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Abstract

Differences in the dispersal flight patterns among termite families are correlated with the difference between the two life
history characteristics exhibited by this group: “separate-piece nesters” versus “single-piece nesters.” However, information
remains limited on the phenology and the life history characteristics of single-piece nesters, impeding our understanding
of this topic. We report the flight phenology of an Asian single-piece nester termite Neotermes koshunensis on Okinawa
Island, Japan. In 1983-1984, a light-trap survey showed that N. koshunensis exhibited an extended dispersal flight period
from late April to early November, peaking in June, with a female-biased sex ratio. Between 1983 and 2012, the collection
of 134 whole colonies of N. koshunensis from the surrounding area confirmed the presence of alates and pre-alate nymphs
within the colonies over 7 months, reflecting the extended flight season of this termite species, probably in association with
the extended dispersal flight season. However, in some cases, alates and pre-alate nymphs were also retained in the colonies
after the dispersal flight season (i.e., winter, from December to February). The daily number of trapped alates in 1983 was
positively correlated with temperature and relative humidity; however, alate production inside the colony was also positively
correlated with temperature, relative humidity, and precipitation. Thus, these environmental factors might promote the flight
activity of this termite by enhancing alate production inside the colony. Furthermore, temperature also had a significantly
positive effect in the model incorporating the density of alates in the colony, along with environmental factors; thus, tempera-
ture might facilitate the release of alate from colonies. The accumulation of information on the phenology and life history
characteristics of alate advances our understanding of the different dispersal strategies used by termites, providing insights
into how the different families have evolved.
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Introduction

The most common strategy used by termites to establish
new colonies is through the production and flight of alates
(winged imagos), with species-specific flight patterns occur-
ring (reviewed by Nutting 1969). The dispersal pattern of
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the course of the dispersal flight season, which lasts several
months (Medeiros et al. 1999; Nalepa et al. 2001; Martius
2003; Bourguignon 2009; Neoh and Lee 2009a, b).

Compared to separate-piece nesters, the families of
Archotermopsidae and Kalotermitidae have the longer
dispersal flight season, with a lower peak in flight activity,
followed by a gentle increase (and subsequent decrease) in
flight activity, because these termites continuously release
small numbers of alates (Jones et al. 1988; Martius et al.
1996; Medeiros et al. 1999; Martius 2003; Huang et al.
2004a, b; Huang et al. 2007; Bourguignon 2009; Howell
et al. 2009). These termites are called “single-piece nesters”
(sensu Abe 1987; Eggleton and Tayasu 2001). The dispersal
flight pattern of alates from these colonies is poorly under-
stood because studies on the phenology of these termites in
relation to their life history characteristics remain limited.
Thus, information on the evolution and diversity of the dis-
persal strategies of alates in relation to the life cycle remains
limited.

Here, we report the seasonality of disperser production
and the phenology of dispersal flight in the field colonies
of a single-wood nester termite Neotermes koshunensis
(Kalotermitidae). We also investigate whether meteorologi-
cal factors influence the dispersal flight patterns of this ter-
mite species.

Materials and methods
Study species

Neotermes koshunensis is distributed in China (Fujian,
Guangdong, Guangxi, Hainan, Yunnan, Zhejiang), Taiwan,
and Japan (Ryukyu Islands, Okinawa Islands) (Ikehara 1966,
Krishna et al. 2013). Its colonies inhabit the dead branches
of living and dead trees (Fig. S1). As a result, we were able
to collect entire colonies. This species is classified as a dry-
wood termite; however, they cannot eat hard dried wood.
Usually, their nests are found in “green” (or living) trees
(Fig. S1). This species has a linear caste development path-
way, whereby all castes differentiate from pseudergates
(older larvae, functional worker caste) after molting (Roisin
2000; Katoh et al. 2007).

