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Social life is usually associated with enhanced propagule pressure, which increases
the chance of introducing several individuals during a single introduction event. Social
insects are therefore among the most successful invasive species, benefiting from rapid
establishment and increased foundation success in new habitats. In termites, propagule
pressure may also be increased by the development of reproductive individuals from
a small group of foraging workers. This suggests that enhanced exploration activity
may increase propagule pressure through an elevated chance of transporting isolated
groups of foragers. Here, we analyzed the exploration behavior of three termite species
of the Reticulitermes genus, comparing the invasive species Reticulitermes flavipes
(testing both native and introduced populations) to the native species Reticulitermes
grassei and Reticulitermes lucifugus. Different features representative of the exploration
capacity were measured during 48 h, including: the number of tunnels, the length of
tunnels, the number of foragers, and the interindividual distance of foragers in a straight
line or through tunnels. Our results show that compared to the native Reticulitermes
species, R. flavipes foragers from both populations dug more tunnels with a longer total
length, and individuals were more spatially dispersed and covered a larger exploration
zone. These findings suggest that the enhanced exploration ability of R. flavipes
may have played a role in its invasion success, by increasing its propagule pressure
through a higher chance of human-mediated transport. In addition, the absence of
differences between the native and introduced populations of R. flavipes suggests that
the exploration behaviors facilitating the worldwide invasion of this species originated in
its native range.

Keywords: exploration behaviors, propagule pressure, termites, social insects, invasive species

INTRODUCTION

Biological invasions are a serious global environmental threat (Walther et al., 2009) and have
economic repercussions due to their impairment of ecosystem services and destruction of human
infrastructure (Scanes, 2018). The spread of an invasive species occurs in three stages: introduction
of propagules (i.e., small group of individuals), establishment, and proliferation (Allendorf and
Lundquist, 2003). An increased propagule pressure, which corresponds to larger propagule
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sizes (number of individuals involved in an invasion event)
and higher propagule numbers (number of release events),
impacts these three stages and is therefore a key element of
species invasiveness (Britton and Gozlan, 2013). Specific life
history traits (longevity, fecundity, or number of generations) can
increase invasiveness by not only accelerating the development
of introduced colonies (Lockwood et al., 2005; Fahrner
and Aukema, 2018), but also by enhancing the success of
dispersal events.

Social insects are among the most successful species at
invading new habitats, with 57% of invasive insects being social
(Bertelsmeier, 2021). The invasive success of Hymenoptera (ants,
bees, and wasps) and Isoptera (termites) is primarily attributed
to their social life, whereby the cooperation of many individuals
may buffer stressful environmental conditions in their novel
environment(s). Furthermore, social life may increase propagule
pressure by increasing the probability of introducing several
individuals during a single introduction event (Duncan et al.,
2014). In addition to social life, invaders can also exhibit specific
life history traits that increase their propagule pressure and
thus enhance their invasiveness (Chapman and Bourke, 2001;
Hanna et al., 2013; Evans, 2021; Eyer and Vargo, 2021). For
example, the presence of numerous queens per colony (i.e.,
polygyny) and colony foundation by fission increase propagule
pressure by increasing the foundation success of new colonies
(Yang et al., 2012), which results in lower dispersal costs (Rust
and Su, 2012; Hanna et al., 2013). In subterranean termites,
several biological factors are known to promote invasiveness.
First, these termite species nest in wood or soil, which are
globally traded materials. This feature increases the number of
propagules dispersed, as it favors their chance of being introduced
through unintended transport. The invasive success of many
termite species is also enhanced by the development of neotenic
reproductives from nymphs or workers, which can transform
a small group of workers into a viable propagule (Eyer and
Vargo, 2021). Both of these features increase their propagule
pressure, as every transported wood/soil material containing
a colony fragment may represent an invasive threat (Evans
et al., 2013). The development of numerous reproductives in
mature colonies also augments the reproductive capacity of
the colony (Perdereau et al., 2015). In subterranean termites,
colonies are often composed of multiple satellite nests and
feeding sites connected by underground tunnels. The large
number of workers per colony increases their capacity to exploit
food through tunneling [sometimes over 100 m (Dronnet et al.,
2005)]. In addition to representing a significant threat to human
infrastructure (Patel et al., 2020; Shults et al., 2021), high foraging
activity in hidden environments may enhance propagule pressure
through an elevated chance of accidentally transporting isolated
groups of workers. Notably, the ability of an invasive species
to associate itself with human activity and survive transport
may also favor the successful establishment of its propagules
(Su, 2013). Moreover, higher exploratory behavior may facilitate
discovery of favorable environment allowing to increase survival
success. Interestingly, a variation in foraging strategy is often
present between different species of the same genus (Mizumoto
et al., 2020), sometimes even between colonies of the same

