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Colonies of social insects contain large amounts of resources often exploited by specialized social parasites. Although some ter-
mite species host numerous parasitic arthropod species, called termitophiles, others host none. The reason for this large variability
remains unknown. Here, we report that the evolution of termitophily in rove beetles is linked to termite nesting strategies. We
compared one-piece nesters, whose entire colony life is completed within a single wood piece, to foraging species, which exploit
multiple physically separated food sources. Our epidemiological model predicts that characteristics related to foraging (e.g., ex-
tended colony longevity and frequent interactions with other colonies) increase the probability of parasitism by termitophiles. We
tested our prediction using literature data. We found that foraging species are more likely to host termitophilous rove beetles than
one-piece nesters: 99.6% of known termitophilous species were associated with foraging termites, whereas 0.4% were associated
with one-piece nesters. Notably, the few one-piece nesting species hosting termitophiles were those having foraging potential
and access to soil. Our phylogenetic analyses confirmed that termitophily primarily evolved with foraging termites. These results
highlight that the evolution of complex termite societies fostered social parasitism, explaining why some species have more social
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parasites than others.
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Two social insect lineages, ants and termites, are among the
most abundant terrestrial animals in the world (Wilson 1971;
Tuma et al. 2020). They form social groups building nests, some
well-protected structures isolated from the outer environment
and containing abundant resources. A wide variety of arthropods
have independently evolved to be integrated into the nests of
social insects and exploit the resources they contain (Kistner
1982). These specialized social parasites are “guests,” distinct
from other forms of social parasites or kleptoparasites of social
insects by their high level of integration in the colony (Breed
et al. 2012; Breed 2020). They are called myrmecophiles (ant
as a host) or termitophiles (termite as a host) and perform a
large part of their life cycle within the nest of social insects and
have often developed convergent behavioral and morphological
adaptations (Kistner 1982; Parker 2016). The evolution of so-
cial parasitism did not occur randomly across the tree of life.

Some animal lineages evolved social parasitism more frequently
than others, presumably because their ancestors possessed
morphological and ecological preadaptations to successfully
invade social insect colonies (Parker 2016). Similarly, some
termite and ant species host numerous species of social parasites,
whereas the nests of others are free of any social parasites
(Kistner 1969; Fiedler 2001; Geiselhardt et al. 2007). Although
previous studies suggested that termite species with large
colonies are more likely to host social parasites (Wilson 1971;
Kistner 1979; Pdivinen et al. 2003), the other factors promoting
the evolution of social parasitism remain poorly understood.
Termites include more than 3000 described species (Krishna
et al. 2013) with variable social structures and abilities to build
nests (Emerson 1938; Chouvenc et al. 2021). The nest structure is
critical to the evolution of social parasitism because nests serve
as the habitat of termitophiles. Termite species can be assigned
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to one of three nesting types based on their food and nest re-
sources: one-piece nesters, multiple-piece nesters, and separate-
piece nesters (Abe 1987; Mizumoto and Bourguignon 2020).
One-piece nesters complete their colony life cycle within a single
piece of wood serving as nest and food resources. Multiple-piece
nesters expand their colonies across distinct wood pieces inter-
connected by a network of underground tunnels. And separate-
piece nesters build central nests, physically separated from their
food resources. Multiple-piece nesters and separate-piece nesters
are different from one-piece nesters in that they forage outside
their nest to find and exploit new resources (Korb 2008). Based
on this characteristic, we refer to species of multiple-piece nesters
and separate-piece nesters as “foraging species.” The colonies of
foraging species potentially have a longer life span than that of
one-piece nesting species because their nest longevity is not lim-
ited by the resources present in a single wood piece (Korb 2008),
providing a more stable environment for social parasites. Further-
more, the movements of termite colony members among physi-
cally separated nest/food sites are expected to increase the oppor-
tunity of infection. Thus, we predict an association between the
evolution of foraging species and termitophily.