Study site and trapping methods

Alates were collected using a light trap for 452 days from
April 23, 1983 to July 17, 1984 in the subtropical laurel for-
est of the Ryukyu limestone area in Nishihara (N 26.24785°,
E 127.76114°), Okinawa, Japan. Of note, our colony-sam-
pling points (explained in a later paragraph) were at least
1 km (this was based on their estimated flight distance, Abe
1989) away from the light trap point of 1983 to 1984; thus,
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the results of our light trap surveys were not affected by our
collection of colonies. The light trap was prepared by install-
ing a 20 W fluorescent light and a 20 W black light over a
plastic vessel (40X 30X 6 cm) containing water. The light
trap was lit every day from 18:00 to 06:00 the next morning
during the survey period, except for September 24-26, 1983,
when a typhoon struck Okinawa Island. Trapped termites
were collected every morning. The males and females were
counted separately (Miyaguni et al. 2012). To ascertain the
period during which dispersal flight occurred, we conducted
two fixed-time surveys (on May 29 and June 4, 1983), during
which we checked the trap every hour for 24 h, collecting
alates from 08:00 in the morning until 08:00 the next morn-
ing. We assume that the number of alates collected by the
light trap reflected dispersal flight activity in the field.

Pattern of disperser production in the field

To demonstrate seasonal changes in the disperser produc-
tion of the N. koshunensis colony, we investigated seasonal
changes in the ratio of each caste in the field colonies. A
total of 134 wild colonies were collected during 1983-2012
around Nakagusuku and Nishihara, and were transferred to
our laboratory. Colony members were removed from each
wild colony by cutting the wood into small pieces. The num-
ber of caste members was counted, including small larvae,
pseudergates, early nymphs, pre-alate nymphs, alates, pre-
soldiers, soldiers, queens, kings, and male neotenics (Roi-
sin 2000; Katoh et al. 2007; Miyaguni et al. 2013). In the
analyses, the number of individuals from all colonies was
pooled by collection month, without considering the year
of collection. Then, the ratio of pre-alate nymphs and alates
to monthly termite members was calculated. Because alates
differentiate from pseudergates via early nymphs and pre-
alate nymphs, it is important to calculate the number of pre-
alate nymphs and alates in relation to the sum of the four
castes when estimating the timing of disperser production.

Data analysis of the factors affecting flight activity

Previous studies have reported the dispersal flight behavior
of termites by analyzing how the number of trapped alates is
correlated with meteorological factors, based on the assump-
tion that meteorological factors trigger termite flight and
flight activity (Nutting 1969; Neoh and Lee 2009a, b). How-
ever, the number of trapped alates is limited by the number
of alates in field colonies. The number of trapped alates
might increase because the increase in the production of
alates is independent of a weather-based trigger. Moreover,
the production of dispersers might be related to long-term
environmental conditions. We conducted our data analysis
at three different stages to study when alates are released by
the colonies.
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In the first stage, the relationship between the produc-
tion of dispersers (alates and pre-alate nymphs) inside the
colony and long-term environmental conditions was inves-
tigated. The monthly means of air temperature, atmospheric
pressure, relative humidity, precipitation and wind velocity
during 1983-2012 at the Naha Meteorological Observation
Point (located 10 km southwest of the study location) were
obtained from the database of the Japan Meteorological
Agency (http://www.jma.go.jp/jma/index.html). The rela-
tionship between the ratio of alates inside the colony and
each environmental condition each month was analyzed
by Pearson’s product moment correlation coefficient. The
relationship between the ratio of pre-alate nymphs and each
environmental condition each month was also analyzed
using the same method.

In the second stage, the relationship between the release
of alates from the colony and environmental conditions was
investigated by generalized linear models (GLM) with a neg-
ative binominal error distribution. The number of trapped
alates from April 25 to November 4 in 1983 was used as
the response variable. The daily means of the air tempera-
ture, atmospheric pressure, relative humidity, precipitation,
and wind velocity during same period at the Naha Mete-
orological Observation Point were used as the explanatory
variables.

In the third stage, we used GLM with a Poisson error
distribution and log-link function to explain the number of
trapped alates. For explanatory variables, we included the
monthly ratio of alates and meteorological factors. The num-
ber of alates caught in the light trap during the survey period
in 1983 was re-counted to obtain the numbers of alates that
were trapped each month, which were used as a response
variable. The monthly means of the air temperature, rela-
tive humidity, atmospheric pressure, wind velocity, and total
precipitation from April 1983 to March 1984 at the Naha
Meteorological Observation Point were used.

