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Abstract: Insect outbreaks are major drivers of natural disturbances in forest ecosystems. Outbreaks
can have both direct and indirect effects on the composition of soil arthropod communities through
canopy opening, nutrient addition and predator-prey interactions. In this study, we aimed to un-
derstand the effects of forest tent caterpillar (Malacosoma disstria; FTC) outbreaks through cascading
effects on ant communities in both temperate and boreal forests in Canada. Pitfall traps and Berlese
funnels were used to compare the ant communities, as well as the surrounding arthropod communi-
ties, between control and outbreak sites in boreal and temperate forests (in Quebec, Canada). Using
the Sørensen dissimilarity index, we determined the alpha and beta diversity of the ant community.
Other arthropods collected in the traps were counted to evaluate the richness and abundance of
potential prey for the ants and other potential predators of the FTC. We used an indicator species
analysis to examine the species associated with sites defoliated by the outbreak. In the boreal forest,
we found that FTC outbreaks caused decreases in species richness and increases in the evenness of
ant communities in defoliated sites. In the boreal forest sites, species composition varied significantly
between control and outbreak sites. This pattern was driven in part by the presence of other predators.
A similar, but weaker pattern was observed in the temperate forest. We saw no changes in the beta
diversity in the boreal forest, but did see a significant decrease in the temperate forest between the
outbreak sites and the control sites. Ant species in the boreal forest tended to exhibit a more marked
preference for either control or previously defoliated sites than species in the temperate forest. Our
study showed that disturbances such as insect outbreaks can drive changes in the ant community.
While we saw small effects of outbreaks, manipulation experiments using resource addition could
help us validate the mechanisms behind these relationships.

Keywords: ant community; disturbance ecology; forest ecology; insect outbreaks; natural disturbances

1. Introduction

Insect outbreaks cause major natural disturbance events in forests, and have had an
impact on these ecosystems for a long time [1–3]. Defoliation, hereby meaning the loss of
leaves, by insect herbivores not only slows tree growth, but it can also promote nutrient
cycling and accelerate succession [4]. Caterpillars are prey, and their population explosions
affect trophic webs [5,6]. Ecosystem effects of insect outbreaks can happen through various
direct and indirect mechanisms: leaf removal increases light and temperature on the forest
floor; exploding caterpillar populations increase prey availability for many predators;
and frass, insect corpses and dropped foliage constitute nutrient transfers from trees
to soils [5,7–11]. Together, these effects can stimulate decomposition, enhance nutrient
mineralization, increase soil respiration, promote plant growth and alter brown food webs,
defined by the consumption of decaying biomass by detritivores [12–17]. However, the
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full complexity of underground food webs, referring to any trophic interaction taking
place in and under the layer of litter, remains poorly understood, and the role of soil
arthropods in mediating the effects of leaf-eating insect outbreaks on ecosystem functioning
is not clear [18].

Caldéron-Sanou et al. [18] found that direct and indirect effects of caterpillar outbreaks
increase the diversity of other arthropods in the underground food web at different trophic
levels. They showed that the magnitude of the effects of defoliation did not decrease at
higher trophic levels, contrary to what was assumed. The researchers expected the effect
of defoliation to be diluted, the higher the trophic level. Instead, they observed a more
diverse food web and a greater proportion of high-trophic level taxa in defoliated than in
control forests. In this kind of study in temperate and boreal regions, it is expected that the
effects of disturbance will be higher for primary decomposers and producers and lessen
for higher trophic levels such as predators. This finding does not support a mitigation
hypothesis related to disturbances where the effects of disturbances would be lower for
species at the top of the food web. Additionally, because so many of the species making
up the soil community are responsible for structural and functional characteristics of the
ecosystem, a change in their assemblage could have large impacts on ecosystems [19–24].
The functional roles of ants are also important to take into account, as they will mitigate the
ants’ responses to perturbations, even in the environment [25].

Ants are particularly important in forests, since they are one of the few large-scale
ecological engineers [26–28]. Ants make up a large part of the insect biomass and can play
multiple ecological roles such as predators, soil engineers, nutrient cyclers and regula-
tors of plant growth and reproduction [29–32], thus shaping both in-ground and above-
ground trophic webs. In these northern forests, ants play a crucial role in arthropod
communities [33,34] and nutrient fluxes [32,35]. The social organization of ant colonies
means they can respond rapidly and dramatically to changes in the environment, and
hence can mediate ecosystem effects of disturbance [36].