species (Mizumoto and Matsuura, 2013). These variations in
foraging strategy may therefore differentially influence invasion
success. For example, in drywood termites of the Cryptotermes
genus, invasion proficiency is associated with the construction
of longer tunnels and a foraging preference for small pieces of
wood, which increases human-assisted dispersion (note that the
one-piece genus Cryptotermes could not be directly compared
to the multiple-piece genus Reticulitermes). Understanding the
mechanisms driving the exploration behaviors of different
termite species is therefore essential to better control their spread
and reduce the associated economic costs.

Among subterranean termites, the genus Reticulitermes is one
of the most costly pests, inflicting heavy damage upon wooden
structures worldwide (Vargo and Husseneder, 2009; Evans et al.,
2013; Buczkowski and Bertelsmeier, 2017). Reticulitermes flavipes
(Kollar, 1837) is well established in France, after it was introduced
from the eastern United States during the 18th century with the
expansion of trade shipment (Vargo and Husseneder, 2009; Evans
et al., 2013; Buczkowski and Bertelsmeier, 2017). Interestingly,
differences in colony structure have been observed between
native and introduced populations of this species. In the native
populations, most colonies are headed by a couple of primary
reproductives, whereas introduced colonies are several orders
of magnitude larger and composed of hundreds of neotenic
reproductives (Vargo and Husseneder, 2009; Baudouin et al.,
2017). In its introduced range, R. flavipes is present in several
urban areas, as well as in pine forests along the Atlantic
coast. Concerning Reticulitermes grassei (Clément, 1978) and
Reticulitermes lucifugus (Rossi, 1792), they are both considered as
native in Europe. Interestingly, most R. flavipes populations occur
in sympatry with R. grassei (Baudouin et al., 2018; Perdereau
et al., 2019). In these populations, R. flavipes is dominant and
outcompetes R. grassei, particularly in urban areas (Perdereau
et al., 2011), which could also enhance dispersion by increasing
chance of human mediated transport. Overall, the differences in
ecological dominance between the different species, together with
drastic changes in colony structure and colony size between the
native and invasive ranges of R. flavipes, suggest that these species
and populations potentially exhibit strong divergences in their
exploration behaviors after propagule introductions.

In this study, we aimed at determining whether invasiveness is
influenced by a shift in exploration behavior in the Reticulitermes
genus after introduction of a propagule in a new environment.
Using three species of this genus (R. flavipes, R. grassei,
and R. lucifugus), we determined whether small groups of
workers display differences in their exploration behaviors. These
small groups were composed of thirty workers – the initial
number of individuals required to form a viable propagule
(Pichon et al., 2007). Due to the previously observed variations
between species within this genus, we hypothesized that different
species of Reticulitermes exhibit differences in their exploration
behaviors. For the invasive species R. flavipes, we also compared
these behaviors between native and introduced populations.
We hypothesized that the changes in social organization
observed between native and invasive populations may underlie
differences in exploration behaviors between the two populations.
Finally, we predicted that the two populations of R. flavipes
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possess higher exploration efficiency compared to the two
native species (R. grassei and R. lucifugus), whereby high
foraging activity potentially drives invasive success via enhanced
propagule pressure.