The distinction between one-piece nesters and foragers is
blurred by the existence of species with intermediate nesting be-
haviors. Some species classified as one-piece nesters have the po-
tential to come out of their nesting piece of wood to colonize
neighboring wood items (Bourguignon et al. 2016; Mizumoto
and Bourguignon 2020) or to access soil particles as nutrient re-
sources (Mullins et al. 2021). All foraging species of termites
have access to soil (Chouvenc et al. 2021), providing additional
opportunities for termite colonies to be infected by termitophiles.
Notably, the few species of one-piece nesting termites hosting ter-
mitophilous species in their colonies are known to have access to
soil. We predict an association between access to soil in termites
and termitophily.

In this study, we focused on the evolution of termi-
tophily in the rove beetle subfamily Aleocharinae (Coleoptera,
Staphylinidae), which includes most termitophilous species
among arthropods (Seevers 1957; Kistner 1982). We used a
mathematical model to show that termite colony traits related to
nesting type, including colony longevity and foraging abilities,
affect the propensity of parasitization by termitophiles. Next,
we compiled literature information on 670 termitophilous rove
beetle species and their termite host species, which belonged
to a total of 265 termite genera. Using this dataset, we perform
phylogenetic comparative analyses and demonstrate that the evo-
lution of termite foraging is the precondition to the evolution of
termitophily.

Model

New termite colonies are usually established during the swarming
season by a pair of alate reproductives. Because termitophilous
rove beetles do not disperse with alate reproductives (Emerson
1955; Kistner 1969; Maruyama et al. 2012), they are transmitted
horizontally among colonies. Thus, newly established colonies
are free of termitophiles. Following these assumptions, the dy-
namics of susceptible colonies (S) and infected colonies (/) can
be described by the differential equations:

@ = —oSI+r (S+1)—rS. and

dl _ yq7 _
@ = A }"21,

where a is the colony’s infection rate, r; is the new colony foun-
dation rate, and r, is the colony death rate (Fig. 1a). These equa-
tions are identical to that of the susceptible-infected-susceptible
(SIS) epidemiological model, which describes the infection dy-
namics of diseases lacking immunity (Hethcote 1989). In stable
populations, colony foundation rate (r;) is balanced by colony
death rate (r,), and the two rates equate to colony replacement
rate (r), where r = r; = r,. As colonies are either susceptible
colonies (S) or infected colonies (1), S = 1 — I, the above equa-
tions can be written as

dl ( Y 2
— =(a—r)l—al".
dt

The solution to this equation is obtained as follows (Heth-
cote 1989):

tliml(t):O(ot <r,

. r
Iim/(t)=1——(a>r).
t—00 o

These equations indicate that the proportion of colonies in-
fected by termitophiles depends on the relationship between in-
fection rate (o) and colony replacement rate (r), as shown in
Figure lc.

As one-piece nesting termites complete their colony life cy-
cle within a single piece of dead wood, nest longevity partially
depends on wood reserves (Fig. 1b). The exhaustion of wood in-
duces the differentiation of individuals into alates attempting to
found new colonies (Korb and Lenz 2004; Korb 2008). In this
case, the colony replacement rate (r) is large and strongly linked
to the regeneration of dead wood resources. In addition, the in-
fection rate (o) is small in one-piece nesters as their colonies are
enclosed within single pieces of wood with few interactions with
the outside environment (Fig. 1b). On the other hand, the colony
longevity of foraging species is not limited by the exhaustion of
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Figure 1. Framework of a susceptible-infected-susceptible (SIS) model applied to social parasitism and termite nesting behavior. (a)

A simple epidemiological model for termitophile parasitization. Newly founded termite colonies are free of termitophiles, which are

acquired through horizontal transfers among colonies. At equilibrium, colony foundation rate rq equals colony dead rate r;. (b) The

two representative termite nesting behaviors, one-piece nesters and foraging termites. Foraging termites exploit multiple wood items

using a network of underground tunnels or aboveground shelter tubes. (c) The effect of infection rate and colony replacement rate on

termitophilous parasitization success.