The prey availability for ants can increase with defoliator outbreaks, both directly due
to the presence of caterpillars and indirectly due to the stimulation of brown food webs.
Indeed, soil detrivores and fungivores respond to an increase in microbial biomass and
activity induced by high-quality inputs, leading to increased soil respiration and nutrient
cycling, especially if the nutrient inputs are sustained for a few years [5,37–40]. Many
of these soil microarthropods, such as collembola, acarina and isopoda, can be prey for
ants [41,42], but this is not the only way in which changes in brown food webs can influence
ants. Indeed, ants are deeply interconnected with boreal and temperate forest trophic
webs [33,34], but their responses to changes in these communities are not well understood.
For instance, increases in other arthropod predators could constrain ant responses. Ants
are well-understood to exert significant predation pressure on forest defoliators [43–46].
However, the reverse, namely the effects of outbreaks on ant communities, has received
less attention. Considering the keystone role of ants, this knowledge gap constrains our
understanding of the cascading effects of defoliator outbreaks.

The impacts of forest canopy opening on ants have mostly been studied through
the effects of forest management [47–50]. Multiple studies have shown an increase in
ant abundance and diversity with moderate management intensity, where there is some
increase in clearing area, canopy opening and edges [49,51,52]. The main driver appears
to be a change in the microclimate on the forest floor that results from canopy opening.
Grevé et al. [53] found that forest management (with a moderate proportion of harvested
tree volume and even-aged stands) increases abundance, species richness and functional
diversity in ant communities in temperate forests, and that this was due to reduced canopy
cover and stand structural complexity. They also found that shade-intolerant ant species
(pioneer or gap species needing environments with high availability of light to establish
and grow [54]) were more likely to be favored, and that this was likely due to warm
conditions in the stands. In Japanese temperate forests, both open habitat specialists and
generalists were abundant in managed forests, but shade-tolerant species (persistent or
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mature forest species, able to thrive in shaded environments [54]) declined [48,55]. In boreal
forests, similar trends have been observed in Europe [51,56]. In general, open habitats in
temperate and boreal forests seem to have positive effects on ant diversity and abundance.
A decrease in shade-tolerant ant species was especially correlated with lower canopy
coverage in European studies [51,56,57]. The forest tent caterpillar (Malacosoma disstria
Hübner, 1820) is an important forest defoliator of hardwoods across much of North America.
Outbreaks usually last 3–5 years and, while they slow the growth of host trees, seldom lead
to widespread tree death [58]. Defoliation during forest tent caterpillar outbreaks increases
canopy openness, leading to an increase in sun exposure to the forest floor, resulting in
higher soil temperatures, drier soil, and an increased growth of saplings and understory
plants [59]. Similar canopy opening has been shown to increase ant abundance and species
richness in managed or recovering forests [49,51].

However, insect outbreaks, unlike most forest management practices, also involve an
increase in prey abundance for ants, both directly from the outbreaking caterpillars and
indirectly via the stimulation of brown food webs. Indeed, ants are common predators
of caterpillars [60], and have been shown to have substantial impacts on the abundance
of caterpillars [43,61,62] and other leaf-chewing herbivores [63]. Ant predation has been
suggested to show a density-dependent response to caterpillar availability, increasing
during an outbreak and playing a role in controlling the outbreak [64,65]. Ants could
alter trophic cascades by lowering herbivory damage [66–68]. While thinking of trophic
cascades, it is also important to consider that ants prey on soil micro-organisms, such
as springtails as well, with certain groups such as the ground-dwelling Dacetini being
specialized predators [69], thus acting on different parts of the food web associated with
caterpillar outbreaks.

