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Abstract Airflow is a crucial variable for insect ori-
entation and navigation, particularly in flying insects
whose antennae have several setae with flexible sock-
ets. Termites occasionally dispatch their soldier caste
to the frontline of the nest or shelter tube opening as
the colony is alerted by the disturbances or prepar-
ing the alates’ nuptial flight. Hence, soldier termites’
contact with airflow outside the nest is inevitable. We
analyzed subterranean termite (Coptotermes formosa-
nus) soldiers’ sensitivity and orientation toward sus-
tained airflow by manipulating the organs that bear
setae with flexible sockets (e.g., antennal trimming,
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thorax pronotum covering). Four functional groups of
soldier termites were tested against 10 min sustained
airflow in three test chamber types. Soldier termites
showed highly variable sensitivity and orientation
toward airflow. The soldiers with antennae tended to
orient and spend more time in the “region of inter-
est” near the chamber opening. Adding airflow into
the chamber increased movement. Significantly lower
sensitivity toward the airflow source occurred when
the antennae were trimmed and the pronotum was
covered. When the antennae were trimmed, setae on
the pronotum and other body parts might enhance
the sensitivity to airflow, but their spatial ability
was reduced as the soldiers demonstrated an alert-
ing behavior by frequently bumping into the wall and
opening their mandibles. The alerting behavior was
significantly lower when air flowed into the chamber.
These results demonstrated that setae with flexible
sockets on the antennae and pronotum assisted soldier
termites’ orientation to the airflow and enhanced their
spatial ability.

Keywords Defensive caste - individual behavior -
trajectory - air motion - formosan subterranean
termite

Introduction

Air current or airflow is important for flight initia-
tion among flying insects as it affects both their flying

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10905-023-09834-7&domain=pdf
http://orcid.org/0000-0002-5738-4004
http://orcid.org/0000-0002-6482-5066
http://orcid.org/0000-0001-7026-0287
http://orcid.org/0000-0002-0075-6241
http://orcid.org/0000-0003-2702-4208
http://orcid.org/0000-0003-0700-201X

196

J Insect Behav (2023) 36:195-209

orientation (Pasek 1988; Riley et al. 1999; Fuller
et al. 2014), and migration timing (Akesson 2016;
Hu et al. 2016). Terrestrial insects can also use air-
flow to help their navigation in open spaces (Wolf
and Wehner 2000, 2005; Miiller and Wehner 2007).
In the Formosan termite Coptotermes formosanus, a
minimum wind velocity is necessary for the initiation
of the nuptial flight of the alates; however, flight will
not take place when the wind velocity is higher than
3.7 km/h (Leong et al. 1983; Watson and Gay 1991;
Sugio and Miyaguni 2019). In the eastern subterra-
nean termite Reticulitermes flavipes, the occurrence
of wind/airflow was suggested to be an important
cue to initiate restarting flight after an instantaneous
measurement of flight speed (Shelton et al. 2006).

Termite nests have a natural ventilation system
(King et al. 2015). Since subterranean termites have
a limited period to go outside the nest during the
swarming season, they spend most of their time in
the nest and the shelter tube (Matsuura et al. 2007,
Chouvenc et al. 2017). Termite communication in
the nest may also depend on the airflow. For exam-
ple, airflow might circulate a queen’s volatile phero-
mone around the gallery to inhibit worker differen-
tiation into supplementary queens and to stimulate
egg-carrying and piling behavior (Matsuura et al.
2010). In the case of subterranean termites, apart
from alates during a nuptial flight, only the soldier
caste goes outside to defend the nest. At least three
circumstances might encourage soldiers of subter-
ranean termites to leave the nest: (1) protecting the
workers while they build and repair the nest; (2)
releasing alates during the nuptial flight; and (3) pro-
tecting the nest or gallery against external breaches,
such as a human-made opening or airflow (Tschin-
kel and Close 1973; Watson and Gay 1991; King
et al. 2015). Subterranean termite soldiers thus face
stimuli outside the nest, such as heat, light, and air
current or airflow. The effects of short air puffs, heat,
and light on soldier termites have been investigated
(Hertel et al. 2011; Ohmura et al. 2011; Delattre
et al. 2019; Woon et al. 2019), but the effects of a
sustained airflow on the sensitivity and orienta-
tion of subterranean termite soldiers have not been
established.

