p = 0.121).

Region and sample site explained almost one-third of the vari-
ation in larval bacterial community composition (PERMANOVA; 
Region: R2 = 0.04, p = 0.001, Site: R2 = 0.25, p = 0.001), indicat-
ing that insects at each site had a distinctive bacterial community 
structure (Table 1) and that most of spatial variation was between 
individual sites instead of between regions. Host tree species nested 
within sample site explained an additional 21% of the variation 
in community structure (PERMANOVA R2 =  0.21, p  =  0.026). At 

deeper phylogenetic levels such as Genus and Family, the variation 
explained by site and region stayed the same while host tree spe-
cies became an unsignificant term in the model (Table 1). Differential 
abundance analysis detected ASVs that were positively associated 
with larvae that fed on balsam fir, which were mostly Firmicutes and 
Proteobacteria, specifically Acetinobacter and Pseudomonas genera 
(Figure 2). When we overlaid environmental vectors on ordinations 
of community composition (Figure 3), we found that both climate 
factors and MEMs 1, 5 and 8 were significantly correlated with both 
ordination axes. When looking at which spatial patterns these MEMs 
represented, MEM1 appeared to capture the spatial variation among 
the three regions, while MEMs 5 and 8 captured uncharacterized 
fine-scale spatial variation (Figure S2).

3.2  |  Modelling variation in bacterial 
community structure

We used variance partitioning to quantify the unique and shared 
contributions of environmental variation, foliar bacterial communi-
ties, host tree species and spatial structure to budworm bacterial 
community composition. Collectively, all four components explained 
16% of the overall variation in spruce budworm bacterial community 
composition (Figure 4, Table S6). Of the four components, spatial 
structure and foliage bacterial communities best explained varia-
tion in spruce budworm larval microbiome composition among sites; 
spatial structure explained a unique 5% of this variation and foliage 

TA B L E  1  Variation in spruce budworm bacterial communities as a function of sampling site and host tree species, tested using a Bray–
Curtis dissimilarity-based PERMANOVA on ASV, genus- and family-level community tables. Host tree species was nested within site which 
was nested within region for this analysis

Df Sum Sq Mean Sq F-Value R2 p-Value

ASV

Region 2 1.913 0.95629 2.5538 0.04435 0.001

Site (within region) 23 10.703 0.46535 1.2427 0.24821 0.001

Tree species (within site) 22 9.162 0.41644 1.1121 0.21246 0.026

Residuals 57 21.344 0.37446 0.49498

Total 104 43.122 1

Genus

Region 2 2.116 1.01818 3.6888 0.06254 0.001

Site (within region) 23 8.53 0.37089 1.2929 0.2521 0.002

Tree species (within site) 22 6.84 0.31089 1.0838 0.20213 0.202

Residuals 57 16.351 0.28686 0.48322

Total 104 33.837 1

Family

Region 2 2.1575 1.07876 4.2325 0.07016 0.001

Site (within region) 23 8.0207 0.34872 1.3682 0.26084 0.003

Tree species (within site) 22 6.044 0.27473 1.0779 0.19655 0.231

Residuals 57 14.5277 0.25487 0.47245

Total 104 30.7499 1

Values in bold indicate statistically significant predictors of spruce budworm bacterial community composition (p < 0.05).
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304  |    LANDRY et al.

bacterial communities explained another unique 9%. Host tree spe-
cies had shared components with spatial structure and foliage com-
munities that explained 1% and 3% of the variation, respectively.

When larval bacterial communities were analysed separately for 
the two host tree species, we found that different environmental 
factors were correlated with the first two ordination axes for each 
host tree (Figure S3). Spatial structure (MEMs) and environmental 

factors including precipitation, evaporation, temperature, moisture 
and solar radiation were more strongly associated with bacterial 
community structure in larvae feeding on balsam fir than in larvae 
feeding on black spruce. PCoA axes for bacterial communities found 
in larvae feeding on black spruce were only correlated with the spa-
tial structure variable MEM5, which captured fine-scale spatial vari-
ation, elevation and evaporation (Table S2).

F I G U R E  2  ANCOM-BC discriminant analysis of differentially abundant ASVs in spruce budworm larvae coming from different host tree 
species. Most differentially abundant ASVs were positively associated with balsam fir and were from the Proteobacteria and Actinobacteria 
phyla 

F I G U R E  3   Principal coordinates 
(PCoA) ordination based on the Bray–
Curtis dissimilarity between bacterial 
communities, Vectors indicate variables 
that were significantly correlated with 
ordination axes (p < 0.05) based on a 
randomization test. Variance explained 
by each PCoA axis is shown in axis labels. 
Most predictor variables clustered into 
two separate groups of intercorrelated 
vectors that were correlated with the 
two ordination axes, indicating that the 
composition of spruce budworm bacterial 
communities covaried with several 
measured environmental variables 
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    |  305LANDRY et al.