In this study, we investigated the dynamics between ant communities and defoliation
at the ecosystem level, in both a boreal and a temperate forest. Specifically, we evaluated the
effects of a forest tent caterpillar outbreak on ant communities, examining drivers that are
related to both environmental conditions on the forest floor and changes in soil arthropod
communities. We hypothesized that canopy opening, the presence of high numbers of
caterpillars, and an increase in soil arthropods driven by nutrient inputs, will lead to
higher ant species diversity. Increased energy and nutrient flow, combined with increased
heterogeneity of the forest floor was predicted to open niches, thus promoting higher ant
diversity. In terms of evenness, there are two possibilities: either many species are favored,
thus leading to a more homogenous community (higher evenness), or only a few species can
take advantage of novel conditions, thus leading to a more heterogenous community (lower
evenness). We also examined associations of the ant species with control or outbreak sites.
Finally, we evaluated the role of three potential drivers related to outbreaks that could affect
ant populations, namely canopy opening, increased soil microarthropod populations (using
collembola as a representative group), and changes in soil arthropod predator populations.

2. Materials and Methods
2.1. Study Area and Experimental Design

This study was conducted in two forest stands that were both affected by the most
recent FTC outbreak. In both regions, an FTC outbreak was detected in 2016 [70] and
continued in 2017 [71], but no defoliation was observed in 2018 or 2019.

The Forêt d’enseignement et de recherche du lac Duparquet (FERLD; N48.513, W79.369)
is within the boreal mixed-wood forests of eastern Canada, in post-fire (1923) regenerated
stands dominated by trembling aspen (Populus tremuloides Michx, 1803). The forest was
mostly made up of mature trees reaching 10–15 m and some saplings between 1–3 m.
Due to the vertical structure of aspens (very few branches until the canopy), the trees
are closer together, and thus at a relatively high density. The climate is cold-temperate,
with a (1961–1990) mean annual temperature of 0.9 ◦C and mean annual precipitation
of 642 mm of rain and 215 mm of snow. Fire drives the disturbance regime, and large
even-age trembling aspen stands arise from post-fire regeneration [72]. The soils are Grey
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Luvisols [73] originating from glaciolacustrine clay deposits [74]. The region was affected
by an FTC outbreak for 3 years, starting in 2015 [75] and continuing in 2016 and 2017 [70,71].
No FTC defoliation was observed in either 2018 or 2019 [76]. Spruce budworm [77] attack
the conifers in the area, and the birch tubemaker and the lesser-eyed sallow [78] can also
attack deciduous trees in this forest, both through defoliation.

The Kenauk Nature Reserve (N45.712, W74.887) is within a temperate deciduous
forest composed of stands dominated by sugar maple (Acer saccharum Marsh, 1785) and
American beech (Fagus grandifolia Ehrh, 1787). The forest was mostly made up of mature
trees reaching 10–15 m and several saplings between 1–3 m. Since maple trees tend to have
branches along the trees, the density was slightly lower than for aspen forests due to more
shade. The climate is cold-temperate, with a mean annual temperature of 5 ◦C, and has a
mean total annual rainfall of 807.4 mm and a total annual snowfall of 178.1 cm [79]. The
disturbance regime is driven by a mix of insect pests, mostly defoliators such as the forest
tent caterpillar, and more recently, the spongy moth, as well as weather events. The soils in
the study area are classified as Dystric Brunisols with a moder-type humus [73,80].

2.2. Experimental Design

In the boreal forest, we selected 28 sites in trembling aspen-dominated stands (generally
over 50% of aspen and where other trees were conifers), including 14 that were heavily
defoliated in 2016–2017 (outbreak sites), and 14 control sites. This variable will be referred to
as defoliation history for the rest of the study. The sites were classified using both data from
the MFFP reports cited previously, as well as from on-site observations from other researchers.
As both sampled sites are part of research institutes and have had different projects involved
with forest and insect monitoring over the years, we used the resources they provided to
choose the different sites. During sampling, we also selected 20 trees at random within 20 m
of the focal tree, and sampled for wild colonies to confirm the state of the sites.

In the temperate forest, twelve (12) sites in sugar maple stands that were heavily
defoliated in 2016 and 2017 (outbreak sites), and 12 control sites in similar age stands
having escaped defoliation were sampled in 2018 and 2019. In both cases, each site was
characterized by a focal tree around which we sampled the arthropod fauna. The arthropod
sampling was conducted within 5 m of the focal tree at each site. We sampled all sites,
2 times per field season, over two years. We then pooled the traps, sampling period and
year for each site.