nesting wood as they can exploit new wood pieces and construct
nests (Fig. 1b). As a result, their colony replacement rate (r) is
expected to be lower than that of one-piece nesters. Furthermore,
access to soil, foraging, and nest relocation events inevitably
involve interactions with the environment outside the colony,
leading to a larger infection rate (o) (Fig. 1b). Therefore, the eco-
logical characteristics linked to one-piece nesting strategies (large
r and small a) are not favorable to termitophilous rove beetles,
whereas foraging species (small r and large o) are more likely to
host social parasites (Fig. 1c).

Methods

DATA COLLECTION

We assembled a dataset comprising records for 670 species of
termitophilous Aleocharinae rove beetles associated with 265 ter-
mite genera. The dataset was derived from 77 published papers
(Data S1). We counted the number of described termitophilous
rove beetle species associated with each termite genus. In ad-
dition to literature data, we considered two undescribed species
of termitophilous rove beetles that we collected in the nests of
Apilitermes and Globitermes. These two termite genera were pre-
viously unknown to host termitophilous rove beetles. We ex-
cluded rove beetle species belonging to the subtribe Athetina
(tribe Athetini) and Myrmedoniina (tribe Lomechusini), as they
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generally live outside termite nests and are often generalist preda-
tors instead of specialized termitophilous beetles. We also ex-
cluded rove beetle species recorded as associated with more than
one termite genus. Termitophilous rove beetles generally have
species-specific relationships with their host termites (Kistner
1969), and multiple host records are likely accidental (e.g., col-
lection from logs inhabited by several termite species). The com-
plete list of termitophilous rove beetles and their termite hosts
used in this study is available in Data S2 and Data S3.

We classified termite genera into one-piece nesters and
foragers (multiple-piece nesters + separate-piece nesters) as
determined in Abe (1987). One-piece nesters include Zooter-
mopsis, all genera of Stolotermitidae, Stylotermitidae, and
Serritermitidae, almost all genera of Kalotermitidae, and the
rhinotermitids Prorhinotermes and Termitogeton (Mizumoto and
Bourguignon 2020). Foragers include Mastotermes, Hodoter-
mopsis, all Hodotermitidae, Paraneotermes, most genera of
Rhinotermitidae, and all genera of Termitidae (Mizumoto and
Bourguignon 2020). Although Hodotermopsis was previously
considered as a one-piece nester (Abe 1987; Mizumoto and
Bourguignon 2020), we classified the genus as a multiple-piece
nester as advised by Kitade et al. (2012).

Among the one-piece nesters described above, some species
are capable of foraging and have access to the soil, even though
their foraging abilities are limited in comparison to that of
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foraging species. We tested whether access to the soil by ter-
mites is potentially linked to termitophily. Based on previous lit-
erature surveys (Bucek et al. 2021), we considered the kaloter-
mitids Postelectrotermes and Neotermes as being able to tunnel
through the soil. We also treated Prorhinotermes in Rhinotermi-
tidae as having access to the soil as they have been referred to
as subterranean termites (Scheffrahn et al. 2003). We recorded
the number of described termite species for each genus using the
termite database (Constantino 2016).

PHYLOGENY

We used the genus-level time-calibrated Bayesian phylogenetic
tree of termites reconstructed by Mizumoto and Bourguignon
(2021). This phylogenetic tree included 137 extant genera and
39 extinct species or genera and was inferred from previously
published complete mitochondrial genome data (see Data S3 in
Mizumoto and Bourguignon 2021) combined with a data ma-
trix including 111 morphological characters published by En-
gel et al. (2016). The tree topology was largely consistent with
other termite phylogenetic trees reconstructed using mitochon-
drial genome (Bourguignon et al. 2015, 2017) and transcriptome
data (Bucek et al. 2019). Note that this phylogeny randomly se-
lected one representative species for every genus, and thus the
polyphyletic genera, such as Nasutitermes, were represented as
monophyletic groups occupying singular phylogenetic positions.
We pruned extinct species from the phylogenetic tree because no
information concerning the presence of termitophiles associated
with extinct termite species is available, except for the recently
described Burmese amber fossil Cretotrichopsenius (Jiang et al.
2021). The final tree is represented in Figure S1.

