
Saudi Journal of Biological Sciences 28 (2021) 64–72
Contents lists available at ScienceDirect

Saudi Journal of Biological Sciences

journal homepage: www.sciencedirect .com
Original article
Effect of constant and fluctuating temperature on the circadian foraging
rhythm of the red imported fire ant, Solenopsis invicta Buren
(Hymenoptera: Formicidae)
https://doi.org/10.1016/j.sjbs.2020.08.032
1319-562X/� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: lihualugdppri@hotmail.com (L. LYU).

1 These authors contributed equally to this study.

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Yanyuan Lei a,1, Waqar Jaleel a,1, Muhammad Faisal Shahzad b, Shahbaz Ali c, Rashid Azad d,
Rao Muhammad Ikram e, Habib Ali f, Hamed A. Ghramh g,h, Khalid Ali Khan g,h, Xiaolong Qiu i,
Yurong He i, Lihua LYU a,⇑
aGuangdong Provincial Key Laboratory of High Technology for Plant Protection, Plant Protection Research Institute, Guangdong Academy of Agricultural Sciences, No. 7 Jinying
Rd., Tianhe District 510640, Guangzhou, Guangdong, China
bDepartment of Entomology, Faculty of Agriculture, Gomal University, Dera Ismail Khan, Pakistan
c Fareed Biodiversity and Conservation Centre, Department of Agricultural Engineering, Khawaja Fareed University of Engineering and Information Technology, Rahim Yar
Khan, Punjab, Pakistan
dDepartment of Entomology, The University of Haripur, Pakistan
eDepartment of Agronomy, MNS-University of Agriculture, Multan 60,000 Pakistan
fDepartment of Agricultural Engineering, Khawaja Fareed University of Engineering and Information Technology, Rahim Yar Khan, Punjab, Pakistan
gResearch Center for Advanced Materials Science (RCAMS), King Khalid University, P.O. Box 9004, Abha 61413, Saudi Arabia
hUnit of Bee Research and Honey Production, Biology Department, Faculty of Science, King Khalid University, P.O. Box 9004, Abha 61413, Saudi Arabia
iDepartment of Entomology, College of Agriculture, South China Agricultural University, Guangzhou, Guangdong Province, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 June 2020
Revised 11 August 2020
Accepted 19 August 2020
Available online 27 August 2020

Keywords:
Solenopsis invicta
Temperature
Circadian foraging rhythms activity
Understanding circadian foraging rhythms activity of the red imported fire ant, Solenopsis invicta Buren
(Hymenoptera: Formicidae) foragers at different temperatures is an important step towards developing
control measures in Integrated Pest Management (IPM) programs. In this study, the circadian foraging
rhythm activities of S. invicta foragersat different temperature were investigated under laboratory and
field conditions. Results indicated that the foraging activity increased after sunrise, and maximum forag-
ing occurred at 14:00 (foraging rate was 69.22 ± 0.57 and 72.58 ± 1.15 foragers/min in the first and sec-
ond year, respectively) in the tea fields of Guangzhou during autumn. Furthermore, foragers
demonstrated circadian rhythms and exhibited a unimodal after 24 h. A significant correlation was found
between foraging activity and temperature. S. invicta colonies were active at moderate soil temperatures
(approximately 26.65 �C to 29.24 �C). The preferred temperature of the colonies was 26 �C, followed by
22 �C and 18 �C in the laboratory. The individual S. invicta activity was maximum at 17:00
(18.67 ± 1.66 times /10 min) and minimum at 5:00 (8.33 ± 2.51 times/10 min) at 26 �C. The fluctuating
temperature had a significant impact on individual locomotor activity (r = 0.8979, P < 0.01) but did not
alter the rhythm activity. Our results demonstrated that temperature might play an important role in cir-
cadian foraging rhythms activity of S. invicta. These results may have implications for the development of
more effective fire ant management strategies.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Solenopsis invicta Buren (Hymenoptera: Formicidae) commonly
called red imported fire ant, most notorious pest and has invaded
more than 20 countries, e.g., Australia, China, Taiwan, India, Japan,
South Korea, Myanmar, Laos, and Vietnam (Allen et al., 1994;
Vinson, 1997; Wang et al., 2019). In China, S. invicta is considered
a most notorious ant species and have been invaded more than 15
provinces in China (Zheng and Zhao, 2005; Huang and Huang,
2010; Wang et al., 2019; Zeng et al., 2005; Ma et al., 2018; Wang
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et al., 2019). The foraging activity of S. invicta has two annual peaks
in Guangdong, China (Li et al., 2008; Jiang et al., 2011). Daily forag-
ing activity depends on colonies’ strength (Chen et al., 2010). Glo-
bal warming is also the main reason to influence the S. invicta
colonies trend over the past 20 years throughout China (Yu et al.,
2011). The S. invicta are invading their strength towards the north-
ern areas (Hickling et al., 2006; Robinet and Roques, 2010; Kwon
et al., 2014; Wang et al. 2019). However, the potential northern
boundary of natural expansion for fire ants in China is much less
clear (Xue et al., 2005; Zhou, 2005; Chen et al., 2006; Du et al.,
2007).

