ROYAL SOCIETY
OPEN SCIENCE

royalsocietypublishing.org/journal/rsos

[@)er |
Research Cresicior

Cite this article: Scharf |, Radai A, Goldshtein
D, Hanna K. 2024 Flour beetles prefer corners
over walls and are slowed down with increasing
habitat complexity. R. Soc. Open Sci. 11: 231667.
https://doi.org/10.1098/rs0s.231667

Received: 4 November 2023
Accepted: 19 December 2023

Subject Category:
Ecology, conservation and global change biology

Subject Areas:
behaviour/ecology

Keywords:
wall-following behaviour, habitat selection,
movement ecology, obstacles, pest ecology,
thigmotaxis

Author for correspondence:
Inon Scharf
e-mail: scharfi@tauex.tau.ac.il

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.c.
7007830.

THE ROYAL SOCIETY

PUBLISHING

Flour beetles prefer corners
over walls and are slowed
down with increasing
habitat complexity

Inon Scharf, Amit Radai, Dar Goldshtein and
Kimberley Hanna

School of Zoology, The George S. Wise Faculty of Life Sciences, Tel Aviv University,
Tel Aviv 69978, Israel

IS, 0000-0002-8506-7161

Movement affects all key behaviours in which animals engage,
including dispersal and habitat use. The red flour beetle,
known as a cosmopolitan pest of stored products, was the
subject of our study. We examined whether the beetles
preferred corners, walls or open areas, and how turns or
obstacles in corridors delayed the beetles” arrival at a target cell.
Beetles spent significantly more time in corners than expected
by chance, while they spent considerably less time in open
areas than expected. However, no significant difference was
observed between areas with two or three surrounding walls.
This could be attributed to the beetles” stronger attraction to
corners than crevices or the insufficient proximity of the third
wall to the other two. Movement through the corridor was
delayed by turns or obstacles, expressed in arrival probabilities,
arrival times, time in the corridor or movement speed.
Obstacles on the corridor’s perimeter had a stronger effect on
the beetle movement than those in the corridor’s centre
owing to the beetles” tendency to follow walls. The research
is important also for applied purposes, such as better
understanding beetle movement, how to delay their arrival to
new patches, and where to place traps.

1. Introduction

Movement is an integral part of many important behaviours.
Several movement characteristics, like speed and directionality,
affect foraging success, predation avoidance and successful
dispersal [1-3]. When moving, animals trade off between the
benefits and costs of movement. While movement allows animals
to achieve specific goals such as finding food or mates, it is also
energetically costly and poses various risks [4-6]. Animals rarely
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use their habitat uniformly and they prefer specific areas while avoiding others. For instance, animals [ 2 |
exposed to predation risk often prefer sheltered areas over open ones [7,8]. Many vertebrate and
invertebrate species favour moving along walls as opposed to open areas [9-12]. The preference for wall
following is driven by various factors, and avoiding predation, alleviating anxiety and using the wall as
a means of exploration or an exit are the most common explanations [13-16]. Movement along walls
differs from movement in open areas in various aspects, such as increasing or decreasing speed upon
reaching the wall (cf. [17,18]). Walls are not limited to artificial structures in human-made habitats, but
they also include natural elements like rocks, wood trunks, fallen logs and other obstacles (e.g. [19,20]).

Habitat complexity increases with the abundance of surface irregularities, such as walls, rocks and wood
trunks [21]. Habitat complexity greatly affects movement. For example, as complexity rises, movement
becomes slower and less directional because animals cannot simply move forward [22-24]. Frequent
turns not only slow movement but also elevate the energetic cost of movement [25,26]. Complexity,
however, may contribute to predation avoidance and reduce competition with dominant species by
increasing the number of available shelters and enabling the coexistence of more species [27-29]. The
location and spatial distribution of obstacles in the habitat are important on top of their number. For
example, with increasing complexity and especially when obstacles are clumped, obstacles tend to form
corners (meeting points of two obstacles). There is less research on how animals relate to corners than
walls, but a preference for corners has been detected in some systems, probably because animals feel
safer there [30-33]. Animal behaviour in corners may differ from the behaviour along walls.
Furthermore, if there is already a preference for movement in specific parts of the habitat, like movement
along the habitat periphery, obstacles in such habitat parts or in front of the target, may have a more
significant impact on animals than obstacles in less frequently used habitat parts [34,35].