In flying insects, mechanosensors that are located
on the wing have crucial functions. The mechanosen-
sors can acquire information concerning fast rotation
during flight (Sherman and Dickinson 2003), evaluate
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the wing load (Hengstenberg 1988), and receive
information about movement orientation (Pass 2018).
The wing-margin setae of the silk moth Bombyx mori
respond to air-borne vibration, and they filter the
wing-beat frequency and direction (Ai et al. 2010; Ai
2013). Some terrestrial insects have mechanosensors
on their cerci that sense the airflow of moving enti-
ties such as predators (Camhi et al. 1978; Kumagai
et al. 1998). In the damp-wood termite Hodotermop-
sis sjostedti, mechanosensory setae on the antennae,
mouthparts, and thorax of alates and soldiers are
modified to have longer pegs compared to the pseud-
ergates (worker caste) (Ishikawa et al. 2007).

Coptotermes formosanus soldiers have long-
peg setae with flexible sockets positioned on the
marginal and medial side of the body such as the
pronotum (Wikantyoso et al. 2022) and antennae
(Tarumingkeng et al. 1976; Yanagawa et al. 2009;
Fu et al. 2020). The existence of a setal peg in a
flexible socket was suggested to sense airflows
(Dumpert and Gnatzy 1977; Tautz 1977; Shimo-
zawa and Kanou 1984). Thus, flexible setae may
mediate soldier termites’ sensing of airflow and
affect their orientation. To test this morphology-
based hypothesis, we analyzed the behavior and
orientation of C. formosanus soldiers with their
antennae trimmed and pronotum setae masked by
cyanoacrylate gel. The orientation of the termites
in response to airflow was recorded with an image-
based tracking analysis system (Yamanaka and
Takeuchi 2018). We also compared the function
of the setae between the control and three treated
groups.

Materials and Methods

We prepared four functional groups: soldier termites
without antennae (TRIM), soldier termites with pro-
notum setae covered by gel (COV), soldier termites
without antennae and with covered setae (TRIM-
COV), and soldier termites without manipulation as
the control group (CONT).

Termite Preparation
Laboratory-reared colonies of Coptotermes for-

mosanus were reared in a dark room at 27-28 °C
and 85% relative humidity at Kyoto University,
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Japan. Soldier termites were taken from the colony
and kept in a Petri dish (90 X 15 mm) with wet cel-
lulose paper as a base. The antennae of soldier ter-
mites of the TRIM group were trimmed with fine
scissors between the fourth and fifth flagellomere
(Fig. la, b), after a cold-anesthesia procedure
under a stereo microscope (Yanagawa et al. 2010).
Each termite was placed individually in a smaller
Petri dish (35 % 10 mm) maintained at 28 °C prior
to the airflow test. For their recovery after anten-
nal trimming, soldier termites were incubated for
~12-24 h (Camhi and Johnson 1999).

Fig. 1 The setae on the
antennae and pronotum

of C. formosanus soldier.

a The entire 12 segments of
the soldier termite’s anten-
nae. b The mechanosen-
sory setae on the anten-
nae had a flexible socket
and longitudinal groove
characteristics, whereas the
other shorter setae (in the
dotted circle) did not have
a flexible socket. ¢ Setae on
the pronotum located on the
marginal and medial sides.
d The flexible setae in two
different lengths, long- and
short-peg setae. e On the
pronotum, long-peg setae
and short-peg setae had
flexible sockets and longi-
tudinal groove characteris-
tics. f The whole body of a
soldier termite, Cyanoacr-
ylate gel was applied to

the pronotum part of the
thorax that was identifiable
by its reflective surface. S1:
long-peg flexible setae, S2:
short-peg flexible setae,
LG: longitudinal grooves,
Soc: flexible socket, Pr:
pronotum, Ms: mesonotum,
Mt: metanotum

Scape Pedicel

For the COV group, cyanoacrylate gel was quickly
applied (Boroczky et al. 2013) to cover the termite’s
setae on the pronotum marginal and medial parts
(Fig. 1c—e) to limit mechanosensory setal movement
(Westin et al. 1977; Camhi et al. 1978) (Fig. 1f). The
room temperature was set to 28 °C during the incu-
bation and the successive testing. Each termite was
placed individually in the test chamber with dry cellu-
lose paper as a base to undergo a 10 min acclimatiza-
tion period prior to a test. Soldier termites that did not
move or assess the chamber by walking around during
the acclimatization were not used.
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Microscopy Observations