2.3. Environmental Variables

To confirm the defoliation history of control and outbreak sites, we examined twenty
saplings of the respective focus tree species in each region, between 1 and 3 m tall in a
100 m radius around the focal tree, for forest tent caterpillar colonies in 2017, 2018 and 2019.
At each site, we also measured canopy openness using a densiometer in 2018 and 2019
(every two weeks during the months of May, June and July), and used an average of four
measurements taken on the densiometer, as per the methodology recommended with the
tool. We then averaged the four measurements taken at the same sites since the bud burst,
and averaged the measurements per site taken during the different periods. Unfortunately,
the 2017 data used in this study came from the dataset of a previous student, and did not
contain the canopy data.

2.4. Ant Survey

The ants were sampled in control stands at FERLD in 2016 by Despland and Lessard [65],
and these data were only included in the species list (Table S1). Since the sampling method
was quite different from the ones used the following year, we could not use these data in
the analysis; however, they helped us obtain a snapshot of the ant fauna. Standardized
ant sampling in control and outbreak sites was conducted in 2017–2019 at FERLD, and in
2018–2019 at Kenauk.
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At each site, five pitfall traps, 50 mm in diameter filled with propylene glycol and one
drop of both ethanol and unscented liquid soap, were set in the ground for 48 h [81]. Pitfall
traps in cold temperate climates usually attract bigger ants, but are readily used to sample
ants of most functional groups [82]. Pitfall traps were positioned in a radius around the
focal tree, 5 m from one another. The process was only repeated two times, once in late
May and once in late June, to coincide with the period during which FTC is most active.
Note that ants are not very active in May, but late June is near the peak activity period.

All of the ants sampled in the pitfall traps were identified to species level and con-
firmed by Dr. André Francoeur [83,84]. Morphospecies were used for the specimens that
were either too deteriorated or could not be identified using taxonomic keys. Ant abun-
dance was transformed to presence–absence data to account for bias that could come from
nest proximity. Ant occurrence was evaluated as the number of traps in which a given
species of ant was collected.

For further analyses, we pooled data from all of the traps at each site. We calculated
ant species richness as the number of ant species found per plot.

2.5. Survey of Other Arthropods

We collected collembolas to use them as a proxy of other potential food resources for
ants beyond the FTC larvae. Collembolas were sampled as well in a subset (N = 8) of out-
break and control sites. The samples were taken within a diameter of 1 m around the focal
tree. At each tree, two replicates of litter were taken within a 20 × 20 cm quadrant, two soil
samples from 0–5 cm and two samples from 5–10 cm, using a 5 cm corer. The two replicates
for each sampling type were combined and conserved at 4 ◦C, and extracted less than 48 h
after collecting in the laboratory. The soil fauna was extracted using Berlese–Tullgren extrac-
tors running for 7 days, with temperatures gradually increasing from 20 ◦C to 50 ◦C. The
specimens were conserved in 70% ethanol and sorted to separate collembolas from other
soil organisms. Collembolas were prepared and identified using published keys [85–88], as
well as collembola.org and ecotaxonomy.org. The specimens were identified to the lowest
taxonomic level, if possible, but were at least identified to family. The specimens were also
grouped into morphospecies for hard-to-identify species [89].

Additionally, all other potential predators and/or parasitoids found in the pitfall traps
were counted, such as spiders, wasps, beetles and stinkbugs, that have been previously
defined as predators and/or parasitoids of the forest tent caterpillar [90–94], and the total
predator abundance was included in statistical analyses.

2.6. Statistical Analysis

An ANOVA was performed to evaluate the effect of defoliation history (independent
variable) on ant species richness and evenness (dependent variables). All of the years were
pooled together in each region (2017–2019 for the boreal forest and 2018–2019 for the temperate
forest) in all analyses, since a preliminary analysis showed no effect or interaction of year.

To investigate the differences in community composition between sites with different
defoliation histories, we calculated a dissimilarity matrix based on the Sørensen dissimilar-
ity index [95,96]. This index was used for the community analysis (for both ordination and
beta diversity analyses) because it is one of the widely used indices for presence–absence
datasets, and examines the number of species shared by two sites and the number of species
unique to each. The maximum and minimum values of Sørensen are 0 (the same species
composition) and 1 (no shared species). We used nonparametric multidimensional scaling
(NMDS) plots, via the metaMDS function in the vegan package for R [97], to visualize
the dissimilarity matrices. Then, we tested the differences in the taxonomic position of
the community centroids (multivariate location) between defoliation histories using ‘Per-
mutational Multivariate Analysis of Variance’ (PERMANOVA), the adonis2 function in
the vegan package, with 999 permutations. These vectors of our chosen variables (defo-
liation history, canopy openness, predator abundance, prey abundance and prey species
richness) were tested for significant effects in shaping the observed ant communities. Since
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we could not use AICs or similar methods for model selection with PERMANOVAs, we
retained variables that had an R2 of more than 0.02 when conducting a PERMANOVA in
our analysis.