Inter-sexual differences in movement behaviour and spatial orientation are common [36,37]. Referring
to wall-following as an example, females tend to move along walls more than males [12,38,39]. Factors
that enhance wall following, such as predation cues, have a weaker effect on females, possibly due to
their already high preference for walls. By contrast, factors that moderate wall following, like certain
drugs, may affect females more strongly than males [40,41].

In our study, we used the red flour beetle (Tribolium castaneum Herbst, 1797) as a model to examine
the relative preference of beetles for walls and corners and their movement through corridors obstructed
in different ways. Red flour beetles are important and common pests of stored products and mill storage
[42,43], and they have served as a model organism in various biological fields [44,45]. The beetle
disperses both by flying and walking [46-48]. Understanding the movement of this beetle is
important for preventing dispersal among food patches and for optimizing trap deployment [49,50].
Previous studies demonstrated that red flour beetles strongly followed walls, even more than 80% of
the time [51,52]. The beetle’s preference depends also on arena size and structure, with walls being
favoured to a greater extent in smaller and round arenas compared with larger or rectangular ones
[35]. While some tests indicate that females tend to move more than males, this trend does not hold in
all cases (cf. [35,51,53]). At least in this species, movement increases after eclosion and then decreases
with age, decreases following starvation, but increases after mating [51,52,54,55].

Our study comprised three complementary experiments. In the first experiment, we examined beetle
movement in arenas with squares containing varying numbers of walls: three, two, one and zero walls. We
assessed whether movement differed among the different square types. In the second and third experiments,
we investigated the beetle movement from an origin cell to a target cell through a corridor. The corridor was
either straight or involved turns and was either free of obstacles or contained obstacles either in the centre or
along the corridor’s walls. We also explored potential inter-sexual differences in movement. Given the
beetles’ strong thigmotactic tendency (i.e. they tend to remain close to vertical surfaces like walls), we
anticipated a preference for walls over open areas and corners in the arena. We expected that corridors
necessitating turns would slow down the beetles and hinder their arrival at the target cell. Likewise, we
expected obstacles along the corridor walls to have a more substantial impact on the beetle movement than
obstacles located in the centre.
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2. Methods

2.1. General methods

Tribolium castaneum beetles, collected in a mill storage in northern Israel in January 2020, have been
maintained at Tel Aviv University in a climate cabinet set at 30°C (the optimal temperature [56]),



9cm

Figure 1. Scheme of the arena used in Experiment 1. Two blocks (1.5 % 1.5 cm; in black) were placed in the middle of a square
arena (9 X 9 cm). The arena was virtually divided into 36 squares of which 34 were accessible to the beetles. Each square had either
0, 1, 2 or 3 surrounding walls (marked inside each square).

with a 12 : 12 light : dark cycle, for at least 30 generations. A new generation was created by placing 500
random beetles in five boxes (diameter of 11 cm) filled with 120 g of a wheat flour-yeast mixture (ratio of
10:1). The beetles from the different boxes were mixed every three generations. The experiments were
conducted between June and September 2023. Two weeks before the experiment, pupae were
separated by sex, placed in a mixture of flour and yeast (ratio of 10:1), and allowed to emerge. Each
experiment comprised 20 beetles, 10 of each sex. The first experiment comprised a single test, whereas
the second and third ones comprised three treatments or three arena settings. Each beetle was tested
under all treatments in random order. We glued white paper on the arena’s surface to allow the
beetles to move easily and to improve the contrast. For acclimatizion, each beetle was initially placed
in the centre of the arena and covered with a tube lid (3 cm in diameter) for 30 s. Upon lid removal,
we recorded the beetle’s behaviour for 5 min using a Logitech Brio 4 K Ultra HD Webcam (30 frames
per second (fps)). Between successive tests in the second and third experiments, the beetle was moved
to a small plate with a bit of flour. Each dish was allowed to air out for approximately 30 min
before reuse.

2.2. Experiment 1: do beetles stay longer in areas surrounded by walls?

We employed a miniature version of the arena design described by Lamprea ef al. [14], which consisted of
a9 x 9 cm arena with two 1.5 cm blocks placed near its upper left and lower right corners. The arena was
divided into 36 (=6 x 6) squares with differing numbers of walls (ranging from zero to three; figure 1),
with 34 of these squares accessible to the beetles.