Abiotic factors including light (Narendra et al., 2010; Stieb et al.,
2012), soil moisture (Kaspari and Weiser, 2000; DiGirolamo and
Fox, 2006; Menke and Holway, 2006), and temperature (Cerdá
et al., 1998; Cole et al., 2010; Jayatilaka et al., 2011) have a great
impact on the foraging activity of S. invicta colonies. Temperature
and rainfall considered the key factors that help determine the
geographical distribution and invasion of S. invicta (Korzukhin
et al., 2001; Morrison et al., 2004). The effects of seasonal temper-
atures on S. invicta foraging activity was studied in Florida (Porter
and Tschinkel, 1987). Similarly, the foraging activity of S. invicta in
Central Texas at different temperatures (10–50 �C) (Drees et al.,
2007). Low temperatures have a strong effect in making slow for-
aging activity in S. invicta foragers (Porter and Tschinkel, 1987). S.
invicta colonies can survive in to cooler regions (Vogt et al., 2003).

Entomopathogenic fungi e.g., Beauveria sp., Metarhizium sp. are
effective biocontrol agents against S. invicta (Wang et al., 2010; Lü
et al., 2011; Qiu et al., 2014). Similarly, under Integrated Pest Man-
agements (IPM) circadian clocks techniques are very important to
understand the behavior of social insects e.g. S. invicta for their
safer control measures (Frisch and Koeniger, 1994; Moore, 2001).
Studies on the foraging activity of S. invicta in responses to differ-
ent temperatures accompanying seasonal or regional variations in
China have not been measured.

Considering the importance of temperature fluctuation, in the
current study, circadian rhythms activity of S. invicta (in colonies
and individual level) was observed at constant and fluctuating
temperatures. We used a video-computer recording system to
record and analyze the circadian rhythms of foraging at different
temperatures. We attempted to characterize the daily foraging
rhythm of S. invicta in the tea field located in Guangzhou, Guang-
dong, China. The potential relationships between foraging activity
and temperature fluctuation were observed. Three different tem-
peratures (18 �C, 22 �C, and 26 �C) were tested on colonies reared
in the laboratory. Studies at individual level were conducted to
determine whether foragers demonstrated internal rhythms under
constant or fluctuating temperatures. This study will provide solid
data for the timing of insecticidal bait applications to take advan-
tage of foraging rhythm, which will be appropriate in more south-
ern portions of the fire ant range in China.
2. Materials and methods

2.1. Source colonies and experimental nests

Colonies of S. invicta were collected from different District in
Guangzhou, China (23�060 N, 112�120 E). All colonies were polyg-
yne form. Colonies were maintained in the laboratory according
to the methodology of Lei et al., (2019).