3.3  |  Correlation between foliar and larval bacterial 
communities

The composition of spruce budworm larval bacterial communities 
was highly correlated with that of the foliage on which they were 
feeding (Procrustes test; R2 = 0.64, p = 0.001). Differential abun-
dance analysis (Figure 5) showed that few taxa were differentially 

abundant between larval and foliage communities: Actinobacteria 
were more abundant in larval samples and Proteobacteria were 
more abundant in foliar samples (Figure 5). Like larval commu-
nities, variation in foliar bacterial communities was significantly 
associated with geographical location (i.e. site), which explained 
71% of the variance among samples (PERMANOVA; R2  =  0.71, 
p = 0.044).

F I G U R E  4  Variance partitioning 
analysis dividing variation in spruce 
budworm bacterial community structure 
among four possible predictors: 
environmental variables, foliage bacterial 
communities, host tree species and spatial 
structure (Moran's eigenvector maps 
[MEMs]). Values in the figure represent 
the proportion of variation in bacterial 
community structure explained by each 
set of variables and were determined 
based on a partial redundancy analysis of 
bacterial community composition 

F I G U R E  5  ANCOM-BC discriminant analysis of differentially abundant ASVs between larvae and foliage they were feeding on. Most 
differentially abundant ASVs were from the Proteobacteria and Firmicutes phyla 

 13652699, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jbi.14299 by U

niversity O
f T

oronto, W
iley O

nline L
ibrary on [01/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



306  |    LANDRY et al.

4  |  DISCUSSION

We assessed how environmental factors, host tree species, foliar 
communities and spatial structure affected the biogeography of 
microbes inhabiting the spruce budworm. We accomplished this by 
characterizing the bacterial communities of budworm larvae col-
lected on two different host tree species at 26 different sampling 
sites in eastern Canada. We specifically sought to test the hypoth-
esis that budworm-associated bacterial communities are deter-
mined mainly by the bacterial communities on the foliage that they 
consume. We confirmed this hypothesis in identifying a significant 
correlation between the ordination solutions for both communities 
(Procrustes test; R2 = 0.64, p = 0.001), and given the proportion of 
variance in larval community structure explained by foliar commu-
nities (Figure 4). We also confirmed our hypothesis that host tree 
species and spatial structure affect budworm bacterial communities.

We identified significant biogeographical variation in spruce 
budworm bacterial community structure among the 26  sampling 
sites spanning more than 800 kilometres. Most of this variation was 
among sites (25%) and between different host tree species within 
sites (22%; Table 1). A small portion of the variation was also ex-
plained by region (4%) showing that most of the spatial variation in 
budworm communities was present at a finer spatial scale than re-
gion. Among-site variation could be linked to uncharacterized fine-
scale spatial variation such as unmeasured environmental variation 
or further variation among foliar bacterial communities. Indeed, we 
identified a significant contribution of fine-scale MEMs that could 
reflect these hypothesized processes. Previous work has also found 
that foliar bacterial community structure is highly variable among 
sites (Laforest-Lapointe et al., 2016).

Strong among-site differences in community composition sug-
gest that dispersal limitation or filtering by spatially autocorrelated 
environmental factors are driving budworm bacterial community 
composition. Despite these site-level differences, none of the envi-
ronmental or climatic variables we measured explained this variation 
(Figure 3). Instead, MEMs that capture spatial structure, but do not 
identify its root cause, were among the best predictors of spruce 
budworm bacterial community structure. As a result, the biologi-
cal factors underlying this spatial variation in community structure 
remain unknown. The fine- and coarse-scale MEMs that explained 
community structure likely capture unmeasured climatic factors 
or dispersal limitation of the budworm, their associated bacterial 
communities or both. Previous studies have shown that climatic 
conditions have a large influence on moth dispersal (Halsch et al., 
2021) and could impact budworm distribution (Régnière et al., 2012). 
However, because of the similarity between foliar and larval commu-
nities, the spatial variation we measured is likely to also be influenced 
by free-living bacteria dispersal captured by larval communities in 
addition to bacteria being transported by budworm larvae. Studies 
have shown that ASV-based bacterial analyses can overestimate 
the importance of dispersal limitation (Raulo et al., 2021; Stothart 
et al., 2021). For this reason, we repeated our analyses of community 
variation explained by sampling site at different phylogenetic levels 

(Table 1). The results were similar, indicating that dispersal limitation 
is relatively constant whether ASVs are aggregated at the family or 
genus level and that the dispersal traits of budworm-associated bac-
terial communities could be conserved at deeper phylogenetic level 
(Martiny et al., 2013, 2015).

Host tree species had a measurable impact on both larval and fo-
liar bacterial communities. More than 22% of the overall variance in 
bacterial community structure was explained by the identity of host 
tree species. With respect to the determinants of these differences, 
we found that budworm bacterial communities from different host 
tree species were correlated with different explanatory variables; for 
example, most environmental conditions had an impact on the bac-
terial communities of larvae on balsam fir but not on those on black 
spruce (Table S3). The effect of host tree species on spruce budworm 
larval bacterial communities could be explained by differences in the 
chemical composition of the foliage of the two host tree species and 
which would drive differences in foliage-associated bacteria that are 
then ingested by the insect. Animals who are a source of bacterial 
dispersal on foliage could also prefer one tree species over another 
(Beltrán & Wunderle, 2013), impacting the available dispersal pool 
to the budworm on different host tree species. Additionally, coni-
fer needles have been shown to generally inhibit bacterial growth in 
the spruce budworm due to the antibacterial effect of tannins (Pang, 
2010), and this effect could vary between tree species.