We encountered difficulties using automatic tracking software because the beetles occasionally
disappeared behind the blocks. Therefore, we divided the video recordings into 300 frames (1 fps) and
used IMAGE] [57] to track the beetle and mark its location. We counted the number of frames in which
each beetle was present in one of the four square types, categorized by the number of surrounding
walls (0-3). The time the beetles spend in each square type can indicate the extent of their wall-
following behaviour and/or preference for corners. Thus, we obtained four values per beetle. To
investigate the influence of square type (or the number of surrounding walls) and sex on the time
spent in each square type, we employed a repeated-measures ANOVA with square type as the within-
subjects variable and sex as the between-subjects variable. Time was square-root transformed as it
deviated from a normal distribution. There was no difference between the sexes so sex was removed
and the test was redone. The number of squares per square type was not equal, with two squares
having three walls, four with two walls, 14 with one wall and 14 with no walls (figure 1). We
calculated the average time spent in each square type and compared it with the null expectation
(equal time for each square) using a y*-test. Next, we calculated the distance moved in each square
and averaged it per beetle. We used a repeated-measures ANOVA to analyse distances, as described
above, with distances square-root transformed. We were also interested in whether beetles were
attracted to corners compared with walls. We summed the time beetles stayed in a radius of 0.5 cm
from one of the eight corners. We also summed the time the beetles stayed 0.5 cm or less from the
nearest arena wall, excluding corners. Then, we compared, using a paired f-test, whether the arena
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Figure 2. Schemes of the arenas used in (a—c) Experiment 2 and in (d—f) Experiment 3. Each arena comprised an origin cell, a

target cell and a corridor. In Experiment 2, the corridor turned either once, twice or not at all (straight). In Experiment 3, the
corridor comprised four obstacles in the corridor’s centre, on its perimeter or no obstacles.
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corners or the block corners (square-root transformed) were similarly attractive to the beetles and
whether they stayed more next to corners or walls. Statistics have been done using Systat v. 13 (Systat
Software, Inc., San Jose, CA, USA) and Stata 15 (Stata Statistical Software, StataCorp, College Station,
TX, USA).

2.3. Experiment 2: how do turns affect the movement of beetles?

We implemented three treatments or arena settings, each consisting of an origin cell, a target cell (both
measuring 6 x 6 cm), and a connecting corridor. The treatments differed in the corridor structure
(figure 2a—c). Treatment 1 featured a straight corridor (20 x 2 cm) with no turns and served as the
control. In treatment 2, there were two perpendicular rectangles (10 x 2 cm) that required beetles to
make one turn to reach the target cell. In treatment 3, three perpendicular rectangles (6.67 x 2 cm)
forced the beetles to make two turns to reach the target cell. For each beetle and treatment, we
recorded whether the beetles left the origin cell (y/n). Only for those that left, we documented how
many times each re-entered the origin cell and whether they reached the target cell (y/n). For the
ones arriving, we documented arrival times. For those that reached the target cell, we divided
the film segment to focus only on their movement within the corridor, from the moment they left the
origin cell until they arrived at the target cell. The segment was divided into frames, with one frame
captured every second. We used IMAGE] to follow the movement of beetles in the corridor. We
measured the distance moved within the corridor, the time spent in the corridor, and calculated the
movement speed (distance/time). Tests were stopped either when beetles entered the origin cell or
after 5 min, the earliest of the two.

First, we applied a mixed-effects logistic regression to examine whether the number of beetles leaving
the origin cell differed across treatments and between sexes. We treated treatment and sex as fixed effects
while using the beetle ID as a random variable. Testing for the treatment x sex interaction proved to be
impossible in some cases due to a lack of variance (where all beetles left). We applied the same test to
assess differences in arrival proportions at the target cell among treatments and between sexes. We
compared the number of re-entries to the origin cell after leaving it (with a range of up to three times
and re-entering up to four times during the test) among treatments and between sexes using a mixed-
effects negative binomial regression. Focusing solely on beetles that arrived at the target cell, we
employed a linear mixed model to assess differences in arrival times. We conducted three similar tests
to investigate the effect of treatment and sex on the distance, time and speed within the corridor



connecting the origin cell to the target cell. Owing to the deviation from a normal distribution of distance [ 5 |
and time, they were subjected to square-root transformation.