The setal characteristics were observed by light and
scanning electron microscopy (SEM). Light micros-
copy observation was conducted using a digital
microscope (VHX-5000, Keyence Corp., Osaka,
Japan). For the SEM analysis, termite specimens
were washed with 70% acetone for 1 min in an ultra-
sonic cleaner (Branson 5510 J-DTH: Yamato Scien-
tific, Tokyo). The samples were then transferred to
aqueous osmic acid (0OsO4, 2%) solutions and treated
at 4 °C overnight for staining. Dehydration was per-
formed with serial aqueous acetone solutions (70%,
85%, 95%, 100%, absolute). After the specimens
were air-dried, they were fixed on a copper stub with
electron conductive glue (Dotite: Fujikura Kasei,
Tokyo). Before the SEM observation, the specimens
were coated with platinum by a JEC-3000FC auto-
fine coater (JEOL, Tokyo) with a setting of 20 mA for
120 s. The platinum-coated samples were observed
with a JSM-7800 F (JEOL, Tokyo) at an accelerating
voltage of 5 kV.

Test Chamber Preparation

Three types of chambers were used: a closed chamber
(CC), an open chamber (OC), and an open chamber
with airflow (AF, Fig. 2). The closed chamber was
prepared by using a sterilized polystyrene Petri dish
(35%10 mm) that was unmodified and used upside
down on a paper sheet (Fig. 2a). For the open cham-
bers, a modified Petri dish with a lid was prepared by

Fig. 2 The experimental a

making 25 mm? openings on one side of both Petri
dish lid and the Petri dish base so that both open-
ings would match when the lid and the base were
paired. Rubber tubes (4 mm inner dia., 6 mm outer
dia., 5 cm long) were attached to the opening on the
Petri dish base. The tube-end and the Petri dish open-
ing on the lid were connected by rotating the lid part
(Fig. 2b, c). The chamber with airflow (AF) had the
same structure as the open chamber but with the addi-
tion of sustained airflow from regulated clean-dry
air (1 L/m) to the chamber via the rubber tube. The
clean-dry airflow came from a 7000 L compressed
air tank (Kist, Kyoto, Japan). The OC and AF cham-
bers were designed and built to be as homologous as
possible. Given the opening (25 mm?) and tube size
(6 mm outer dia.), we determined that the entry tube
should cover most of the opening. The Petri dish
had four “rests” below the lid, which provided a gap
(<0.5 mm) between the lid and base part for the air
to flow out of the chamber gradually during the test
(Fig. 2¢). A region of interest (ROI) was created to
represent the approach zone which was established in
parallel by creating a 1 X 1 cm imaginary area in front
of the chamber opening (Fig. 2d). For both the OC
and AF chambers, a piece of 1 mm filter mesh was
placed between tube and opening to avoid the soldier
termites escape from the chamber.

Airflow Test

The sensitivity and orientation of the CONT, TRIM,
COV, TRIM+COV groups of soldier termites were

designs. a Closed chamber
(CC). b Open chamber
(OC). ¢ The modified cham-
ber for the test includes the
opening on the cap and base
of the Petri dish connected
by a tube as the air-flow
tunnel. d The design of

the OC with airflow (AF)
from compressed clean-dry
air. Dashed square (a, b,

d) represents the region of
interest (ROI)

Region of |
interest (ROI)

Airflow
entry
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evaluated in all three types of chambers (CC, OC,
AF). Eight repetitions were prepared for each group.
In the beginning, 10 soldier termites (8 replicates and
2 replacements) were prepared for each control and
three treatment groups (CONT, COV, TRIM, and
COV-TRIM group). Termites from each group of
treatment were randomly picked out and separately
observed in the CC chamber. Some termites might
stay still and not move during 10 min observation in
the CC chamber. In this case, replacements were pre-
pared. Eight termites that showed normal response
and movement (exploring and circling the cham-
ber) in the CC chamber were used in the consecu-
tive observation in OC and AF chambers. In total, 32
termites were used in four different treatment groups
(eight replicates each) and each treatment group went
through three different chamber types (96 disposable
chambers in total).

During the test, the orientation of the soldier ter-
mites to the ROI was recorded for 10 min by a 1080
HD video camera at 30 frames per second (fps). The
video camera was placed on the top of the cham-
ber and illuminated by a white LED lamp. The per-
centage of soldier termites in the 1x1 cm ROI was
recorded and calculated. The distance between the
soldier termites and the chamber opening was also
determined. The movements of soldier termites in the
chamber were recorded to establish their trajectory.