2.2. Daily foraging activity in the field

Field research was conducted in a tea plantation at Baiyun, dur-
ing the autumn season (September–November) in 2018 and 2019.
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This plantation had not been subjected to fire ant control, and tea
bushes had not been exposed to pesticides in the field. Field works
were conducted in the autumn season, which featured large tem-
perature differences; this was because a previous study showed a
peak in the trapping number of S. invicta in Guangzhou during
the autumn season (Liu et al., 2016). Three colonies (20 cm diam-
eter and 15 cm high, 30 cm diameter and 20 cm high, 40 cm diam-
eter and 25 cm in length) were selected randomly; the distance
between each colony was greater than 10 m. Colony size was esti-
mated from the mound volume (Tschinkel, 1993). We then
searched for the nest entrance close to the ant mound; usually,
the nest entrance is located within a 3.5 m radius of the ant
mound. Foraging trails could be found leading away from the nest.
Foragers were allowed to re-form their foraging trail for 20 min
prior to the recording. The trails were under sunshade cover (the
diameter of the sunshade surface was 3 m) to protect it from direct
exposure to sunlight and rain (Fig. 1A). The three colonies were
observed on the same day to minimize variation in weather condi-
tions between days.

To be able to monitor the complete foraging activity of individ-
ual ants, a video-computer recording system (VCRS) was used. A
camera (BL-C3QA720PL, Shenzhen Wave-particle Technology Co.,
Ltd., China) was mounted to a tripod and placed close to the forag-
ing trail (Fig. 1A). The camera automatically recorded the date and
time when workers passed the focal area. Night monitoring was
carried out using an infrared lamp (k > 600 nm). To examine how
environmental temperature affects foraging activity, the maximum
temperature was recorded up to a level of ±0.21 �C using Onset
data loggers (HOBO� Data Loggers U23-003, One Temp Pty., Ltd.,
Australia). To record air temperature, the logger was used. Soil
temperature at a depth of 2 cm was recorded using the logger to
represent the temperature of the foraging trail (Porter and
Tschinkel, 1987). The loggers were set to record temperature with
1 min intervals and allowed to run for 6 days. Data were copied
from the camera and logger daily.
2.3. Experiment I. Effects of constant temperature on daily colony
foraging activity

Three experimental colonies were used, each consisting of five
or more queens, approximately 2000 workers, and 30 larvae or
pupa. Constant daily mean temperatures were set to 26 �C, 22 �C,
and 18 �C. To examine the effect of different temperatures upon
foraging intensity, colonies were placed in 3 temperature-
controlled rooms and exposed to 26 �C continuously for 5 days,
which was then changed to 26 �C, 22 �C, and 18 �C continuously
for 5 days, separately. There were three replicates per temperature
treatment, and a new colony was used for each replicate. Ants
crossing the tube to the foraging area were automatically recorded
by VCRS (Fig. 1C). The mean number of workers passing the trail
every 5 min for 1 h on three consecutive days was counted in each
colony.
2.4. Experiment II. Effects of fluctuating temperatures on daily
individual locomotor activity

This experiment was designed to determine the impact of tem-
perature on individual locomotor activity in S. invicta. Medium-
sized worker ants (medias, head width (1.0–1.3 mm)) were
selected for these experiments to eliminate the influence of body
size on behavior. Workers observed on the food were identified
as foragers. CO2 was used to anesthetized the S. invicta for 30 sec
and then filtered with two different screens, one with a mesh size
of 14 units and the other with a mesh size of 18 units (Shanghai



Fig. 1. Monitoring experiments of the activity of Solenopsis invicta foragers. (A) Monitoring arrangement in a tea plantation. Foraging trails were observed by cameras and
monitored for approximately 5 days. (B) Constant temperature experiment for monitoring the foraging activities of colonies in the laboratory. Colonies of S. invictawere given
access to a food source in a foraging area linked to the nest by a plastic tube bridge. The camera automatically recorded the date and time when workers passed the focal area,
as well as the identity of the passing foragers. (C) A transparent silica tube was used to observe passing foragers. (D) Constant and fluctuating temperature experiment for
monitoring individual locomotor activity in the incubator.

Y. Lei et al. Saudi Journal of Biological Sciences 28 (2021) 64–72
Zhenchun Powder Equipment Co., Ltd., China). Majors were
retained on the size 18 mesh sieve while minors and medias
dropped onto the size 14 mesh sieve; only medias retained on
the 14 mesh sieve were kept for experiments while minors
dropped and were discarded. The mean ± standard error of the
head width in medias was 1.15 ± 0.1 mm (N = 10), which was mea-
sured with a microscope (Zeiss, Jena, Germany) fitted with a gratic-
ule. Prior to the experiment, workers were deprived of food for
48 h to empty their crops. In this way, each treatment contained
workers with approximately the same level of hunger.