MATERIALS AND METHODS

Study Species and Laboratory
Conditions
Fifty-three colonies of three different species of the Reticulitermes
genus were collected in the field. Two populations of R. flavipes
were collected in 2019, including sixteen colonies from Oléron
(Charente-Maritime, France) for the invasive French population
(called R. flavipes FR), and thirteen colonies from Lake Bryan
(TX, United States) for the native American population (called
R. flavipes US). Fourteen colonies of R. grassei were collected in
2019 from Oléron (Charente-Maritime, France), and ten colonies
of R. lucifugus were collected in 2020 from Sainte-Maxime (Var,
France). For each species, all colonies were sampled at least 300 m
apart to ensure that distinct colonies were collected (Perdereau
et al., 2010). Colonies were maintained under standard lab
conditions (26 ± 1◦C and >95% RH) within black individual
plastic boxes (Starpack) containing ultrapure paper (47 mm
diameters; Whatman, grade 42 Ashless), moistened sand, and
pine wood sawdust (Lucas et al., 2018).

Experimental Design
Behavioral observations were performed using a glass sheet
design (Brossette et al., 2017). A hole (15 mm diameter) was
drilled in the center of one of the two glass sheets to allow the
introduction of termites into the exploration area. A diamond
drill bit was used to drill the hole in the center to prevent the glass
from cracking. The two glass sheets (220 mm × 220 mm) were
separated by two spacers (100 mm × 10 mm × 1.4 mm) located
on each side, to obtain a 200 mm × 200 mm exploration area.
Sand was introduced between the two glass sheets and moistened
with Milli-Q water 24 h before the introduction of individuals,
and no food was added. One hour before observations, 30
workers were randomly selected per colony and placed in
plastic boxes (50 mm diameter; Starpack Cat#04913) containing
moistened pure cellulose paper (47 mm diameter; Whatman, GE
Healthcare). Individuals were sorted under CO2 then placed in
a 1.5 ml tube to facilitate their introduction into the arena. The
glass hole was plugged with plexiglass and covered with a glass
blade to prevent escape. Measurements were carried out for 48 h
using cameras (Basler acA1300 – 60gc) driven by the software
Labview (v16.0). Cameras were fixed to a rail above the arenas.
Pictures of the arena were taken at three observation times: 6,
24, and 48 h. For each species and population, five factors were
investigated: the number of tunnels (NT), the total length of the
tunnels, the number of foragers (NF) (individuals dispersed away
from the introduction area), and the shortest distances between
individuals (distance in a straight line and distance through
tunnels). Data were recorded and analyzed blindly regarding the
treatments (Penn and Frommen, 2010).

Spatial Data Analyses
The cartography of tunnels was analyzed using QGIS (v3.10.2).
Pictures of the two-glass systems for each time were implemented
as raster files. The RGF93/Lambert93 EPSG:2154 coordinate
system was derived to scale the pictures (Bech et al., 2017). The
spatial distribution was analyzed, using a point shape (on the
neck) to spot each forager (individual dispersed away from the
introduction area), as well as to calculate the shortest distance
between foragers. Tunnels were counted and drawn to obtain
an overall tunnel layout, thereby allowing the total length of
the tunnels to be summed. Distances between foragers through
tunnels were calculated using the previous tunnel layouts. Note
that termites could block unused tunnels; however, in our
analyses, such tunnels were not counted anymore. Therefore, the
total length of the tunnels could sometimes decrease over time.

Statistical Analyses
The number and the length of tunnels, the interindividual
distances (in a straight line and through tunnels) and the number
of foragers were analyzed using linear mixed models (LMM). To
fit with a normal distribution of residuals and homoscedasticity,
all variables were log (+1)-transformed except the number of
foragers. Two-way ANOVAs were performed for each variable
and the explanatory factors were the observation time and the
species. Colony IDs and observation times were used as random
factors. The models were first tested with interactions between
variables, which were removed when not significant (p > 0.05).
To analyze significance across the different species for each
observation time (if applicable) we performed Tukey’s HSD all-
pairwise comparisons tests.