Overall, we found that microbial communities on the budworm's 
foliage diet were the most important driver of budworm microbiome 
composition. This result suggests that the key process determining 
bacterial community structure within the spruce budworm is colo-
nization by microbes from their diet, and is consistent with the hy-
pothesis that Lepidoptera lack a resident microbiome (Hammer et al., 
2017; Schwarz et al., 2018), which predicts that larvae should have 
the same bacterial community as that found on their foliage diet. 
Our demonstration of the broad similarities between the microbi-
omes of the spruce budworm and its foliage diet provides some of 
the first field-based evidence to support the hypothesis that some 
Lepidoptera lack a persistent resident microbiome. However, there 
were some differences in taxonomic composition between the 
spruce budworm and foliage microbiota and some taxa that were as-
sociated with the budworm microbiome, and these differences likely 
represent taxa that are able to establish and grow in the budworm 
microbiome, as has been observed in other arthropod-associated 
microbial communities (Kennedy et al., 2020); for example, 
Actinobacteria were significantly more abundant in larvae as were 
several ASVs from diverse phyla, whereas Proteobacteria were more 
abundant in foliage. The Actinobacteria and other taxa associated 
with larvae but not foliage may originate elsewhere in the larvae's 
environment, or from vertical transmission. These taxa could also 
be selectively enriched from species in the foliage-associated com-
munities that were too rare to be detected, due to selection by the 
biotic or abiotic conditions in the budworm microbiome leading to 
strong increases in abundance and increased possibility of detection. 
Thus, while the majority of the diversity in the budworm microbiome 
is likely transient taxa originating from foliage, some bacterial taxa 
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do appear to be likely residents of the microbiome. Foliar commu-
nities are themselves impacted by environmental factors including 
air quality and climate (Espenshade et al., 2019; Laforest-Lapointe 
et al., 2016; Magan & McLeod, 1991), suggesting that future studies 
that take into account direct and indirect environmental drivers of 
animal microbiomes will be required to understand the full spectrum 
of factors driving the biogeography of these microbiomes.

The spatial and environmental factors we measured explained 
almost a sixth (16%) of variance in community composition, with the 
variance explained by foliage communities peaking at 9%. The poor 
explanatory power of our measured variables could be due to the 
importance of stochastic processes in budworm microbiome com-
munity assembly and biogeography, such as dispersal of insect hosts 
and microbes and subsequent colonization by microbes. The scale 
at which we quantified spatial structure may not capture well such 
dispersal and colonization processes. Genetic variation in budworms 
or host trees could be a potential explanation for the important 
amount of spatial variation in budworm bacterial communities yet 
to be explained. Spruce budworm spatial genetic structure in our 
study area (Côte-Nord and Gaspésie, Figure 1) was generally ho-
mogeneous, with some subtle genetic differences between the two 
regions (Larroque et al., 2020). Because most of the inter-site bac-
terial community variation was at a finer spatial scale than that of 
these regional budworm differences (Table 1), it seems likely that 
the impact of budworm genetic variation on bacterial communities 
is minimal. However, as foliar communities are closely linked to larval 
communities, linking host tree genetic variation in the outbreak area 
to budworm bacterial communities could be a promising avenue of 
future research.

5  |  CONCLUSIONS

We have shown that the community assembly and biogeography 
of spruce budworm bacterial communities are shaped by spatial 
structure among sites, foliage communities and host tree species. 
Most of the variation in budworm communities was mirrored in 
the communities of foliage they ate, showing that foliage bacte-
rial communities are likely the main determinant of budworm mi-
crobiome composition. While spatial location (i.e. site) and spatial 
structure of sites were important indicators of spruce budworm 
bacterial community composition, none of the environmental vari-
ables we measured could explain the variation among sites, and 
identifying the drivers of this spatial variation remains an open 
question that will need to be addressed by future studies. We also 
determined that host tree species is an important determinant of 
both spruce budworm microbiome composition and the sensitiv-
ity of that microbiome to the environment, as the microbiomes of 
budworms living on balsam fir were more strongly correlated with 
other spatial and environmental predictors. Finally, we found sup-
port for the hypothesis that Lepidopteran microbiomes are mostly 
non-resident and likely originate from the foliage diet. However, 
subtle differences in microbial communities between larvae and 

foliage suggest that some bacteria do establish and grow in the 
budworm microbiome, and that dispersal of bacteria from other 
sources than foliage and differences in environmental filtering 
between larval bodies and foliage play a role in the assembly of 
the budworm microbiome. Our results advance understanding of 
the factors that drive the assembly and biogeography of bacte-
rial communities associated with an ecologically and economically 
important forest insect, and open the door to understanding how 
these factors impact the biogeography of the budworm itself and 
its outbreak consequences.
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