The locomotor activity of foragers was monitored individually
under the laboratory. Two incubators, which were adjusted to
either a constant or fluctuating temperature, were used for all indi-
vidual experiments. Individual locomotor activity was studied at
two sets of constant temperatures e.g. 26 �C ± 0.8 �C and
18 �C ± 0.7 �C, while fluctuating temperatures were 21.10, 21.16,
22.73, 23.65, 24.61, 27.39, 27.98, 27.54, 28.07, 27.19, 26.24,
24.87, 23.57, 23.02, 22.64, 22.69, 22.65, 22.29, 21.96, 21.59,
21.55, 21.49, 20.95, and 20.47 �C with recorded 85 ± 1% RH and a
photoperiod of 12:12 h light: dark. We selected 26 �C and 18 �C
as a constant temperature to test locomotor performance because
it was consistent with the colony treatment above. Petri dishes
(30 mm in diameter and 10 mm in height) were used as experi-
mental arenas. Each Petri dish had been treated with Fluon (to pre-
vent workers from escaping). The bottom of each Petri dish was
covered with a moistened filter paper. An individual forager was
placed into the Petri dish for 6 h before experiments began and
allowed to acclimate to the environmental change (Fig. 1D).

After the start of the experiment, foragers were introduced into
experimental arenas individually (one forager per arena), and their
movements were recorded for 3 consecutive days with a camera.
The bottom of each Petri dish was bisected with a simple marked
line. We then recorded the number of times a forager crossed the
line; this allowed us to assess the locomotor activity of each indi-
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vidual. Each treatment (individuals with constant and fluctuating
temperature conditions were used as different treatments) was
replicated 16 times (i.e., 16 individual foragers).
2.5. Data analysis

For all experiments, activity was calculated by observing the
numbers of foragers exposed to the camera. The foraging rate
was defined as the number of foragers that passed through a given
path per unit of time. Foraging activity was assayed by the foraging
rate (Lei et al., 2019). The mean foraging rate index at each time
point over 3 days was calculated using the following equation.

Foraging rate index = 100 � Et / Ed.

where Et was the mean number of foragers exposed (i.e., moved out
from the nest and returned) in the10 min filming period at each
time point, and Ed was the sum value for the 24 time points each
day.

For field observations, we recorded air and soil temperature
over 24 h. Multiple regression was used to determine the effect
of foraging rate to variations in soil temperature.

Individual locomotor activity was quantified by calculating the
number of foragers that crossed the middle line. To compare activ-
ity patterns between the colony and individuals, the locomotor
activity was normalized to the locomotor activity index, which
was defined as the mean relative proportion of individual forager
crossing times (±SEM) at each time point across foragers over a
24 h period (24 time points). The patterns of individual locomotor
activity in constant and fluctuating temperature conditions were
analyzed separately. Multiple regression was used to determine
the effect of individual locomotor activity under fluctuating tem-
perature. Statistical analyses were performed using SAS 2.1 soft-
ware (SAS Institute Inc., North Carolina, USA).
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3. Results

3.1. Foraging rhythm of S. Invicta in the field

Ant activity in the foraging trail varied with the environmental
temperature. Furthermore, foraging activity occurred throughout
the day. The variation in soil temperature and air temperature
changes were similar. However, the soil temperature (approxi-
mately 18.99–29.24 �C) was lower than the air temperature (ap-
proximately 19.57–41.05 �C) and peaked at lower values than the
air temperature.

Foraging activity changed by this variable. Foraging activity
began at sunrise and increased significantly until 14:00 each day
(Fig. 2A). Foraging activity peaked at 14:00 (at a foraging rate of
69.22 ± 0.57 and 72.58 ± 1.15 foragers/min in 1st and 2nd year,
respectively) and decreased significantly after that until 2:00
(Fig. 2A). The diurnal variation of S. invicta foraging activity showed
a unimodal curve in the autumn of both years. Foraging activity
appeared to follow a similar pattern as that of temperature
throughout the day in that activity was relatively low at the begin-
ning of the day, increased until early afternoon, and then dropped
(Fig. 2B).