Behavior Assessment

During the 10 min airflow test, we assessed the
behavior of the termites with trimmed anten-
nae (TRIM) and gel applied (COV) to determine
whether these treatments would significantly affect
their behavior prior to the test in the closed cham-
ber. We also conducted behavior observations in OC
and AF chambers to examine the effects of the dif-
ferent chamber conditions. Four types of soldier ter-
mite behaviors or body postures were observed: (1)
head banging (drumming), i.e., soldier termite bangs
its head against the substrate; (2) body jittering, i.e.,
soldier termite quickly shakes its body forward and
backward several times; (3) mandible opening (bit-
ing pose), in which soldier termite opens its mandible
wide during walking, standing still, or bumping into a
wall; and (4) biting, in which soldier termite leans its
body forward and launches a bite by strongly closing
its mandible.

Image Analysis

To visualize the soldier termites’ orientation, the
10 min image records from the video camera dur-
ing the airflow tests were converted into 18,000
frames and then preprocessed and analyzed using an
image-based open-source quantitative analysis track-
ing system, UMATracker (Yamanaka and Takeuchi
2018). Three types of analysis were conducted: an
orientation/trajectory analysis, a region analysis, and
a distance analysis. Each soldier termite’s orientation
was obtained by extracting the coordinates of the ter-
mite’s position in the chamber, which were extracted
from the termite centroid and the estimated direction
at 30 fps. The termite trajectory was established by
overlaying all extracted coordinates of each soldier
termite’s orientation during the 10 min recording
(£9000 frames).

In the region analysis, soldier termite coordinates
inside the 1 X1 cm region in each frame were used to
determine the percentage inside the ROI. The distance
analysis was conducted to collect the distance infor-
mation between termites and the designated position
during 10 min observation. In this study, the desig-
nated position is the chamber opening or the source
of airflow (red dot, Fig. 2a, b). The distance and time
spent by soldier termites when they approached the
chamber opening or airflow source were recorded.
The distance between the termite soldier and the
opening was determined by using the pixels of each
frame. The distance analysis used a threshold value,
determined as the farthest distance within the region
of interest (ROI) drawn straight from the chamber
opening. Our conversion from the records showed
that 1 cm was equal to 149.34 pixels long on aver-
age. The furthest threshold coordinate from the center
of the opening gate in the distance analysis was thus
1.12 cm, equal to 164.28 pixels.

Statistical Analysis

The data were analyzed by a one-way analysis of
variance (ANOVA) with the IBM SPSS Statistics 28
program (IBM, Armonk, NY, USA). The statistical
significances between and within different treatment
group pairs were evaluated with a multiple compari-
son test (Tukey’s HSD, p=0.05). The differences
between and within the treatment groups were tested,
and significance between all groups and within each
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treatment group is indicated in the figures by italic
letters (“?) and asterisks (*), respectively.

Results

The Morphological Characterization of the Setae in
the Termite Antennae

The overall structures of the termite antennae and pro-
notum are depicted in Fig. 1. Light microscopy was
used to observe the setal distribution on the antennae
along the base (scape and pedicel) and antennae fla-
gellum (12 flagellomeres). The pronotum setae had
a long peg, and the setae at the pronotum marginal
part protruded laterally (Fig. 1a). The SEM observa-
tions identified flexible sockets around the base of the
setae, which were not observed on the other shorter
setae. The sockets roundly protruded and surrounded
the base of the setal pegs (Fig. 1b).

On the pronotum, setae with flexible sock-
ets were scattered all over the surface, with longer
setae located at the pronotum marginal area. Long
and short setae with flexible sockets were observed
(Fig. Ic, d). The base of the setal pegs and sockets
had an interval that displayed the flexibility of the
peg. The setal cuticular wall had longitudinal grooves
extending from the base to the tip, similar to that on
the antennae (Fig. le). The appearance of the setae
with flexible sockets on the antennae and pronotum
was confirmed by an SEM analysis. We tested the
hypothesis regarding soldier termites’ sensitivity to
airflow by comparing the behavior of the individuals
whose sensing organs were physically disturbed.

Region and Distance Analysis Results

Overall, the percentages of soldier termites in the
region of interest in the closed chamber and open cham-
ber were highly variable across all treatment groups
(x=0.05). When air flowed into the chamber, the per-
centage in the ROI was significantly higher in the
CONT (p=0.015) and COV groups (p=0.018) groups
compared to TRIM and COV-TRIM groups (Fig. 3a).
When the chamber type was changed, soldier ter-
mites might check the entering airflow or try to get
through the chamber opening by frequently moving
the antennae and touching the covering filter mesh.
When soldier termites got close to the opening or
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airflow source, they entered the ROI and the distance
to the chamber opening or airflow source was shorter;
when they walked away from the opening or airflow
source, this distance was longer. When the distance
was beyond the threshold, soldier termites were no
longer inside the ROI, and we considered they were
ignoring the opening or the airflow source existence.