To further explore the community changes due to the different regimes of defoliation,
we performed an indicator species analysis [98]. This method allows us to quantitatively
assess the association of specific species of ants to either of our two groups, in this case, the
control and outbreak sites. It assesses the predictive values of species as indicators of the
conditions prevailing under different defoliation regimes [99]. Component ‘A’ is a condi-
tional probability referring to the positive predictive value of the species as an indicator of
the defoliation history. Component ‘B’ is another conditional probability referring to the
probability of finding a species in sites experiencing the defoliation history. Both compo-
nents vary from 0 to 1 [98]. All of the analyses were carried out using R version 4.2.0 [100].

3. Results

We collected and identified a total of 2944 individual worker ants belonging to
54 species and morphospecies from 3 subfamilies and 10 genera across our 28 sites in
the boreal forest and 24 sites in the temperate forest.

Ants were not present in all pitfall traps, even though other arthropods were collected.
From the sites sampled in the boreal forest, we were able to collect ants from 100% of
the control sites and 92% of the outbreak sites. In the temperate forest, we collected
ants from 83% of the control sites and 50% of the outbreak sites. Species accumulation
curves validated our experimental design in terms of species sampling for both defoliation
histories and both regions.

Forest tent caterpillar colonies were observed in 2017 in the outbreak sites (3.36 ± 1.86
(mean ± SD) colonies of 20 saplings) but not in the control sites, and none were observed at
all in 2018 and 2019 in the boreal forest. In the temperate forest, we observed colonies both
in the outbreak sites (5.5 ± 2.85 (mean ± SD) colonies of 20 saplings) and in the control
sites (4.01 ± 2.50 (mean ± SD) colonies of 20 saplings).

3.1. Species Richness and Evenness

Three species were shared between the two regions. We found a total of 30 species in
the boreal forest sites, with the species occurring most often being Camponotus novaeboracen-
sis (Fitch, 1855) (23% of traps), Myrmica alaskensis (Wheeler, 1917) and Formica subaenescens
(Emery 1893). In the temperate forest sites, we found a total of 18 species, with the species
occurring most often being Aphaenogaster picea (Wheeler, 1908) (25% of traps), Lasius ameri-
canus (Emery 1893) and Stenamma diecki (Emery 1895). Many rare species, with only one
occurrence, were observed.

In the boreal forest, we observed significantly lower species richness (df =1, F = 9.901,
p = 0.003) and significantly higher evenness in the outbreak than in the control sites (df = 1,
F = 8.667, p = 0.005). We identified similar trends in the temperate forest sites; however, the
high proportion of traps that did not collect ants (90%) reduced the sample size and, hence,
the power of the analyses. At least one trap per site had ants; therefore, when pooled, we
had ants in 83% of the outbreak sites and 50% of the control sites. The species richness
did not differ between the control and outbreak sites (df = 1, F = 1.53, p = 0.234), but the
evenness was significantly higher in the outbreak sites (df = 1, F = 5.008, p = 0.056, residuals
df = 47, residuals F = 0.008) (Figure 1).
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Figure 1. Species richness and evenness. The two panels on the right (b) refer to the boreal forest
data, while the two left panels (a) refer to the temperate forest data. Box plots represent data from
pitfall traps only, and from a subset of years for the boreal forest samples (2017–2018) to limit the
variation in sampling method from 2016 and 2019, respectively. In the box plots, the lower boundary
of the box indicates the 25th percentile, the bold line within the box marks the median, and the upper
boundary of the box indicates the 75th percentile. The whiskers indicate the 10th and 90th percentiles.
Dots are outliers (>Q3 + 1.5 × interquartile range).

3.2. Species Composition
Ordination

In the boreal forest sites, the species composition varied significantly between control
and outbreak sites (F = 5.391, p = 0.002, R2 = 0.091 df = 1) (Figure 2; Table 1). Canopy open-
ness, collembola abundance and diversity all aligned with defoliation, showing that they all
increased with increased defoliation, but did not contribute significantly to predicting ant
communities. Predators also increased with defoliation, and were significantly associated
with changes in the ant community.