Edge effects of the arena were tested by comparing colonies
with tunnels hitting the edges to colonies without tunnels hitting
the edges. Edge effects were calculated for the five variables and
for each species/population. We performed either a Student’s
t-test or Wilcoxon test depending on normality of the data. Data
which did not fit a normal distribution were the NT for R. flavipes
FR and R. lucifugus, as well as the NF for R. lucifugus.

At the end of the experiments, termites were extracted to
count the total number of alive individuals. No mortality effect
was found (all p > 0.20); with a mortality range between 0
and 5 individuals per colony (1.2 deads on average). Over the
53 tested colonies, 19 colonies showed no mortality and only 2
colonies showed 5 deads.

To infer the relationships between the five variables, we
conducted a Principal Component Analysis (PCA) for each
observation time. These analyses provided five orthogonal
principal components (PCs), out of which we retained the first
two PCs (total variances explained >83.9; Table 1). We extracted
loadings of each variable on the two PCs (Table 1) to analyze its
contribution to the overall PCA, and therefore to determine its
influence in driving the difference between species. We applied
Mardia’s principle, which states that a PC is loaded by a variable
when the value of the loading is higher than 0.8 (Mardia et al.,
1979). We then extracted projection values of colonies on the two
PCs of the PCA. These values were used as explanatory variables
in three linear models (one for each observation time), in which
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TABLE 1 | Loadings of each variable on the two principal components (PC1 and PC2) for each observation time (6, 24, and 48 h).

6 h 24 h 48 h

PC1 PC2 PC1 PC2 PC1 PC2

Number of tunnels (NT) 0.951 −0.184 0.833 −0.426 0.587 0.781

Tunnels length (TL) 0.978 −0.057 0.948 −0.105 0.917 0.116

Interindividual distance – straight lines (DL) 0.976 −0.084 0.958 0.057 0.945 −0.217

Interindividual distance – through tunnels (DT) 0.978 −0.089 0.965 −0.002 0.939 −0.174

Number of foragers (NF) 0.892 0.449 0.816 0.491 0.671 −0.291

Eigenvalues 4.563 0.254 4.108 0.437 3.418 0.795

Variance explained (%) 91.3 5.1 82.2 8.8 68.2 15.7

Cumulative variance explained (%) 91.3 96.4 82.2 91 68.2 83.9

Values showing significant differences between species are in bold. Eigenvalues and explained variances are also represented.

the species was entered as fixed factor. We conducted one-way
ANOVAs to compare PC values across species (one for each PC).
When applicable, pairwise comparisons between species were
tested using Tukey’s post-hoc tests.

All analyses and graphs were performed using the lme4
(Bates et al., 2015), car (Fox et al., 2013), emmeans (Lenth,
2020), FactoMineR (Lê et al., 2008), sciplot (Morales, 2017), and
factoextra (Kassambara and Mundt, 2020) packages in R v3.6.1.1

RESULTS

The five variables showed the same pattern (Figure 1). The
number of tunnels (ANOVA, F6,53 = 25.49, p < 0.001)
and the total length of the tunnels (ANOVA, F6,53 = 70.05,
p < 0.0001), the interindividual distances in a straight line
(ANOVA, F6,53 = 117.43, p < 0.0001) and through tunnels
(ANOVA, F6,53 = 45.26, p < 0.0001), and the number of
foragers (ANOVA, F6,53 = 28.05, p < 0.0001) were dependent
on the interaction between the species and the observation
time. No difference between species/populations were observed
at 48 h, regardless of the variable considered (Tukey’s multiple
comparisons test, all p > 0.0794).