PHYLOGENETIC COMPARATIVE ANALYSES

All analyses were performed using R version 4.0.1 (R Core Team
2020). We used the 137 termite genera included in the phylogeny
and the information on the rove beetles they host. We performed
the analyses twice: once on the entire dataset, including 137 ter-
mite genera, and once on a reduced dataset from which poorly
studied genera were removed. The reduced dataset included 71
termite genera. Poorly studied termite genera were removed be-
cause the actual number of termitophilous rove beetles associated
with these genera is unclear due to a lack of research effort. We
used the number of published papers for each termite genus as
a proxy for research effort and removed termite genera having
fewer than 181 Google Scholar hits (50% quantile). The results
obtained with the reduced dataset and the full dataset were con-
gruent (Figs. 2 and S1).

To test whether termitophile presence is associated with ter-
mite nesting type, we used a phylogenetic generalized linear
model (PGLM) implemented in the “phyloglm” function (logis-
tic_MPLE method, 1000 independent bootstrap replicates) of the

package phylolm (Rettenmeyer et al. 2011). The presence of ter-
mitophiles associated with each termite genus was treated as a
binomial response variable (0, absent; 1, present), and the nest-
ing behavior was treated as a fixed effect (foragers or one-piece
nesters). We also investigated the relationship between nesting
behavior and the number of termitophile species per termite
species in each genus, using the phylogenetic generalized least
squares (PGLS) implemented in the function pgls() of the pack-
age caper_1.0.1 (Orme 2018).

We tested whether colony size is a predictor of the presence
of termitophiles. We compiled a dataset of estimated colony size
including 122 termite species belonging to 53 genera (Data S4).
Most colony size records were previously summarized in two ar-
ticles (Lepage and Darlington 2000; Porter and Hawkins 2001)
(Data S4). We used maximum colony size as a representative
value of colony size because mean and median values of colony
size are potentially biased by the inclusion of incipient colonies
(Porter and Hawkins 2001). When maximum colony size was not
available, we used mean values. Then, we calculated the mean
colony size for every genus using species values. The analyses
were performed on the natural log values of the colony size. We
carried out PGLMs and PGLS as described above.

We also explored the correlation between termitophile pres-
ence and termite nesting behavior and access to the soil using the
Pagel test implemented in the “fitPagel” function of the package
phytools (Revell 2012). Pagel test is a correlation test for binary
traits proposed by Pagel (1994), which corrects for phylogenetic
nonindependence of data points to test whether two discrete traits
are correlated. Specifically, the “fitPagel” function calculates the
log-likelihood of two models in which termitophile presence was
dependent or independent on nesting strategies. We compared the
Akaike Information Criterion (AIC) of these two models.

SAMPLING EFFORT
We investigated whether research effort correlates with the num-
ber of recorded termitophiles. We tested whether the number of
termitophiles increases with research effort across genera. We ex-
amined the relationship between the number of Google Scholar
search hits received by every termite genus and the presence of
termitophiles using generalized linear models (GLM) with bino-
mial errors. The number of hits was treated as a fixed effect. A
likelihood ratio test was used to assess the statistical significance
of the explanatory variable (type II test). One-piece nesters and
foragers were analyzed separately. For this analysis, we removed
the termite genus “Termes” as most Google Scholar hits for this
word were related to the French word “termes,” meaning “terms.”
We investigated whether the species richness of termite gen-
era correlates with the presence of termitophiles. We used GLM
with binomial errors, where the number of termite species for
each genus was treated as a fixed effect. We also examined the
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Figure 2. Relationship between termite nesting behavior and association with termitophilous rove beetles. (a) Phylogeny of termites