A strong relationship was observed between the environmental
temperature and foraging activity in the field. The soil temperature
in the foraging trail was significantly correlated with foraging
Fig. 2. The daily pattern of outgoing foraging activity in Solenopsis invicta during the au
colonies in the field. Dashed and solid lines represent environmental temperatures (air a
was according to the soil temperature at a depth of 2 cm for different time points each da
recording, sunrise occurred at approximately 06:30 and sunset at approximately 17:50
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activity (Fig. 3A, B). This would lead to higher forager activity at
relatively higher temperatures and lower event at low
temperatures.

3.2. Effects of constant temperature on foraging activity at the colony
level

The constant temperature had a strong impact on foraging
activity at the colony level. For constant ambient temperatures of
26 �C, 22 �C, and 18 �C, there was a significant preference for the
warmer environmental temperature, which was consistent across
the three colonies. For most of the day, higher temperatures caused
higher foraging activity compared with lower temperatures, with
the highest foraging activity at 26 �C, followed by 22 �C and con-
stant 18 �C. Under constant temperature, the daily foraging rhythm
exhibited a unimodal pattern, which was different from that in the
field. Activity decreased from 6:00 to 10:00 and significantly
increased from 13:00 �C at 26 �C (Fig. 4). Foraging activity
increased with ambient temperature and reached a maximum for-
aging rate of 53 ± 4.16 foragers/min at 18:00. The foraging rate
showed a broad maximum between 16:00 and 21:00 and
decreased significantly at 5:00. The levels of activity were consis-
tently steady, with the exception of a slight fluctuation from
10:00 to 12:00 and from 0:00 to 5:00. Multiple temporal changes
in the activity of S. invicta revealed a robust diurnal rhythm under
tumn of 1st (A) and 2nd years (B). Data represent the mean daily activity of three
nd soil), and solid bars indicate the number of outgoing workers. The foraging rate
y in the field. The vertical bars represent the standard error of the mean. During the
in 1st and 2nd years. Panels are arranged according to sunrise times.



Fig. 3. Scatter diagrams and linear regression lines of the correlations between forager activity and temperature. The foraging rate in relation to soil temperature at a depth of
2 cm for the autumn sample of 1st year (A) and the autumn sample of 2nd year (B). Data are from both trials; points and error bars represent means and standard errors,
respectively.

Fig. 4. Foraging rhythm patterns of Solenopsis invicta under three constant temperature conditions. Foraging rate for each data point (±SEM) was plotted as the mean values
over 24 h and across colonies (n = 3 colonies). Standard error bars were calculated from variation across three colonies.
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22 �C and 18 �C, with common peak activity at 17:00 and mini-
mum activity at 4:00. The most striking difference in terms of
activity at the three temperatures was a considerably higher activ-
ity at each time point under 26 �C.
3.3. Effects of constant temperature on individual locomotor activity

Foragers exhibited circadian locomotor activity rhythm under
constant temperature conditions. This activity showed a multi-
modal pattern at both 18 �C and 26 �C. The individual activity
68
was lower at 18 �C than 26 �C. The locomotor activity increased
with ambient temperature and reached a maximum value at
17:00 at 26 �C (18.67 ± 1.66 times /10 min) and 18:00 at 18 �C
(10.33 ± 1.04 times/10 min), respectively (Fig. 5A).
3.4. Effects of fluctuating temperature on individual locomotor activity

The fluctuating temperature had a strong effect on the individ-
ual locomotor activity of S. invicta. The activity started at 7:00 and
increased significantly until 15:00 (26.75 ± 2.89 times/10 min) per



Fig. 5. Circadian pattern of individual locomotor activity under different temperature conditions: (A) constant 26 �C and 18 �C and (B) fluctuating temperature. Standard error
bars were calculated from the variation across replicated individuals.
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day, with the exception of a slight decrease from 11:00 to 12:00.
The activity then decreased significantly from 15:00 to 4:00, with
the exception of a slight fluctuation from 1:00 to 3:00 (Fig. 5B).
There was no difference between colony foraging activity and indi-
vidual locomotor activity in S. invicta foragers exposed to 26 �C
(Fig. 6). Similar patterns of activity, at the colony and individual
level, were evident with considerable fluctuation between 13:00
and 23:00, with a common peak of activity (17:00 to 18:00).