All analyses were performed using R software, version R
3.2.2 (R Development Core Team 2015).

Results
Flight pattern and sex ratio

In 1983, dispersal flight started in late April and ended in
early November (Fig. 1). The number of alates increased
gradually until numbers peaked on June 29 (209 alates, 6.6%
of all alates in this year), after which numbers declined grad-
ually until the end of the season (November). From May 27
to August 8 (74 days), dispersal flight occurred daily. The
two fixed-time surveys showed that dispersal flight started
after 20:00, and ended at 02:00 or 04:00 the next morn-
ing (Fig. 2). The largest hourly catch was trapped between
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Fig.1 Pattern of flight activity. Black bars show the number of
trapped alates each day. Solid and broken lines show the accumulated
number of female and male alates, respectively, across the season

20:00 and 21:00. We observed that the alates of N. kos-
hunensis flew near the trap, even though tandem behavior
(when males maintained almost constant contact with the
posterior of the female’s abdomen using his antennae until
finding a suitable nesting site; Nutting 1969; Stuart 1969)
was not observed. In total, 3169 alates (1764 females and
1405 males) were collected. The (male) sex ratio was 0.443;
thus, it was significantly skewed towards females (binomial
test, P <0.0001) (Fig. 1).

In 1984, dispersal flight began on May 6 and peaked in
June, as observed in 1983 (Fig. 1). This survey was discon-
tinued on July 17, 1984. In this year, equal numbers of male
and female alates (757 females and 757 males) were col-
lected. Of note, the biased sex ratio recorded in 1983 started
after dispersal flight peaked in June (Fig. 1).

Pattern of disperser production in field colonies

Seasonal changes in the ratio of pre-alate nymphs and
alates to monthly numbers of termite members in the
field are shown in Fig. 3 (see also Table S1). The ratio of
alates increased rapidly from May, peaked in June, and
decreased gradually until October. During this period, a
high percentage of colonies contained alates. Some colo-
nies (1, 1, and 5 colonies in December, January, and Feb-
ruary, respectively) retained 1-173 alates, even in winter
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(December—February). The ratio of pre-alate nymphs
increased rapidly and peaked in May, decreasing rapidly
after June. The ratio of alates exceeded that of pre-alate
nymphs in August and September. In the colonies where
alates were retained, the number of alates exceeded pre-
alate nymphs in zero out of 11 colonies in May, six out of
23 colonies in June, three out of seven colonies in July,
nine out of 10 colonies in August, and five out of eight
colonies in September. The ratio of pre-alate nymphs also
exhibited a small peak in October. In the colonies that
retained alates, the number of pre-alate nymphs exceeded
alates in five out of six colonies in October. Furthermore,
some colonies (two, one, and eight colonies in December,
January, and February, respectively) retained one to 552
pre-alate nymphs, even in the winter (December—Febru-
ary), reflecting our observations of alates.
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Relationship between disperser production in field
colonies and environmental factors

The rate of alate production inside the colonies was sig-
nificantly correlated with the monthly means of air tem-
perature, atmospheric pressure, relative humidity, and pre-
cipitation; however, no significant correlation was found
between the rate of alate production and monthly mean
wind velocity (Fig. 4). The increase in the rate of alate
production was correlated with increasing temperature,
relative humidity, and precipitation (Fig. 4). Atmospheric
pressure was correlated with a decrease in the rate of alate
production (Fig. 4). No significant correlations were found
between the rate of pre-alate nymph production and any of
the environmental factors.
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Relationship between daily flight activity
and environmental factors

Multivariate GLM with negative binominal distributions
showed that daily flight activity was significantly corre-
lated with air temperature, atmospheric pressure, relative
humidity, and precipitation (Table 1). The increase in daily
flight activity by alates was correlated with increasing
air temperature and relative humidity (Table 1). In com-
parison, the decline in daily flight activity was correlated
with increasing atmospheric pressure and precipitation
(Table 1). Wind velocity had no significant relationship
with daily flight activity.