alongside termite nesting type, access to the soil, and recorded association with termitophilous rove beetles. The sizes and colors of

the circles on the tips of the termite phylogeny represent the number of described species and the nesting type for every termite genus,

respectively. The sizes of the green circles in the boxes below the heading “termitophile” indicate the number of described termitophilous

rove beetle species associated with each termite genus. The two photos show Coptotermes formosanus with Sinophilus yukoae (above)
and Nasutitermes corniger with Abroteles beaumonti (bellow). (b) Proportion of one-piece nesting and foraging termite genera associated
with termitophilous rove beetles.

relationship between the number of termite species and the num-
ber of termitophilous rove beetle species recorded across termite

genera using linear models (LM).
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Results

Out of the 670 described termitophilous rove beetle species, 667

species are associated with foraging termite species (99.6%) and
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indicating a significant weak positive relationship (P = 0.045). The dashed yellow line is the regression curve calculated for one-piece

nesters indicating no significant relationship (P = 0.546).

three species are associated with one-piece nesters (0.4%). Given
that 18.7% of termite species are one-piece nesters (567 in 3039
species), termitophilous rove beetles appear to be preferentially
associated with foraging termite species. All the species of one-
piece nesters associated with termitophiles have access to the soil
(Neotermes and Prorhinotermes). Thus, all termitophiles are as-
sociated with termites having access to the soil. After accounting
for phylogenetic relatedness among termite genera, we found that
foraging termite genera are significantly more likely to host ter-
mitophilous rove beetles than one-piece nesting termite genera
(PGLM,; estimate & SE = 3.183 &£ 0.794, z = 4.008, 95% CI =
1.874-5.226, P < 0.001; Fig. 2). Similarly, the Pagel test showed
that nesting strategies are correlated with termitophile presence.
We found that a model in which termitophile presence was de-
pendent on nesting strategies better described the evolutionary
process than a model in which both parameters were indepen-
dent (independent: AIC = 118.587, dependent: AIC = 112.694,
likelihood-ratio test: P = 0.008; Fig. 2). The same was true for
the relationship between termitophile presence and access to the
soil by termite hosts (independent: AIC = 114.335, dependent:
AIC = 99.203, likelihood-ratio test: P < 0.001; Fig. 2).

The three species of termitophilous rove beetles associated
with one-piece nesters belong to Prorhinopsenus (Trichopseniini)
(Data S2 and S3). Prorhinopsenius was also found in one colony
of the foraging termite genus Mastotermes (Kistner 1998). Previ-
ous studies hypothesized several host transfers to explain the as-
sociation of Prorhinopsenius with several unrelated termite hosts
(Roisin and Pasteels 1993; Kistner 1998) or that Prorhinopsenius
evolved termitophily early on and was associated with the an-
cestor of modern termites (Kistner 1998). In any case, the num-
ber of independent colonization events in one-piece nesters is at

most three, including two events in Neotermes and one event in
Prorhinotermes. In contrast, the diversity of termitophilous rove
beetles associated with foraging termites is much greater, includ-
ing 190 genera classified into 19 tribes (Data S3). We compared
the number of termitophilous species found in one-piece nesters
and foragers and found that foragers hosted on average more ter-
mitophilous species than one-piece nesters (PGLS; F| = 4.619,
P =0.035).

Termite colony size also affected the presence of termi-
tophiles. In the analysis performed on combined one-piece
nesters and foraging termites, colony size was strongly associ-
ated with the presence of termitophiles (PGLM; estimate + SE =
1.628 £ 0.477, z = 3.410, 95% CI = 0.884-2.561, P < 0.001).
However, colony size could be a confounding variable of nesting
types because foraging termites had a larger colony size than one-
piece nesters (PGLS; F; = 17.904, P < 0.001; Fig. 3a). There-
fore, we tested the effect of colony size on the presence of ter-
mitophiles for one-piece nesters and foraging termites separately.
We found that colony size weekly predicted the presence of ter-
mitophiles in foragers (PGLM; estimate + SE = 1.265 + 0.630,
z=2.007, 95% CI = 0.292-2.449, P = 0.045; Fig. 3b), whereas
no correlation was observed between the two variables in one-
piece nesters (PGLM; estimate + SE = 1.009 £ 1.670, z = 0.604,
95% CI = —0.825 to 2.806, P = 0.546; Fig. 3b).