2.4, Experiment 3: how do obstacles affect the movement of beetles?

We implemented three treatments, each consisting of an origin cell and a target cell (both measuring 6 x 6 cm),
connected by a straight corridor (20 x 2 cm). The treatments differed in the number and location of obstacles
within the corridors (figure 2d—f). Treatment 1 had no obstacles and served as the control. In treatment 2,
there were four obstacles (1 cm each) uniformly distributed in the corridor’s centre away from the walls.
In treatment 3, the four obstacles (1 cm each) were uniformly distributed along the corridor’s walls.
We documented the same measurements as in Experiment 2 and similarly analysed the data.

*sosi/Jeunof/610Guiysgnd/aposjedos

3. Results

3.1. Experiment 1: do beetles stay longer in areas surrounded by walls?

The time spent varied among square types (F3 57 = 12.772, p <0.001). However, there was no effect of sex
(F1,18=0.775, p = 0.390), and the two-way interaction was also not significant (F3 54 = 0.366, p = 0.778). The
presence in square types differed more than expected (y*=148.80, d.f. =3, p <0.001; figure 3a): Beetles
stayed considerably longer than expected in squares with two and three walls (3.2 and 4.0 times
longer, respectively), while they stayed shorter than expected in squares with zero and one wall
(5.6 and 1.3 times less). Mean distances moved per second differed among square types (F3 45 =33.647,
p<0.001; figure 3b): movement distances were the largest in squares with no walls, followed by
squares with a single wall, and distances in squares with two or three walls were the lowest and
similar between the two. There was no difference between the sexes (F;15=0.293, p=0.596) and the
two-way interaction was not significant as well (F; 45 =0.266, p = 0.849). Regarding the corners, beetles
spent 108.4 +41.7 s (mean + 1 s.d.) next to corners, which corresponds to 36.1 +13.9% of the time. This
covers an area of 1.6 cm? (8 x % circle area, r=0.5) out of the total 78 cm? arena’s area (9 x 9-2 x 1.5).
However, arena corners were around twice as preferred as block corners (t =4.166, d.f. =19, p <0.001;
figure 3c). Beetles spent similar times next to corners and walls (corners: 36.1%, walls without corners:
41.9%; paired t-test: t=1.122, d.f. =19, p=0.276). However, the area next to walls is almost 10 times
larger than corners (approx. 15 cm® versus 1.6 cm?).

[99LET “LL DS uadp 20§ Y

3.2. Experiment 2: how do turns affect the movement of beetles?

The number of beetles leaving the origin cell differed neither among treatments/number of turns (z =1.03,
p =0.304) nor between the sexes (z=1.32, p = 0.187). Similarly, there were no differences among treatments
or between the sexes in the proportion of beetles arriving at the target cell (z=—0.40 to —0.36, p = 0.689—
0.717, and z = -0.89, p = 0.372 for treatment and sex, respectively). Concerning the number of re-entries to
the origin cell, a significant treatment x sex interaction was observed (z=2.41 and 1.95, p=0.016 and
0.052; figure 4a): while the number of re-entries was similar between sexes in the control (no turns), in
treatment 2 (one turn) and to a lesser extent in treatment 3 (two turns), males re-entered the origin cell
more frequently than females. Sex and treatment were not significant as main effects (sex: z=-0.79, p=
0.432; treatment: z=-1.21 to —1.12, p=0.226-0.262). When considering only beetles that arrived at the
target cell, there was an interaction between treatment and sex that influenced arrival times (sex x
treatment 3 versus 1: t =2.596, p =0.017; sex x treatment 2 versus 1: t =1.024, p = 0.317; figure 4b): females
arrived faster than males in treatment 3, while much smaller differences between the sexes were
observed in treatments 1 and 2. Sex was not significant as a main effect (t=-0.689, p=0.498) but
treatment was (treatment 3 versus 1: t = —2.132, p = 0.045; treatment 2 versus 1: t = —-0.971, p =0.342). The
movement speed in the corridor was higher in treatment 1 (no turns) compared with treatments 2 and 3
(one or two turns) (t=-2.837 p=0.009 and t=-2.235, p=0.035, respectively; figure 4c). Sex was not
significant (t = —0.566, p = 0.577) as well as the two-way interaction (p > 0.492). Neither treatment, sex nor
their interaction had an effect on the distance moved in the corridor (p>0.126 for all). Likewise,
treatment, sex and their interaction did not affect the time spent in the corridor (p > 0.259 for all).
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(in a radius of 0.5 cm) of the arena (marked with A) and of blocks (marked with B).