Each line represents each group treatment (CONT,
COV, TRIM, COV-TRIM) in different chamber types
(CC, OC, AF), and 12 lines illustrate the combination
of treatment and chamber types. The control group
and covered pronotum group soldier termites in the
AF chamber spent the longest time in the ROI or
close to the airflow source, 3.46 min (p=0.001) and
3.09 min (p=0.030), respectively. Both treatment
groups were significantly different from the soldier
termites of the control group in the closed chamber,
which mostly spent the time exploring the chamber
and had no tendency to stay and check the chamber
opening (24.6 s in ROI, Fig. 3b).

The analysis results also demonstrated that soldier
termites had different orientations in three chamber
types. Opening the chamber significantly affected the
soldier termites’ orientation (p =0.049), and the addi-
tional airflow significantly escalated the movement of
soldier termites with antennae toward the ROI com-
pared to the closed chamber (p=0.042E-03). Trim-
ming the antennae caused the percentage in the ROI
to decline. However, soldier termites still significantly
set their course more toward the ROI compared to
the orientation in both the closed and open chambers
(»=0.010 and p=0.023, respectively, Fig. 3c). The
soldier termites with a normal pronotum significantly
spent longer times in the ROI when the air was flow-
ing compared to the closed chamber (p =0.256E-03).
Covering the pronotum lowered the percentage in the
ROI and eliminated the significance (Fig. 3a,d).

Soldier Termites® Trajectories

The trajectories of soldier termites in the 10 min
recordings are qualitatively illustrated in Fig. 4.
Twelve representative trajectories are presented from
the four treatment groups in the three types of test-
ing chambers. In each trajectory figure, as many as
18,000 coordinates from the extraction result were
overlayed and put in one frame. Overall, the trajecto-
ries showed a circular motion in all treatment groups
and all types of testing chambers. The trajectories in
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Fig. 3 The results of the region analysis showing the percent-
ages of soldier termites (n=8) recorded inside the region of
interest (ROI). a The ROI percentages in the four treatment
groups. b The analysis of the distances of the soldier termites
from the chamber opening, recorded under the threshold. ¢ The
ROI percentage differences between chamber types under the
antennae-trimming treatment. d The ROI percentage differ-

the closed chamber were around the perimeter and
center of the chamber, indicating a random orienta-
tion across the treatment groups. In the open cham-
ber, the trajectories at the center were fewer, and
thus several random straight orientation paths (bold
arrowhead in Fig. 4) through the center of the cham-
ber were visible, demonstrating that the orientation
of the soldier termites with antennae changed from a
circular orientation following the chamber perimeter.
When the air was flowing, straight orientation paths
that were in a line with the chamber opening were
more obvious and initiated from a similar site (blank
arrowhead in Fig. 4). However, the straight orienta-
tion path was observed less frequently in the TRIM
and COV-TRIM groups.

Behavior Analysis

We observed each soldier termite’s reaction to each
treatment and chamber type. When the soldier ter-
mites bumped the wall or hesitated, they suddenly
opened their mandibles and sometimes stopped
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ences between chamber types under pronotum-covering treat-
ment. CONT: no treatment, COV: gel-covered pronotum,
TRIM: trimmed antennae, COV-TRIM: gel-covered pronotum
and trimmed antennae, CC: closed chamber, OC: open cham-
ber, AF: chamber with an airflow. The significance between
(letters “>¢) and within (*) groups (a: 0.05)

walking around (Fig. 5). The behavior was not signifi-
cantly different between the CONT and COV groups.
In contrast, the soldier termites in the TRIM groups
would frequently open their mandibles. The behav-
ioral differences were significant between control
and treatment groups in the closed chamber (TRIM,
p=0.022E-03; COV-TRIM, p=0.030E-03; Fig. 6a).
Losing the antennae caused the soldier termites to
suddenly open their mandible when they abruptly
bumped into the chamber wall.