We tested whether the research effort received by termite
genera correlates with termitophile records. We found that termi-
tophilous rove beetles were more commonly described from well-
studied foraging termite genera (GLM, %21 =73.989, P < 0.001;
Fig. S2). However, this trend was not observed for one-piece
nesting termites (GLM, le = 0.863, P = 0.353; Fig. S2). Simi-
larly, termitophilous rove beetles were more commonly recorded
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in species-rich genera than in species-poor genera for foraging
termites (GLM, x21 = 50.034, P < 0.001; Fig. S3a), whereas no
significant association was found for one-piece nesters (GLM,
le = 2.996, P = 0.083; Fig. S3a). The number of described
termitophilous rove beetle species per termite genus positively
correlated with the species richness of termite genera (Fig. S3b).
However, the slopes differed between nesting strategies. More
than 30% of foraging termite species hosted termitophile species
on average (estimate + SE = 0.386 £+ 0.022, F; = 301.24,
P < 0.001; Fig. S3b), whereas less than 1% of one-piece nester
species hosted termitophile species (estimate == SE = 0.006 +
0.002, F; = 10.146, P = 0.004; Fig. S3b).

Discussion

We show that termitophilous rove beetles are predominantly as-
sociated with foraging termite genera and are rare in the colonies
of one-piece nesters. Among one-piece nesters, the two genera
known to be associated with termitophilous rove beetles have
access to the soil and the ability to forage out of their nests.
Our epidemiological model suggests that foraging termites have
more termitophilous rove beetles because of their longer colony
longevity and because they frequently venture outside their nests.
These two ecological traits could explain the observations that
some species of termites are associated with many social para-
sites, whereas others appear to host no social parasites. The same
model may also be applied to ants. Like termites, ants also host a
variable number of social parasites, or myrmecophiles, with some
ant species hosting no myrmecophiles, whereas others are associ-
ated with many. Notably, the richest myrmecophile communities
are found in army ant colonies (Rettenmeyer et al. 2011), which,
unlike other ant species, produce new colonies by budding and
have an open nest (Kronauer 2020). Army ant ecology implies
a small colony replacement rate (r) and a large infection rate
(o), both of which facilitate social parasitism by myrmecophiles
(Fig. 1c). Overall, our results indicate that the evolution of social
parasitism depends on the host’s nesting biology.

Foraging abilities do not guarantee the presence of termi-
tophiles, indicating that other factors play a role in the evolu-
tion of social parasitism. Colony size is an important factor de-
termining the occurrence of termitophiles (Wilson 1971; Kist-
ner 1979; Piivinen et al. 2003) because larger colonies repre-
sent greater resources and potentially include more niches for
termitophiles to occupy. The colonies of foraging termites can
expand across multiple nest sites and thus often exceed the size
of the colonies of one-piece nesters (Fig. 3a). We found that the
presence of termitophiles was not correlated to colony size in
one-piece nesters, whereas termitophiles were more commonly
found in foraging genera with large colonies than in those with
small colonies (Fig. 3b). Therefore, large colony size facilitates
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the evolution of termitophily only in foraging termites, possibly
because foragers expand their colony range over single piece of
wood according to the colony size growth, providing more di-
verse niches that can sustain a variety of termitophilous species.
However, these results must be considered preliminary because
colony sizes have been measured for a limited number of ter-
mite genera. Additional studies are needed to evaluate the role of
colony size on termitophile evolution.