In the temperate forest, on the other hand, while the control and outbreak sites tended
to cluster away from each other (Figure 2), this clustering was not significant. Additionally,
no other factors included in the analysis showed any significant effect on ant community
composition (Table 1).

Table 1. Summary of statistics for PERMANOVAs of the effect of defoliation history on taxonomic
compositional turnover of ant communities. Significant values (p < 0.05) are highlighted in bold.

Boreal Forest Temperate Forest

df F R2 p-Value df F R2 p-Value
Defoliation history 1 5.3914 0.09096 0.002 Defoliation history 1 1.4536 0.10198 0.249
Canopy openness 1 0.9813 0.01656 0.434 Canopy openness 1 0.3802 0.02667 0.830

Predators 1 4.0690 0.06865 0.004 Predators 1 0.7809 0.05478 0.567
Collembola
(abundance) 1 0.5300 0.00894 0.764 Collembola

(abundance) 1 1.6389 0.11498 0.181

Collembola
(species richness) 1 1.2997 0.02193 0.283

Residuals 47 0.79296 14 0.70158
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3.3. Beta Diversity

The taxonomic multivariate dispersion (i.e., homogenization) did not differ signifi-
cantly between defoliation histories in the boreal forest (F = 1.021, df = 1, p = 0.27), but did
in the temperate forest (F = 7.60, df = 1, p = 0.01) (Figure 3). However, it is important to note
that homogenization was quite low (i.e., beta diversity is high) for all of our sites, since the
distance to the centroid was high above the null expectation.
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3.4. Indicator Species

The indicator value (IndVal) index measures the association between a species and a
site group, in our case, the defoliation history. Out of the 30 species found in the selected
sites in the boreal forest, 26% (5 species) were significantly associated with one group,
with 4 represented the control sites and 1 represented the outbreak sites (Table 2); another
4 species were found to be as likely to occur in both groups.

Table 2. Indicator species analysis for the boreal forest data only at alpha = 0.05. The “Indicator value
index” measures the association between a species and a site group. “A” is the positive predictive
value of the species as an indicator of the site group, and “B” is the sensitivity of the species as an
indicator of the target site group.

Groups Species A B IVI * p-Value

Control Camponotus herculeanus 0.7812 0.5714 0.668 0.002
Myrmica sp1 0.9146 0.4286 0.626 0.003

Myrmica detritinodis 0.8893 0.3214 0.535 0.011
Formica sp1 1.0000 0.2857 0.535 0.004

Outbreak Formica integra 1.0 0.2 0.447 0.024
* Indicator value index.

In the temperate forest, however, we found no significant pattern of association with
the defoliation history groups. Out of the 15 species found in the selected sites in the
temperate forest, 4 species were as likely to occur in both groups, but even for others
showing a preference for one of the two groups, none was strong enough to be considered
as an indicator.

4. Discussion

Contrary to our hypothesis that disturbance would increase the diversity present at
defoliated sites by creating new ecological niches, the sites where the outbreak occurred did
not contain a more diverse ant community. In the boreal forest, defoliation slightly lowered
the ant alpha diversity, but did not alter the beta diversity or the proportion of singletons.
The increase in evenness was due to no species being overwhelmingly dominant. The only
significant trend identified in the temperate forest was a decrease in the beta diversity with
defoliation. In the boreal forest, observed changes in ant communities were not significantly
linked to changes in canopy openness, prey abundance or diversity, but did correlate with
an overall increase in predator abundance in the defoliated sites. In the boreal forest, four
ant species were identified as indicators of the control sites, and one as an indicator of the
outbreak sites.

4.1. Ant Community Responses to Disturbance

In both the temperate and boreal forests, the sites that had experienced defoliation due
to an outbreak were more even and less species-rich than the control sites; however, this
effect only attained statistical significance in the boreal forest. Disturbances generally have
a greater impact on arthropod communities in structurally simple habitats than in complex
ones [101,102]. In our case, the intensity of the disturbance, referred to the intensity of
defoliation as measured by the MFFP protocol of outbreak detection and damages where
stands are categorized with light (defoliation on only the top of the canopy in some trees),
was moderate (defoliation on the top 2/3 in most of the trees) and severe (defoliation on
most of the branches in most of the trees) [70].