Soldier termites also responded differently in the
three different chamber types. Among the soldier ter-
mites with intact antennae, mandible-opening behavior
was observed significantly more frequently in the open
chamber compared to the closed chamber (p=0.172E-
03). However, this behavior was not significantly dif-
ferent compared to the soldier termites in the chamber
with airflow (p=0.102; Fig. 6b). Interestingly, when air
flowed into the chamber, the mandible-opening behav-
ior was remarkably lower compared to the behavior in
the CC and OC types. The mandible opening behav-
ior was significantly higher in the soldier termites with
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Fig. 4 The trajectories of
the soldier termites in the

CC (one long dash), OC
(two dashes), and AF (three
dashes) chambers. CONT:
no treatment, COV: gel-
covered pronotum, TRIM:
trimmed antennae, COV-
TRIM: gel-covered prono-
tum and trimmed antennae,
CC: closed chamber, OC:
open chamber, AF: chamber
with an airflow

CONT

Ccov

TRIM

COV-TRIM

trimmed antennae (CC, p=0.019E-03; OC, p=0.002;
Fig. 6b) and those with a normal pronotum (CC,
p=0.033; OC, p=0.039; Fig. 6¢). The significant abil-
ity of the airflow to keep the mandible-opening behav-
ior low was lost when the pronotum was covered (CC,
p=0.411; OC, p=0.123; Fig. 6¢).

Discussion

Our microscopy observations revealed that setae with
long pegs existed on the antennae and pronotum of
C. formosanus soldiers, and we hypothesized that the
setae with flexible sockets are specialized to sense air-
flow, given that a long peg seta with a flexible socket
is sensitive to faint perturbations such as air puffs and
airborne vibration-induced air current (Dumpert and
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Gnatzy 1977; Tautz 1977; Shimozawa and Kanou
1984). To test this hypothesis, we compared the
behavior of the soldier termites whose sensing organs
were physically disturbed: (1) those with pronotum
setae covered by gel, (2) those with antennae whose
distal part after the 4th flagellum was trimmed off,
and (3) those with both gel and trimming treatments.

Soldier Termite Sensitivity to Airflow

Airflow can be sensed by terrestrial insects to help
their navigation and by flying insects to help their
orientation. The desert ants Cataglyphis fortis use
the wind to determine their foraging and homing trail
(Wolf and Wehner 2000, 2005; Miiller and Wehner
2007). Drosophila sense the airspeed as they neutral-
ize unstable oscillation during their flight (Fuller et al.



J Insect Behav (2023) 36:195-209 203
a b C
N - mmj:mpm: apn
wall | ¢ 7

approach| | !
] L
ol
y '!
| &

response

Fig. 5 Mandible-opening behavior was observed when a sol-
dier termite abruptly bumped into a wall. a A soldier termite
with normal antennae used its antennae to frequently swab the
wall (bold arrowhead) as it approaches the chamber perim-
eter. b A soldier termite with trimmed antennae exhibited an
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trimmed antennae in the chamber with airflow stopped before
the wall and continued to move in another direction (arrow)
without opening its mandible

EcoNT
Ecov
OTRIM
Ocov-TRM

normal pronotum covered pronotum

treatments. CONT: no treatment, COV: gel-covered pronotum,
TRIM: trimmed antennae, COV-TRIM: gel-covered pronotum
and trimmed antennae, CC: closed chamber, OC: open cham-
ber, AF: chamber with an airflow. The significance between
(letters “>°) and within (*) groups (a: 0.05)
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2014). The results of our present analyses indicated
that C. formosanus soldier termites were able to sense
airflow and locate the chamber opening. Although the
responses were highly variable across the treatment
groups, the soldier termites tended to spend a longer
time in the region of interest by the opening. The
existence of airflow amplified the soldiers’ course to
the airflow source.

In several areas, the nuptial flight of C. formosanus
alates has been suggested to occur with wind veloc-
ity <1 m/s (Leong et al. 1983) up to 7 m/s (Sugio and
Miyaguni 2019). However, soldier termites might
have a decisive role in the initiation of the event, as
alates will not emerge after soldier termites stick out
their antennae and the measured wind velocity is
not appropriate (Leong et al. 1983). Apart from the
trail pheromone from the worker termites that might
attract the soldier termites (Matsumura et al. 1968;
Traniello 1982), we speculated that the air veloc-
ity, airflow, or air pressure changes around cracks or
openings might be important variables for the nuptial
flight. Our present findings demonstrated that in the
absence of nest-mates and predators, soldier termites
sensed the airflow and their orientation was also
affected.

An approximately 3 cm/s airflow naturally streams
down in the nests of the termite Odontotermes obe-
sus as the nest’s air-conditioning system (King et al.
2015). In this study, we used 1 L/min of airflow
which is equal to 1.33 m/s (tube inner dia.: 4 mm).
We thus suspected that the air velocity around the
gallery or nest crack is higher than the air velocity
in the nest gallery. The orientation of subterranean
termite depends in part on the guiding tunnel gal-
lery, and further research is necessary to understand
the response against airflow of other castes or soldier
termites of different species, particularly on open-air
foraging termites, such as the genera Hospitalitermes,
Longipeditermes, Lacessititermes, Macrotermes, etc.
(Kalshoven 1958; Jander and Daumer 1974; Sugio
1995; Miura and Matsumoto 1998).