Our model predicts that a lower colony replacement rate, or
longer colony longevity, will increase the termitophile infection
probability. Termite colony longevity has been measured for a
handful of species. For example, the time until colony matura-
tion was estimated to be 2 years for Kalotermes, 4 years in In-
sicitermes and Zootermopsis, and 6 years for Neotermes (Nutting
1969). All these genera are one-piece nesters, and among them,
only Neotermes, which has the longest maturation time, hosts ter-
mitophile rove beetles (Fig. 2a).

Many species of termitophilous rove beetles are still await-
ing formal description. This is especially true for those associ-
ated with poorly studied termite genera. Therefore, the absence
of known termitophilous species associated with a given termite
genus is often questionable for the possible existence of unde-
scribed species, a common problem of presence—absence datasets
(e.g., Fielding and Bell 1997). However, our results are robust to
potential bias. First, our analyses with and without poorly stud-
ied termite genera yielded similar results (Figs. 2 and S1). Sec-
ond, should all termite genera host termitophilous rove beetles,
it is expected that the probability of finding termitophiles in a
given genus increases with research effort. We observed this re-
lationship in foraging termites, indicating the existence of many
unknown termitophilous rove beetle species. Yet, we found no
correlation between research effort and the presence of termi-
tophilous rove beetles in one-piece nesters, suggesting that one-
piece nesters truly lack termitophiles (Fig. S2). Furthermore, the
two one-piece nesting termites with records of associated ter-
mitophiles, Neotermes and Prorhinotermes, have the potential
to forage and engage in multiple-piece nesting (Waterhouse and
Norris 1993; Rupf and Roisin 2008; Mizumoto and Bourguignon
2020). Our results highlight a strong association between forag-
ing and the presence of termitophiles.

Social parasites can provide ecological information about
their host species, such as the putative native distribution of in-
vasive termite species (Maruyama et al. 2012). The evolutionary
history of termite nesting behavior remains controversial. It is
still unclear whether the most recent common ancestor of modern
termites was a one-piece nester (Inward et al. 2007) or engaged in
multiple-piece nesting (Bourguignon et al. 2016; Mizumoto and
Bourguignon 2020). Because behavior rarely leaves fossil traces,
the nesting behavior of extinct termite species must be inferred
using indirect evidence. In this study, we demonstrate a strong
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link between the presence of termitophiles and termite foraging
behavior. Termitophilous rove beetles have been found in amber
inclusions (Seevers 1971; Kistner 1998; Yamamoto et al. 2016;
Cai et al. 2017), the oldest of which are from the 99-million-
year-old Burmese amber (Yamamoto et al. 2016; Cai et al. 2017;
Jiang et al. 2021), highlighting the antiquity of the association
between termites and termitophilous beetles. The early associa-
tion between termites and termitophilous beetles during the mid-
Cretaceous implies that termites evolved foraging early on, pos-
sibly soon after they evolved eusociality. The discovery of older
fossils of termitophiles, ideally with host information, as was the
case for the recent description of Cretotrichopsenius (Jiang et al.
2021), could provide strong support to the idea that the most re-
cent common ancestor of modern termites had access to soil and
was able to forage outside its nest.

In conclusion, we show that nest expansion, foraging, and
access to the soil in termites promoted the evolution of ter-
mitophily in rove beetles by increasing infection opportunities
and decreasing colony replacement rates. Thus, the development
of advanced societies provided room for social parasitism. Our
study examined the evolution of termitophily from the perspec-
tive of the termite host and is complementary to the alternative
approach from the perspective of parasite species. Future studies
resolving the phylogenetic relationships among termitophilous
rove beetles are required to unveil the history of their coloniza-
tion process, including gain/loss events throughout termite radia-
tion, co-cladogenesis, and horizontal transfer across host species.
Furthermore, more sampling efforts across other lineages of ter-
mitophilous arthropods, such as Diptera, Thysanura, Neuroptera,
and other Coleoptera, are needed to reconstruct the whole evolu-
tionary history of social parasitism in termites.
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