The number of tunnels at 6 h was higher in the two
populations of R. flavipes than in R. grassei and R. lucifugus
(Tukey’s multiple comparisons test, all p < 0.024; Figure 1A).
But at 24 h, R. flavipes FR constructed more tunnels than only
R. lucifugus (Tukey’s multiple comparisons test, p = 0.004).
The total length of the tunnels at 6 h for R. flavipes FR and
R. flavipes US was higher than R. grassei and R. lucifugus
(Tukey’s multiple comparisons test, all p < 0.0001; Figure 1B).
But at 24 h, tunnels of R. flavipes FR and R. flavipes US were
longer than only R. lucifugus (Tukey’s multiple comparisons
test, all p < 0.042). Both interindividual distances were higher
for R. flavipes FR and R. flavipes US compared to R. grassei
and R. lucifugus, 6 h after introduction (in a straight line,
Tukey’s multiple comparisons test, all p < 0.0001; Figure 1C and
through tunnels, Tukey’s multiple comparisons test, all p < 0.01;
Figure 1D). However, no significant differences were observed
between species/populations after 24 or 48 h. At 6 and 24 h
(Figure 1E), the number of foragers was higher for R. flavipes

1www.r-project.org

FR compared to R. grassei (Tukey’s multiple comparisons test,
both p < 0.001) and R. lucifugus (Tukey’s multiple comparisons
test, both p < 0.038). The number of foragers for R. flavipes
US was significantly higher compared to R. grassei (Tukey’s
multiple comparisons test, both p < 0.023), but not compared to
R. lucifugus (Tukey’s multiple comparisons test, both p > 0.067)
at 6 or 24 h. No edge effect was found between species for the
five variables (all p > 0.067). Nevertheless, it must be noted
that colonies were rarely observed with tunnels hitting edges, as
only four colonies of R. flavipes FR, one colony of R. flavipes
US and three colonies of R. lucifugus made it to the edge (and
none for R. grassei). Overall, these results revealed a strong
difference in exploration strategies between the two populations
of R. flavipes and the two other Reticulitermes species at 6 h,
and that this difference subsequently faded over time (Figure 2).
Additionally, no difference was ever observed between the native
and invasive populations of R. flavipes, and no difference was
observed between the two non-invasive species, R. grassei and
R. lucifugus.

The differences in exploration behavior between species at
6 h were highlighted on the PCA, which segregated the two
populations of R. flavipes from the two other species. This
segregation mostly results from a difference between species on
the first component (PC1) (Figure 3A; ANOVA, F3,53 = 12.8,
p < 0.01), which explained 91.29% of the variation observed.
Consistent with our results above, significant differences were
observed between R. flavipes and the two non-invasive species,
while no difference was observed between the native and invasive
populations of R. flavipes, and no difference was observed
between R. grassei and R. lucifugus. At 6 h, PC1 was positively
loaded by all five variables (Table 1), which were all correlated
together, thereby reflecting the importance of all variables in
explaining the differences between species (Figure 3B and
Table 1; all the loadings >0.816). However, no difference between
species was observed at 6 h on PC2 (Figure 3A; ANOVA,
F3,53 = 1.27, p = 0.29) and no variable was loaded on PC2; but it
is important to note that this component only slightly explained
the observed variance (5.09%).

At 24 h, although the PCA only slightly segregated the
different species studied, PC1 was able to discriminate the two
populations of R. flavipes from R. lucifugus (Figure 3C, Tukey’s
multiple comparisons test, both p < 0.03), as well as R. flavipes
FR and R. grassei (Figure 3C; Tukey’s multiple comparisons
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FIGURE 1 | The five variables measured at 6, 24, and 48 h. Number of tunnels
(A), total length of the tunnels (B), distance between individuals in a straight
line (C), distance between individuals through tunnels (D), and number of
foragers (individuals dispersed away from the introduction area) (E). Significant
differences between species are indicated by different letters (p < 0.05).

test, p < 0.04). Similarly, PC1 was positively loaded by all five
variables (Table 1). Interestingly, PC2 significantly segregated
R. grassei and R. lucifugus. This difference primary stemmed
from the number of tunnels and the number of foragers, as
these variables were more loaded on PC2 (Figure 3D) than
the three other variables, despite their loading values being
lower than the threshold value of 0.8 (Table 1). At 24 h,
R. grassei was characterized by a higher NT, while R. lucifugus was
characterized by a higher NF.