Data analysis of the factors affecting monthly flight
activity

Multivariate GLM with Poisson distributions showed that
monthly flight activity was significantly correlated with
the density of alates in the field colonies and air tempera-
ture. However, the estimated coefficient of temperature
was much smaller than that of the density of dispersing
alates in field colonies (Table 2).

Table 1 Summary of generalized linear models (with negative bino-
mial distributions) on the daily abundance of trapped alates during
May 23-November 4, 1983

Discussion

The phenology of dispersal flight in N. koshunensis reflects
that described for the dispersal of alates of other single-
wood nesters in previous studies (Medeiros et al. 1999;
Martius 2003; Huang et al. 2004b; Cabrera and Scheffrahn
2005; Huang et al. 2007; Bourguignon 2009). In our study,
the dispersal flight period of N. koshunensis lasted several
months (i.e., from May to October). A gradual increase and a
gradual decrease in flight activity were observed through the
season (Fig. 1), with just 6.6% of all alates being captured on
the days when most individuals were trapped. In compari-
son, separate-piece nesters exhibit major flight days across
a given season, implying the synchronized release of alates
by local colonies, which might enhance outbreeding (Jones
1981). Furthermore, in the current study, flight continued
for as long as 6-8 h each day (Fig. 2). Thus, the synchro-
nous release of similar volumes of alates, as recorded for
multiple-wood nesters, was not likely. We did not assess the
flight activity of individual colonies; thus, we cannot state
whether the observed continuous flight arises due to differ-
ences in the timing of the intensive release of alates by each
colony or whether each colony releases only a few alates
continuously. Further studies are required to examine the
pattern of alate release by each colony.

Previous studies investigating sexual differences in the
development of termites did not report protogyny (the emer-
gence of adult females earlier than males), whereas pro-
tandry (the emergence of adult males earlier than females)
has been reported for some termite species (Luykx 1986;
Matsuura 2006; Vargo and Husseneder 2011). Our light
trapping study in 1983 showed that more females emerged
before males (Fig. 1); thus, protogyny might exist in this

Estimate  SE Zvalue P value ’ - .
taxon. However, further evidence is required, because the
Intercept 99.42246129.365484  3.386  <0.001 sexual differences in phototactic responses might have influ-
Daily temperature 0.5815  0.0526 11.0630 <0.0001 enced our results (Cheng et al. 2016).
Daily atmospheric —-0.1261  0.0281 —4.4870 <0.0001 We also measured how the disperser production phase in
presstte . N. koshunensis shifted over time by analyzing the ratio of
D?ltﬂy relative humid-—0.1758 = 0.0230 7.6410 <0.0001  5re_alate nymphs to alates in colonies in the field (Fig. 3).
1 . . .. .
v ) The observed trend in the flight activity of N. koshunensis
Daily wind velocity —0.1015 0.0733 —1.3840 0.1660 . . .
) . based on light traps reflected our direct counts of dispersers
Daily precipitation —-0.0271  0.0073 —3.7220 <0.001
Table 2_ Summary of the . Estimate SE Z value P value
generalized linear models (with
Poisson distributions) on the Intercept 40.232 133.336 0.302 0.763
Zl‘;’gshly abundance of trapped Monthly ratio of alates inside colonies 73.958 8.562 8.607 <0.0001
Monthly mean temperature 0.335 0.084 3.974 <0.0001
Monthly mean relative humidity —0.030 0.051 —-0.578 0.564
Monthly mean atmospheric pressure —0.048 0.131 —0.366 0.714
Monthly mean wind velocity 0.607 0.579 1.047 0.295
Monthly total precipitation 0.002 0.002 1.422 0.155
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in the field-collected colonies (Figs. 1, 3). Furthermore, our
results were consistent with those recalculated from colony
data in Appendix of Maki and Abe (1986) (Table S2).