Ants are typically impacted indirectly by disturbances through effects on habitat
structure, microclimate, resource availability and competitive interactions [103–110]. In our
study, we knew (Lafleur, pers. obs. (boreal) and Nowell, pers. obs. (temperate)) that there
was a large amount of light reaching the understory during the outbreak, therefore creating
a disturbance in the light regime. Outbreaks of species such as the FTC are what could be
considered a moderate chronic disturbance [111], meaning that an outbreak event in itself
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causes moderate damage in an area; this is because leaves can reflush during the summer
and that the epidemic cycle is relatively short (10 years), in contrast to the timescale on
which a forest operates. However, since these outbreaks are not static geographically nor
transient in time [112], the impacts may be less dramatic, especially since impacts on ant
communities are mostly driven by long-term disturbance regimes [110,113–116]. While FTC
outbreaks are part of this disturbance regime and can alter forest succession in the boreal
forest [59], they are relatively short-lived compared to those of the spruce budworm [117].

Research suggests that ant foraging in temperate regions is sensitive to sun exposure
on the forest floor [1]. This influence on foraging could then translate to changes in
communities, as foraging and competition are some of the main drivers of community
assemblage [65,118]. Canopy openness was higher in defoliated sites, but it was not a
significant contributor to predicting the ant communities in our study, suggesting that the
observed canopy opening was not significant enough to directly affect the ant communities.
However, it is important to mention that we did not have the canopy openness data for the
years of the outbreak; thus, this measure relates to the canopy 1- and 2 years post-outbreak.
Additionally, aspens and maples have the capacity to reflush during the same summer;
hence, we qualified the long-term loss of canopy as being due to defoliation events. In the
boreal region, rarer shade species, however, were excluded from the outbreak sites and
replaced with more common species. Therefore, while canopy openness was not retained
as an indicator in our model, we nonetheless saw a change in the community that was
consistent with a role for opening. Our study system, therefore, resembled uneven-aged
forest management with a strong vertical structure and small gaps that closed quickly.
These small gaps were less favorable to shade-intolerant ants than large open areas created
by forest harvesting.

4.2. Indicator Species

Taxa that favor open habitats, such as the generalist Myrmicinae, usually do well
in disturbed habitats; groups that favor closed habitats, such as specialist predators, are
often at a disadvantage [25,119–121]. In our study, the species that were only present in the
outbreak sites are known from the literature to be associated with more open habitats such
as managed forests, bogs and open areas [122–127].

In the boreal forest, Camponotus novaeboracensis was the species that occurred most
often in both the control and defoliated stands. C. novaeboracensis is a behaviorally dominant
ant [128], and has been observed to successfully attack forest tent caterpillars during the
outbreak preceding our study [65]. However, our results did not show this species becoming
more dominant in the outbreak sites.

The main species that were retained as indicators of control sites in the boreal for-
est were Camponotus herculeanus (Linnaeus, 1758) and Myrmica detritinodis (Emery, 1921).
C. herculeanus is a very common species in boreal forests [129,130]. M. detritinodis is clas-
sified as a shade species that prefers shelter under moss and lichens, preferably in high-
moisture conditions [131]. It was expected to prefer a high canopy cover. C. herculeanus
was more surprising, since it was seen to be previously associated with either closed or
open habitats [129,130]. In our system, we concluded that they may be more associated
with closed habitats, but this may depend on other environmental characteristics.

One species that was associated with the outbreak sites is Formica integra (Nylander,
1856), but limited resources are available on their ecology due to their low occurrences.
However, they are part of the Formica rufa group (Red wood ants), whose ecology at large
has been well-studied in European boreal and temperate forests. In particular, red wood
ants feed on invertebrate prey from both the canopy and forest floor [28,31,132], and have
been suggested to have the potential to control outbreaks of insect pests [133]. They also
build large mounds on the forest floor for their nests. The distribution of these mounds is
governed by multiple factors (climate, ecosystem productivity, food resources) [134,135],
but light availability stood out as the most important factor [136], signifying the importance
of canopy openness. In our study, their increase in the outbreak sites suggests that this ant
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species is uniquely positioned to benefit from a short-term canopy opening and resource
pulse associated with a defoliator outbreak to carry it over temporally.