At 48 h, the PCA was unable to discriminate the three species,
as all colonies studied randomly segregated along each axis,
regardless of their species or population of origin. Accordingly,
there was no difference between species/populations at 48 h on
PC1 (Figure 3E; ANOVA, F3,53 = 5.59, p = 0.35), which explained
most of the variance observed (68.24%). At 48 h, only the tunnel
length (TL) and the two interindividual distances (DL, DT) were
associated with PC1 (Figure 3F and Table 1; all the loadings
>0.917). Interestingly, PC2 at 48 h gave the same result as PC1
at 24 h, with it slightly segregating R. flavipes and the two non-
invasive species, despite only the difference between R. flavipes
FR and R. lucifugus being significant. Following Mardia’s principle
(Mardia et al., 1979), PC2 at 48 h was only marginally loaded by
the number of tunnels (Figure 3F; loadings = 0.781).

DISCUSSION

The three species of Reticulitermes studied exhibited differences
in their exploration behaviors for all five observed variables.
Six hours after introduction, the two populations of R. flavipes
(US and FR) showed a greater exploration ability compared
to R. grassei and R. lucifugus. Foragers of R. flavipes were
able to dig more tunnels with a longer total length, with
individuals being more spatially dispersed and covering a
larger exploration zone. Interestingly, the differences observed
between species at 6 h almost disappear at 24 h, and are
equal at 48 h, suggesting that R. flavipes more rapidly reaches
adequate gallery size. These findings suggest that the enhanced
exploration ability of R. flavipes may have played a role in its
invasion success. The rapid construction of long tunnels may
increase propagule pressure through a higher chance of human-
mediated transport. Surprisingly, both the native and invasive
population of R. flavipes have similar exploration capacities,
suggesting that these exploration behaviors likely originated in
its native range.

Both native and introduced populations of R. flavipes exhibit
high exploration abilities for all five variables. Similar, yet
different, tunneling patterns have been reported in invasive
subterranean termites of the Coptotermes genus (Mizumoto et al.,
2020). During experiments with food, Coptotermes formosanus
constructs a low number of long tunnels, while Coptotermes
gestroi constructs a high number of short tunnels (Grace
et al., 2004; Lee et al., 2007). Longer tunnels are potentially
associated with higher propagule pressure. This ability to colonize
many pieces of wood also increases the chance of human-
mediated transportation (Evans et al., 2011). Our data show
that both populations of R. flavipes are characterized by a high
number of long tunnels, 6 h after the introduction of foragers.
These traits could represent advantages in terms of exploration
capacities, food detection and foraging strategies, as described
in termites and ants (Traniello, 1989; Hölldobler and Wilson,
1990; Traniello and Leuthold, 2000). Interestingly, the differences
between species decrease over time and completely disappear at
48 h. The lack of differences between species at 48 h could be
explained by the reduced size of the arena. Other experiments
with similar two-dimension designs showed that the maximum
tunneling distances are dependent on the size of the arena
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FIGURE 2 | Summary of the differences between the three species, reflecting the variations in the five measured variables at 6, 24, and 48 h.