Airflow Enhances the Soldier Termites’ Spatial
Ability

When the shelter tube or nest is broken and a predator
comes in, termite soldiers can be defensively alerted
by the vibration or odors that might be brought by
the intruders into the galleries (Evans et al. 2009;
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Ishikawa and Miura 2012; Oberst et al. 2017). In the
absence of chemical stimulants, soldier termites of
Hodotermopsis sjostedti and Coptotermes spp. may
also be defensively alerted by the opened nest and
unexpected air puffs, respectively (Hertel et al. 2011;
Ishikawa and Miura 2012; Delattre et al. 2019). How-
ever, sustained airflow and unexpected air puffs may
affect soldier termite orientation differently (Cambhi
and Tom 1978). In termites, defensive responses may
be exhibited as head banging or drumming, body jit-
tering or jerking, attack posture, and biting (Lubin
and Montgomery 1981; Rohrig et al. 1999; Ohmura
et al. 2009; Hertel et al. 2011; Ishikawa and Miura
2012; Delattre et al. 2019).

In the present study, the C. formosanus soldiers
did not exhibit any defensive responses toward a sus-
tained airflow, with the exception of the mandible-
opening behavior. This behavior was rarely followed
by an attacking posture or direct biting. The sustained
airflow also did not trigger body jittering or head
drumming as defensive signals. Therefore, we sus-
pected that the mandible-opening behavior is an alert-
ing behavior in response to the reduction of spatial
ability, since the soldier termites had limited ability to
receive signals from the flagellum part of the trimmed
antennae. The mandible-opening behavior might be
induced by unprompted circumstances beyond the
soldier termites’ sensing range. In the trimmed anten-
nae group, an alerting behavior began with abrupt
bumping into the wall, hesitation, or sudden stop dur-
ing movement as soldier termites hardly evaluate the
distance to the wall. This behavior was remarkably
higher when the soldier termites lost more than half
of the antennae flagellum.

In the cockroach Periplaneta americana, which
is closely related to the Isoptera, the spatial ability
to follow the testing chamber wall by using antennae
flagellum acted as a tactile sensor, even when the vis-
ual organs were covered (Camhi and Johnson 1999).
Cockroach antennae may convert tactile sensory sig-
nals to evaluate the distance to the wall (Cowan et al.
2006). This also may explain that in the absence of
airflow, antennal tactile sensors might help soldier
termites find the chamber opening, as we observed
that the soldier termites were oriented in a circular
manner following the wall. Our results also demon-
strated that the airflow addition into the chamber
enhanced the spatial ability, as the soldier termites
in all three treatment groups showed less alerting
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behavior that was due to bumping into the chamber
wall (Fig. 6). The addition of airflow also encour-
aged the soldier termites with antennae to make more
use of the center chamber space by making straight
paths from the chamber opening and relying less on
the chamber wall (Fig. 4). In the absence of antennae,
the modification of the spatial ability might be related
to the existence of other setae with flexible sockets
on the rest of the antennae scape and pedicel or other
body parts, which have the anatomical characteristics
to sense the airflow dynamic at the chamber wall.

Antennae and Body Setae as Soldier Termite Airflow
Sensory System

Antennae are important for insect navigation as they
are filled with various sensory receptors or sensilla
(Tarumingkeng et al. 1976; Altner et al. 1981; Yana-
gawa et al. 2009; Fu et al. 2020), which are usually
called setae or bristle as discriminative characteristics
in insect taxonomy (Simpson et al. 1999; Takematsu
1999; Constantino 2000; Bourguignon and Roisin
2011; Jeong and Ahn 2022). In the more detailed anat-
omy of crickets, setae lodged in flexible sockets on the
cercus are called “filiform mechanosensory receptors”
that are sensitive to air currents, while setae with no
flexible sockets are called “bristles” that are sensitive
to touch (Jacobs 1995). Long-peg setae on soldier
termite antennae have also been anatomically demon-
strated to have flexible sockets and outer dendrite seg-
ments of mechanosensory cells (Tarumingkeng et al.
1976; Yanagawa et al. 2009; Fu et al. 2020).