3.3. Experiment 3: how do obstacles affect the movement of beetles?

The number of beetles leaving the origin cell differed neither among treatments/the number of obstacles
and their location (z=—-1.14, p=0.256 and z=0.00, p = 1.00 for treatment 1 versus 3 and 1 versus 2) nor
between the sexes (z = —1.29, p = 0.197). More beetles arrived at the target cell in treatment 1 (no obstacles)
than in treatment 3 (obstacles along the corridor’s perimeter), with treatment 2 (obstacles in the corridor’s
centre) in between (treatment 1 versus 3: z=-2.28, p=0.023; treatment 1 versus 2: —1.66, p=0.096;
figure 5a). There was neither an effect of sex nor an effect of the interaction (sex: z=-1.00, p=0.317;
interaction: p>0.324). Regarding the number of re-entries to the origin cell, there was a difference
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among treatments with the fewest re-entries in treatment 1 and the most frequent re-entries in treatment 3
(treatment 1 versus 3: z=2.13, p = 0.033; treatment 1 versus 2: z=1.42, p = 0.156; figure 5b). There was no
difference between the sexes (z=—0.86, p = 0.391). Regarding only beetles that arrived at the target cell,
there was neither a difference among treatments (treatment 1 versus 3: t=0.032, p = 0.976; treatment 1
versus 2: z=0.630, p=0.544) nor an effect of sex (t=0.528, p=0.611) nor an effect of the interaction
(p>0.069). Movement distances in the corridor were the highest in treatment 3 followed by treatment
2 and the lowest in treatment 1 (treatment 1 versus 3: t=3.107, p=0.009; treatment 1 versus 2:
t=2.366, p=0.036; figure 5c). Sex and the two-way interaction were not significant (sex: t=0.439,
p=0.669; interaction: p >0.426). Time in the corridor was longer in treatment 3 than in treatment 1
(t=3.141, p=0.009; figure 5d), with no difference between treatment 2 and 1 (f=0.250, p=0.807).
Neither sex nor the two-way interaction was significant (sex: t = —0.345, p = 0.736; interaction: p >0.595).
Finally, movement speed was not affected by treatment (treatment 1 versus 3: t=-1.770, p=0.102;
treatment 1 versus 2: t =0.451, p = 0.660), sex (t =0.678, p=0.510) or their interaction (p > 0.444).
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4. Discussion

We present here evidence of flour beetles” preference for corners over walls, supported by the proportion
of time near corners relative to all other parts of the arena and the lower movement speed in or near
corners. The presence of an additional nearby corner (i.e. squares of three walls rather than only two)
did not influence the preference for specific corners. Beetles seem to avoid open areas as much as
possible and use walls to direct themselves to corners, where they tend to stay much longer.
Movement between an origin cell and a target cell was impacted by the corridor setting, influencing
overall movement and the probability of reaching the target. The movement speed was lower in
corridors with one or two turns compared with a straight corridor, and the number of re-entries to
the origin cell after departure was higher. Obstacles along the corridor prevented or delayed arrival at
the target cell and increased the distance travelled in the corridor. Obstacles on the corridor’s
perimeter were more influential than those at the corridor’s centre probably because the beetles
tended to follow walls.

In the first experiment, the test arena was divided into 34 squares (plus two non-accessible ones)
measuring 1.5 x 1.5 cm each, with varying numbers of walls surrounding them, ranging from zero to
three. The avoidance of squares with no walls is clear: the beetles stayed there the least and moved
the fastest through these squares. Despite previous studies considering red flour beetles as highly
thigmotactic, beetles were less frequently present in squares with a single wall than expected.
Movement speed in such squares was lower than in squares with no walls but higher than that in
squares with two or three walls. The conclusion is that the red flour beetle prefers more strongly
corners than it is thigmotactic or favours walls. Other studies reached the same conclusion in the
same flour beetle and other tested arthropods but the exact preference depends also on the
availability of cover, food and illumination [33,49].