(Nobre et al., 2007; Li et al., 2010; Chouvenc et al., 2011), as well
as the group size (Su and Lee, 2009). However, our findings
reveal that R. flavipes reaches the maximum/adequate gallery size
faster than the two other Reticulitermes species, confirming the
superior exploration ability of this species. Additionally, in our
experimental design, colonies rarely built tunnels that met the
edge of the arena, even if we cannot exclude that they detected the
edges. Indeed, termites are able to use vibrational cues to estimate
the size of a piece of wood (Evans et al., 2005). Nevertheless,
removing the few colonies that hit the edge did not affect the
results for any of the five variables. Another factor influencing
foraging patterns is the caste ratio, since the presence of soldiers
increases the survival of workers by reducing the stress caused
by competitors (Tian et al., 2017). It could be interesting to test
the group size/composition effect on the exploration behaviors
in these different species, with a suitable design for a larger
number of individuals.

This higher short-term exploration capacity for R. flavipes
FR compared to R. grassei and R. lucifugus may also reflect
differences in their life history traits. Indeed, R. flavipes and
R. grassei are sympatric in the sampling area of the current
study (Oléron) where they display differences in their life history
traits. Both species exhibit extended families (i.e., the presence
of multiple neotenic reproductives), but they differ in traits
like parental care (Brossette et al., 2019), colony foundation
(Brossette et al., 2017) and aggressiveness (Perdereau et al., 2011;
Duarte et al., 2018). Feeding at multiple sites is a common
trait for R. flavipes, while less than half of the colonies of
R. grassei exhibit this trait in the studied population (Deheer et al.,
2005). Exploiting multiple feeding sites leads to an increase in
distance between individuals, as observed in R. flavipes in this
study. Moreover, in accordance with our findings, introduced
populations of R. flavipes have been previously found to inhabit
larger foraging areas (up to 90,000 m2) and to construct linear
foraging tunnels (sometimes up to 320 m) compared to R. grassei
(up to 70 m, respectively) (Deheer et al., 2005; Dronnet et al.,
2005). Overall, R. flavipes exhibits a higher survival rate, a
higher production of individuals, along with a higher total
number of individuals during colony foundation compared to
R. grassei (Brossette et al., 2017). Similar results have been
observed in the eastern United States where R. flavipes and
Reticulitermes virginicus are sympatric species. R. flavipes has

higher foraging activities and is now considered as invasive
in other United States locations, while R. virginicus remains
endemic to eastern United States (Pitts-Singer and Forschler,
2000; Janowiecki and Vargo, 2021). As shown here, R. flavipes also
possesses a higher short-term exploration rate compared to the
two native Reticulitermes species. Altogether, these results may
explain both the dominance of R. flavipes during interspecific
competition and its invasive success. For R. lucifugus, no study
has investigated its social structure or life history traits during
colony foundation. Our study represents the first report on the
exploration capacities of this understudied species despite its
large geographical distribution in Europe (Kutnik et al., 2020).
As shown in the results, differences between species are present
at different time points after propagule introduction.

The native United States and the invasive French populations
of R. flavipes exhibit similar exploration features, suggesting that
the introduction of this species did not alter its foraging strategy.
The establishment of an invasive species in a new environment
is often facilitated by certain biological traits. Sometimes, such
traits are already present in the native population and may
represent a pre-disposition to invasion, as was described in plants
for tetraploidy or biomass production (Henery et al., 2010; Van
Kleunen et al., 2011). On the other hand, introduced populations
sometimes exhibit post-introduction phenotypic changes in
morphology, behavior, and/or life history traits. Finally, in some
cases, successful invaders may simply occupy a vacant ecological
niche within their novel environment(s), without exhibiting
phenotypic changes when compared to native populations or
greater competitive ability compared to native species. Specific
traits favoring invasive success have also been described in social
insects (Eyer and Vargo, 2021). For example, the perennial colony
cycle and the low discrimination toward non-nestmates already
present in the native ranges of Vespula wasps may have facilitated
queen recruitment and the formation of highly polygyne nests
in their invasive ranges (Kasper et al., 2008; Hanna et al., 2013).
In the ant Brachyponera chinensis, the occurrence of highly
inbred colonies in native populations may have acted as a pre-
adaptive trait for invasiveness, mitigating the detrimental effect of
inbreeding that introduced colonies commonly experience after a
bottleneck event (Eyer et al., 2018). Here, the rapid and efficient
exploration strategy pre-existing in the United States population
of R. flavipes may have promoted its invasive success, by enabling
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FIGURE 3 | Principal component analysis (PCA) of the colonies of the different
species/populations at each observation time. PCA of the five variables and
the effect of species/populations on PC1 and PC2 at 6 h (A), 24 h (C), and
48 h (E). For each species/population, dots represent colonies and triangles
represent centroids. Significant differences between species are indicated by
different letters (p < 0.05). The two PC eigenvectors for the five variables at
6 h (B), 24 h (D), and 48 h (F). The x-axis represents principal component 1
(PC1) while the y-axis represents principal component 2 (PC2) of the PCAs.
NF, number of foragers; TL, tunnel length; DT, distance through tunnels; DL,
distance in a straight line; NT, number of tunnels. Note that colonies which did
not start digging, present identical PCA coordinates. It results in hidden points
in (A) (11, 7, 3, and 1 colonies for R. grassei, R. lucifugus, and R. flavipes FR
and R. flavipes US, respectively) and in (C) (1 colony for R. grassei and 3 for
R. lucifugus).