Our study supported previous studies (reviewed by Nut-
ting 1969) in that certain termite species appear to produce
dispersers in relation to the annual biological clock or mete-
orological cues, which is reflected by the seasonal produc-
tion and flight of alates (possibly during the optimal period
for successful reproduction by the alates of a given species).
However, a noticeable number of N. koshunensis colonies
also retained alates and pre-alate nymphs in winter, which
is outside of the dispersal flight period (Fig. 1). A previ-
ous study also recorded the presence of alates in four out
of 10 colonies during January and February (Maki and Abe
1987). This phenomenon might arise because some alates
and pre-alate nymphs produced during the summer might
remain in the colony after the dispersal flight season for
use in the subsequent season (i.e., the following year). As
another possible explanation, the environmental conditions
preceding flight might enhance the development of alates
inside colonies; however, flight did not occur by the lack
of daily environmental conditions that trigger the release
alates. Consequently, these alates were kept in the colony
until the next swarming season. Alternatively, the production
of alates in winter might represent an alternative strategy
of the colony to potential adverse conditions, different to
the typical seasonal disperser production by the colony. For
instance, a decline in food resources led to the production
of alates in Cryptotermes secundus (Kalotermitidae) (Korb
and Lenz 2004). The frequency of colonies with a decline
in food resources in N. koshunensis was unknown; however,
this process occurs in all of the colonies of single-piece nest-
ers because their colonies never move to other trees. Thus,
a similar mechanism might explain the off-season disperser
production of N. koshunensis. Future studies should inves-
tigate the status of colonies in relation to the production of
disperser in this species.

Our study suggested that alate production inside the
colony is positively correlated with temperature, relative
humidity, and precipitation (Fig. 4). This result was sup-
ported by previous studies, which showed that the develop-
ment of termite individuals is enhanced at higher tempera-
tures and relative humidity (Nutting 1969; Mensa-Bonsu
1976). The negative relationship between alate production
and atmospheric pressure might be pseudo-correlated,
because atmospheric pressure was negatively correlated with
temperature and relative humidity (Fig. 4). The daily num-
ber of trapped alates in 1983 was positively correlated with
temperature and relative humidity (Table 1); however, the
main effect of these environmental factors might enhance the
flight activity of this termite by enhancing alate production
inside the colony (not a direct trigger of the colony’s release
of alate) (Figs. 3, 4). Alternatively, air temperature had a

significantly positive effect, even in the model incorporating
the density of alates in the colony along with environmental
factors (Table 2). Thus, air temperature might increase the
dispersal flight of alates from colonies. Moreover, precipi-
tation might also be associated with the onset of flight by
alates present in the colonies, because it has the opposite
effect on alate production inside the colony with flight activ-
ity in the field (Fig. 4; Table 1). The negative relationship
between the daily number of trapped alates and atmospheric
pressure seemed to be pseudo-correlated. The environmental
factors that enhance or lessen alate release from colonies
need to be quantified through controlled experiments under
laboratory conditions.

This single-wood nester exhibits less intensive flight
behavior than multiple-wood nesters. The selective advan-
tage of releasing alates at a low intensity over a long period
remains unclear. A previous study predicted that the flight
season of Kalotermitidae termites would reflect their tol-
erance to high temperatures and preference for dry wood,
because the number of catches and frequency of individu-
als in this family was higher at the end of the dry season
(Medeiros et al. 1999). However, because the flight peak
of N. koshunensis matched the peak period of precipita-
tion in Okinawa, this prediction was not supported, at least
for this termite species. The ability of termites to adjust to
changes in resource availability to optimize colony found-
ing might be beneficial. For instance, typhoons approach
Okinawa Island from May to December (Japan Meteorologi-
cal Agency, http://www.jma.go.jp/jma/index.html), which is
the same period of N. koshunensis dispersal flight activity.
Typhoons cause parts of living trees to break off, making
them optimal resources for alates to establish colonies. In
contrast, alates that disperse and establish colonies before
a typhoon might be at a disadvantage. Thus, the strategy of
releasing small numbers of alates over an extended period
might be important for “hedge betting” the timing of invest-
ment in colonies in environments where it is difficult to pre-
dict the future climate. In conclusion, further quantification
of this strategy is required to determine the adaptive capacity
of termites.
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