There was no difference in terms of beetle presence and movement speed between squares with two
or three walls. This suggests that the preference is indeed for corners, regardless of the proximity of third
wall. It is possible that the distance to the third wall (1.5 cm) is too great, and different results might have
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been observed with a shorter distance. Many small animals prefer to hide in crevices and can use walls to [ 9 |
find and reach them [58-60]. Thus, it could be that the three-wall cells were not tight enough to be
perceived as a shelter. Comparing the four arena corners and the four block corners (figure 3c),
beetles stayed longer near the former ones. The reason is probably the longer two walls that lead to
the arena corners than the shorter two walls leading to the block corners. The longer the wall is the
higher chance there is for beetles to bump into it. When they do so, they follow it until they reach a
corner, where they stay for a while. Thus, by chance, longer walls ‘drain” more beetles to corners than
shorter ones.

In the second and third experiments, we examined how the characteristics of the corridor, connecting
the origin and target cells, affect the arrival patterns of beetles. In the third experiment, the corridor was
obstructed by obstacles either in its centre or along its perimeter. The effects were evident: obstacles
decreased the likelihood of beetles reaching the target cell, increased the chances of beetles returning
to the origin cell, and extended both the distance and time spent in the corridor. This fits research on
other insects showing an increase in travel time or a decrease in speed with habitat complexity or an
increasing number of obstacles in the habitat [22-24,61]. It also fits a previous study on flour beetles
showing that corridor length and steepness negatively affect dispersal success [62]. The obstacles in
the corridors and their turn forced animals to turn too as they would have otherwise bumped into
walls. Frequent turning forces animals to slow down and increases the energetic cost of movement
[25,63]. Obstacles along the corridor’s perimeter had a more pronounced impact on all measurements
(figure 5). This is perhaps because the beetles prefer to move along the corridor’s perimeter, which is
prevented to some extent by obstacles on it.

Inter-sexual differences in movement were uncommon in our experiments. We observed such
differences in the second experiment, which involved turns. Here, the arrival times of males were
longer than those of females when the corridors featured turns, but slightly longer for females in a
straight corridor. In other words, males dealt less well with turns. This contradicts to some extent the
common assumption that males are better in solving spatial tasks than females and that males are
more sensitive to the microhabitat’s shape than females [64,65]. Past studies on the red flour beetle
disagreed on whether individuals of one sex move more than the other (females move more than
males [51,66]; males move more than females [53,67]; no difference [35,68]). Whereas males may move
over longer distances in search of females, females may do so in search of suitable oviposition sites
[49]. Since movement is influenced by various factors, including leg length, age, mating status,
physiological status, population and circadian rhythm [48,51,54,55,69,70], it is likely that inter-sexual
differences are context-specific. Finally, we might have missed several more subtle differences between
the sexes or treatments owing to our relatively low sample (10 per sex).

Our study might have practical implications regarding how to address the spread of insect pests. For
example, Experiment 1 suggests the optimal trap location—corners that intersect long walls. Other
studies raised similar suggestions of placing traps for pests along long walls or in corners [71-74].
If corners or obstacles slow the beetles down, delay them a bit or force the beetles to move along
them, then traps placed there may be more attractive. Additionally, this study implies that obstacles
positioned along walls may disturb the dispersal of flour beetles to a greater extent than those located
in the habitat’s centre. The practical implication of obstacles depends on the number of dispersing
pests. If the number of dispersers is small, then obstacles might be useful in preventing dispersal.
Even a single individual (a mated female) can have great negative impact on a new food patch (e.g.
[75]). An additional methodological implication strengthens the conclusion of our previous study
demonstrating strong effects of the test arena’s shape on a variety of movement characteristics [35].
Whereas in round arenas movement along the perimeter is frequent (greater than 80% of the time),
there is a strong preference in square arenas, like the one used here, for corners, and movement along
the perimeter (or walls) is less frequent than expected by chance. Thus, the arena shape modifies
movement and the preference for specific arena sections not only quantitatively but qualitatively.
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