the development of spatially expansive colonies spreading across
multiple sites. In addition, it may favor invasiveness by increasing
its ecological dominance and monopolization of resources. In
its native range, R. flavipes exhibits a smaller foraging area (up
to 800 m2) and linear foraging tunnels (sometimes up to 76 m)
compared to the introduced population (Vargo and Husseneder,
2009). Finally, this feature may increase its propagule pressure,
by increasing the likelihood of human-mediated transport of
distinct colony fragments. Moreover, in the Reticulitermes genus,

workers are able to differentiate into neotenic reproductives
(Myles, 1999), meaning that every piece of transported wood
or soil with workers can become an independent functional
colony (Evans et al., 2013). Interestingly, a recent molecular
analysis suggests that extensive human-mediated jump dispersal
is common in both the native and introduced ranges of R. flavipes
(Eyer et al., 2021), which is consistent with the high exploration
abilities observed in both of its ranges here. However, the
widespread admixture within and across native and introduced
populations through repeated introductions and potential re-
invasion of the native range from the French population results
in a lack of differentiation between native and introduced
ranges (Eyer et al., 2021). It could therefore explain why no
differences in exploration strategy were observed between the two
tested populations of R. flavipes. Future experiments on different
populations of R. flavipes in the United States will enable the
investigation of possible adaptative traits favoring exploration to
different environments.

Overall, this study provides new knowledge to better
understand the establishment of R. flavipes in France, as well
as the exploration characteristics that favor its invasive success.
R. flavipes is prevalent in urban areas, while the two other
species are mostly present in non-anthropized environments
(Perdereau et al., 2019). Anthropized environments are subject
to drastic changes caused by human activities. The rapid
exploration of surrounding areas could represent a key factor in
the establishment of R. flavipes colonies, and therefore a major
advantage for its invasive success in urban areas. Our results
therefore emphasize the need for early detection to prevent
damages and to control expansion of R. flavipes. R. flavipes
exhibits enhanced colony foundation characteristics compared
to R. grassei, such as a significantly higher survival rate of alates
(adultoid reproductive) and a higher production of eggs, larvae
and workers (Brossette et al., 2017). Overall, our study highlights
the greater short-term exploration capacity of the invasive
species, R. flavipes, compared to the two other Reticulitermes
species studied. Together with its capacity for developing
numerous reproductives, reduced intraspecific aggression, rapid
colony foundation, and elevated interspecific competitive ability
(Perdereau et al., 2011; Brossette et al., 2017, 2019), this
enhanced exploration activity may promote its invasiveness.
Greater exploration activity not only increases species dominance
and facilitates the monopolization of resources, but also increases
propagule pressure, which is an essential component of dispersal.
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