The locomotor activity appeared to follow a similar pattern to
that of temperature throughout the day. Individual locomotor
activity changed in accordance with temperature fluctuation. For-
agers crossed the line 7–23 times/10 min during the fluctuating
temperature regimes from 20.47 �C to 28.07 �C. The fluctuating
temperature was significantly correlated with the individual loco-
motor activity (Fig. 7). A linear relationship was found between
individual locomotor activity and temperature: the higher the tem-
perature, the higher the locomotion.
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4. Discussion

Ants can adapt to fluctuating temperatures zones (Falibene and
Josens, 2014). In both laboratory and field experiments, foraging
and individual activity of S. invicta were directly proportional to
temperature, which showed that environmental temperature
might play an important role in the timing of foraging behavior
in S. invicta.

In Florida, S. invicta workers foraging activity were more at
night, but neither time of day nor night/day were significantly cor-
related with foraging rates (Porter and Tschinkel, 1987). However,
Myrmecia pyriformis ants are known to be nocturnal throughout
the year in Canberra (Jayatilaka et al., 2011). In the present study,
we showed that S. invicta in Guangzhou foraged during the day and
night but less in the nights. The S. invicta foragers visited food
sources in the day, and peak foraging was observed between
12:00 and 14:00. Similarly, S. invicta in North Carolina was



Fig. 6. Circadian activity rhythm patterns of individual Solenopsis invicta, compared with colonies, under a constant 26 �C. The foraging rate index for each time point (±SEM)
is plotted as mean values across colonies (n = 3) while individual locomotor indices are plotted as the mean relative proportion of individual forager crossing times (±SEM) at
each time point across foragers (n = 16).

Fig. 7. Correlation between individual locomotor activity and fluctuating temperature. Data points and error bars represent means and standard errors, respectively. A
positive relationship was found between these variables.
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observed to forage during the day, while in the night, the foraging
activity low (Kidd and Apperson, 1984). In the other species of ants,
the activity pattern of Oecophylla smaragdina was low from 10:30
to 14:00 and peaked was between16:00 and 21:00 (Peng et al.,
2012). Solenopsis geminata foraging activity was reported maxi-
mum at midnight (Norasmah et al., 2006). In our current study,
the foraging activity of S. invicta demonstrated internal rhythms
in the field. The foraging rhythm of S. invicta foragers exhibited a
unimodal pattern daily, and might play an important role in the
management of foraging behavior. Solenopsis invicta was sensitive
to temperature changes, but workers did exhibit a tendency to for-
age at night. In contrast, to those published here, the S. invicta for-
agers were most active in the cool areas in the day. However, this
70
primarily occurred because environmental temperatures sur-
passed thermal limits for invasive fire ants at the hottest time of
the day. There likely exists a seasonal component where foraging
activity is maximized at the hottest part of the day in certain
months (e.g., fall months in this study) but not in others (e.g.,
>38 �C when the temperature reached extreme values) which
would be useful information to know for management and bait
application. This would help to find a better way to control this
species of ant. Because these fire ants forage at night, control mea-
sures could be deployed during the night to increase the probabil-
ity of ants contacting the bait.