Since these mounds concentrate nutrients and can affect the biotic and abiotic com-
ponents of the surrounding forest, they can increase the presence of associated species
(e.g., spiders, beetles and millipedes) living near them, such as parasites, predators and
scavengers, as they provide a stable habitat with consistently higher temperatures than the
rest of the environment [137].

Formica and other Camponotus species have been observed to attack other Lepi-
dopterans in eastern Canada [65]. While studying ants’ predation of the spongy moth,
Weseloh [138] found that both Formica and Camponotus spp. workers attacked caterpillars,
especially at the first instar, and this decreased as the larvae grew. Thus, the use of forest
tent caterpillars as prey could contribute to populations of F. integra and C. novaeboracensis
in outbreak sites.

In the temperate forest, the species that occurred most were smaller-bodied ants from
the Aphaenogaster and Lasius genera. However, no species were found to be indicators
of either the control or outbreak sites. Aphaenogaster species from the species complex
A. picea are omnivorous feeders, and generally feed on small invertebrates as well as
some mushrooms [139]. Lasius americanus is omnivorous and feeds on seeds as well
as live and dead insects [84]. Both the Aphaenogaster and Lasius genera were widely
distributed in the sites studied, but their distribution did not appear to be influenced by
a history of defoliation.

4.3. Prey, Predators, and Outbreaks

The results from Grevé et al. [53] support our finding that overall prey abundance
did not influence ant species composition through increased food resources. However,
our results show a positive relationship between ants and other predators in the boreal
forests; the basis for this relationship is not clear. These arthropods could be responding to
disturbance, similarly to ants, but without any direct trophic interactions between them [53].
Generalist predators tend to increase slowly in response to increased prey availability dur-
ing a caterpillar outbreak, thus showing up as delayed density-dependent scenarios [140].
Thus, high numbers can be maintained in the year following an outbreak crash [141,142].

Previous research also confirmed that increased prey abundance does not drive ant
community responses to disturbance [53], and that ants do not respond to resource pulses
of arthropod prey [143]. Resource pulses tend to satiate predators and aboveground
consumers [144–146]. This pulse can also lead to changes in both the structure and dynamics
of communities [147] This phenomenon is particularly present in boreal forest communities
that are affected by outbreaks of the spruce budworm. This outbreak and the resulting pulse
increase the relative abundance of mobile predators and parasitoids [148]. It is, however,
important to note that spruce budworm outbreaks, such as the ones in the cited studies,
last much longer than the FTC. Therefore, it is not surprising that the effects are larger.
The decrease in ant diversity at the outbreak sites did correlate with an increase in other
arthropod predators, suggesting that these predators may have been more effective than
ants in responding to the prey pulse generated by the insect outbreak [53]. This trend may
have emphasized an indirect effect of other predators on the ant population, but this was
not directly studied.

5. Conclusions

Changes in the ant community were only observed in the boreal forest sites. Indeed,
less ecologically complex ecosystems are often less resilient to disturbances such as FTC
defoliation [53]. In the boreal forest, the ant community composition did differ depending
on the defoliation history, albeit with the opposite effect that we expected, with lower
species richness and no clear association with either increased sunlight or prey availability.
The increase in other potential predators of the FTC showed a path toward the hypothesis
of the resource pulse, since this functional group also increased with defoliation. The
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effect of resource addition to ants and other predators could provide us with a better
understanding of the large disturbance event that are insect outbreaks. Further research
exploring microclimatic changes and resources related to FTC outbreaks and ants is needed,
in order to decipher the mechanisms at play. More natural history knowledge for specific
ant species is also needed to be able to make light of these mechanisms. Additionally, as
mentioned by Kristensen, Rousk and Metcalfe [149], finding a distinction between low-
intensity chronic herbivory and intense pulses such as those present during outbreaks in
similar systems would be beneficial in deciphering the underlying mechanisms leading to
changes in food webs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14061147/s1, Table S1: Species list and occurrence in traps of
ants in the boreal forest sites along with functional traits and shade-tolerance; Table S2: Species list
and occurrence in traps of ants in the temperate forest sites along with functional traits and shade
tolerance; Table S3: Potential predator abundance. Collected from pitfall traps. References [150–152]
are cited in the supplementary materials.
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