Our present analyses demonstrated that setae with
a long peg and flexible socket are distributed on the
antennal surface in C. formosanus soldiers. Los-
ing the fifth to twelfth flagellomeres altered the sol-
dier termites’ orientation and sensitivity toward the
airflow source. Based on the observations of C. for-
mosanus by Yanagawa et al. (2009), we estimated that
trimming the fifth to twelfth flagellomeres caused the
soldier termites to lose approximately 94.8% of their
setae with flexible sockets. Antennae have been dem-
onstrated to be important for terrestrial and flying
insects’ ability to detect airflow (Wolf and Wehner
2005; Miiller and Wehner 2007; Fuller et al. 2014),
as the loss of antennae altered these insects’ orienta-
tion to a food source (Wolf and Wehner 2000). The
soldiers of open-air foraging termites have anten-
nae with longer flagellomere segments compared to

their workers and the soldiers of subterranean ter-
mites (Yanagawa et al. 2009; Syaukani 2010; Fu et al.
2020). Longer flagellomeres segments may provide
more area to bear setae with flexible sockets. The
present experiment was conducted in a solo test with
clean dry air to exclude distraction from variables
such as the pheromones, the cuticular carbon odor of
the termite nestmates, the temperature, and humidity
changes of the air (Tschinkel and Close 1973; Spon-
sler and Appel 1991; Bland et al. 2001; Yanagawa
et al. 2010; Mitaka and Akino 2021). Moreover, a
small colony size or small nest or gallery opening at
the early stage of colony foundation by subterranean
reproductive termites may force soldier termites to
forage in limited numbers or alone (Matsuura 2002;
Korb and Thorne 2017; Yanagihara et al. 2018), and
these soldier termites may display behavior as an
individual.

The present study also demonstrated that in the
absence of antennae, airflow still significantly stim-
ulated soldier termites toward the region of inter-
est, with their pathway being through the perimeter
rather than the chamber center area. In the absence
of antennae, P. americana cockroaches tend to walk
closer to walls (Camhi and Johnson 1999). It was also
suggested that covering the setae on the pronotum of
soldier termites tends to lower their orientation to the
source of airflow. Wikantyoso et al. (2022) showed
that setae of various lengths on the C. formosanus
soldiers’ pronotum had at least a tubular body as the
characteristic of mechanoreceptor, with around one-
third of the total number of setae having long pegs
and apparent flexible sockets. In our present investi-
gation, intervals between sockets and the base of setal
pegs on the pronotum were also clearly observed.
However, covering the pronotum setae might not have
had enough impact to reduce the airflow sensitivity,
because setae as mechanosensors were scattered not
only on the pronotum, but all over the soldier ter-
mites’ body including the antennae (Ishikawa et al.
2007), such as on their scape and pedicel part of the
remaining trimmed antennae (Yanagawa et al. 2009),
and the head part near the fontanelle and mouthparts
(Ishikawa et al. 2007; Wikantyoso et al. 2022).

In cockroaches, covering the whole cerci elimi-
nates the response to airflow (Westin et al. 1977,
Camhi et al. 1978). It is also possible that the
arrangement of all setae with flexible sockets on
soldier termites’ entire head, thorax, and abdominal
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part might work as a unit, considering the termite’s
relatively small body size. In subterranean termite C.
curvignathus soldiers, the pronotum and head capsule
have more setac with flexible sockets compared to
the other Coptotermes spp. (Wikantyoso et al. 2021,
2022). Setae patches together with the organ to which
those belong work together to sense airflow, and not
as a separate component (Gewecke 1974). Flexible
sockets benefit the setal peg movement or deflec-
tion in a certain direction and may serve as an input
for the nerve terminal (Thurm 1965; Dumpert and
Gnatzy 1977; Tautz 1977; French and Sanders 1979;
Shimozawa and Kanou 1984; Keil 1997; Iwasaki
et al. 1999; Wikantyoso et al. 2022). Setae with flex-
ible sockets were observed in the present study, and
they assisted the soldier termites’ responses to sus-
tained airflow. Future termite research including elec-
trophysiology analyses is necessary to confirm the
singular setal sensitivity on termites’ antennae and
body parts to airflow and airborne vibrations-induced
air current.

Conclusion

Coptotermes formosanus soldiers showed highly vari-
able sensitivity and orientation towards airflow. The
sensitivity of the soldier termites toward an airflow
source was significantly lower when the antennae
were trimmed and when the pronotum was covered.
Antennae are important organs for soldier termite
airflow-related orientation and spatial ability. Without
antennae, soldier termites demonstrated an alerting
behavior by bumping the wall and opening their man-
dibles. Setae with flexible sockets on the antennae
and pronotum assisted the soldier termites’ orienta-
tion to the airflow and established their spatial ability
by significantly reducing the alerting behavior.
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