A previous study showed that low temperatures (15 �C) limited
the activity of Camponotus tonkinus during the early spring and late
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autumn season (Wang and Liu, 1998). In another study, Myrmecia
croslandi were shown to tune their daily activity to avoid temper-
atures over 35 �C (Jayatilaka et al., 2011). A narrow range of tem-
peratures (to leave their nest, between 25 �C and 30 �C) was
observed in M. croslandi colonies, and workers can tolerate high
temperatures (Jayatilaka et al., 2011). Previously, it has been
demonstrated that the foraging activity of S. invicta on soil was
most strongly influenced by air and soil temperatures (Kidd and
Apperson, 1984). Our current study showed that higher tempera-
tures stimulated the foraging activity of S. invicta and that changes
in soil temperature synchronized rhythms. According to unimodal
activity in the field, S. invicta workers come out from the colonies
in high temperatures on mid-day. S. invicta workers don’t prefer
the high and low air temperatures, and the preferred active time
was reported e.g. 2 h behind the highest daily air temperature time
point. These results suggested that workers able to feel high tem-
peratures (using their circadian clocks) (Majercak et al., 1999;
Quiring and McNeil, 1987). This would then allow S. invicta work-
ers to temporally organize their foraging activity to avoid extre-
mely high or cold temperatures.

Earlier research showed that threshold levels for various types
of activity in Solenopsis saevissima were uniformly temperature-
dependent (Markin et al., 1974). In our current laboratory study,
foragers were able to regulate their foraging activity within a nar-
row temperature range (18 �C to 26 �C). Therefore, the effect of
lower temperature on foraging specialization was not particularly
strong but was still significant for some aspects in our data set.

Constant temperature caused small phase-shifts in the timing
of peak activity levels of S. invicta colonies. Peak foraging activity
under constant 26 �C was seen at 18:00, which was 4 h later than
that found in the field (14:00). However, the maximum foraging
rate (69.22 ± 0.57 and 72.58 ± 1.15 foragers/min in 1st and 2nd
years, respectively) in our field study was higher than that under
constant 26 �C in the laboratory (53 ± 4.16 foragers/min). These
results could be attributed to the specific range of experimental
temperatures used in our study, or to some traits of S. invicta that
overcome the stress of temperature variation (from fluctuating
natural temperature to manipulated constant temperature). Other
environmental factors in the field, including photoperiod changes
due to seasonal alterations, potentially have a stronger effect on
behavioral thresholds (Shiga, 2013), and also on the crucial transi-
tion of workers moving from the nest and undertaking outdoor
activities (Jürgen Stelzer et al., 2010). Circadian rhythms produced
by a biological clock that synchronized with cycles of light and
temperatures (Fan et al., 2007). Eight clock genes have been iden-
tified in S. invicta that are responsible to identify the expression
pattern (Ingram et al., 2012). In Drosophila, heat pulses are known
to trigger (an association between the clock genes CRY and PER-
TIM), which suggests that CRY and PER-TIM also contribute to
temperature establishment (Fan et al., 2007). Future work should
also determine how the interaction between temperature and pho-
toperiod affects the rhythm of foraging and forager behavior.

In our present study, individual foragers remained active
around the clock under both constant and fluctuating tempera-
tures. The rhythmic pattern of foraging activity in the colony was
consistent with the locomotor activity observed in S. invicta indi-
viduals and suggested that individual locomotor (walking) activity
may depend on their daily activity rhythms. Peak locomotor activ-
ity of individual foragers occurred at 15:00 under fluctuating tem-
perature and was approximately consistent with the peak time
point of foraging observed in the field (14:00). Foragers, which
probably need to anticipate periodic events in nature precisely, dis-
played locomotor activity rhythms that were synchronized for 24 h
period. Maximum foraging activity occurred at 19:00 in colonies,
which was 2 h later than the maximum individual locomotor
71
activity observed under constant 26 �C conditions (17:00)
(Sharma et al., 2004).

The environmental temperature might be one factor with which
to fine-tune foraging activity via self-organized patterns among S.
invicta workers. By modifying temperature experimentally, we
provided clear evidence that S. invicta does indeed measure tem-
perature and relies on an internal rhythm to begin foraging. Envi-
ronmental temperature promoted significant changes in foraging
behavior. However, more research on the function of foraging-
related genes in this ant under different temperature conditions
is now required to determine whether such genes in S. invicta reg-
ulate foraging activity. Our results, even though the expected activ-
ity in daily temperature changes, could be more drastic than in our
experimental design. Considering the particularities of our very
simple biological and physical systems are useful in clarifying the
potential consequences of temperature variation in future studies
that deals with population dynamics, individual performance,
and environmental temperature stress.
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