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Abstract Dispersal is an important behavior in 
many animals, with profound effects on individual fit-
ness and the evolutionary trajectories of populations. 
This is especially true within taxa with particular 
life-history strategies, for example those that exploit 
ephemeral habitat. Further, dispersal is commonly 
seen to be part of behavioral syndromes - suites of 
traits that covary across behavioral contexts. The 
red flour beetle, Tribolium castaneum (Coleoptera, 
Tenebrionidae), is a major post-harvest crop pest 
responsible for large losses through the infestation 
of stored grain. In this system dispersal is known to 
have a strong genetic basis and differential artificial 
selection on dispersal traits produces strong pheno-
typic divergence. However, it is unknown which traits 
are able to rapidly evolve to produce these results, or 
which behavioral components underlie differences 
in dispersal. Using replicate lines of T. castaneum 
previously selected for divergent dispersal behavior, 

we test for correlated activity and movement pat-
terns, morphology and substrate surface use. We find 
robustly repeatable associations between the dispersal 
phenotype and higher activity, straighter paths, larger 
body size (but not relative leg length) and increased 
tendency to remain at the surface of fodder. Together 
our results suggest that dispersal is part of a syn-
drome of traits in T. castaneum, and must be treated 
as such when considering the evolution of dispersal in 
this system, and in attempting to predict and control 
its spread.
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Introduction

Dispersal is a life-history trait with great importance 
in the ecology and evolution of many species, and 
across different levels of organisation (Clobert et  al. 
2012). For the individual, the fitness consequences 
of relocation to a new environment can be enormous 
(Clobert et al. 2012), while individual dispersal out-
comes aggregate to determine species’ ranges and 
metapopulation structures through effects on gene 
flow (Kokko and Lopez-Sepulcre 2006; Ronce 2007). 
Consequently dispersal is a key parameter underly-
ing evolutionary trajectories and metapopulation 
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persistence in fragmented and unstable habitats 
(Suarez et al. 2022; Eriksson et al. 2014).

Dispersal is also central to several problems in 
contemporary biology. Greater insight into dispersal 
processes will hopefully enable us to better under-
stand and predict species’ ability to cope with anthro-
pogenic changes to climates and landscapes (Travis 
et al. 2013). This will also make us better prepared to 
combat the introduction and spread of non-native spe-
cies, a major driver of biodiversity loss (Renault et al. 
2018). Research into the factors underlying intraspe-
cific variation in dispersal, and the traits associated 
with dispersal strategies will also allow the integra-
tion of evolutionary theory into pest management 
(Mazzi and Dorn 2012); improved knowledge of the 
movement of pests will allow us to better forecast 
outbreaks, design pest management strategies and 
improve global food security (Jeger 1999).

A genetic basis of dispersal-related traits has 
been shown in a range of species (Saastamoinen 
et al. 2018), though the mechanistic basis of effects 
on dispersal are more difficult to study and often 
remain unknown. The genetic architecture of dis-
persal is usually thought to be polygenic (e.g. Jor-
dan et  al. 2012); however, genes with large effects 
on dispersal have been identified across taxa; and 
can be broadly separated into those with either met-
abolic (Niitepõld and Saastamoinen 2017) or neu-
rophysiological (Trefilov 2000; Fidler et  al. 2007; 
Krackow and Konig 2008; Sokolowski 1980; Anre-
iter and Sokolowski 2019) effects on movement. 
Neurophysiological variation can underlie suites 
of traits within an individual, leading to consistent 
and correlated responses that differ among individu-
als, called personality, typically studied in terms 
of traits such as activity and boldness (Roche et al. 
2016). Non-behavioral traits can also be part of syn-
dromes, for example genetic differences in morphol-
ogy can be correlated with, or directly affect, dis-
persal. Classically, a wing-polyphenism in the pea 
aphid Acyrthosiphon pisum is under the control of 
a single sex-linked locus determining the presence/
absence of wings (Caillaud et al. 2002), however, in 
other species morphological differences associated 
with movement can be more quantitative. Within 
species, overall body size often covaries with dis-
persal, though the picture is complex and the direc-
tion of the relationship is dependent on the system 
(Bowler and Benton 2005). In many cases the key 

morphological trait may be the size or shape of a 
specific functional structure, such as a leg or pelvis 
(Losos 1990; Hudson et al. 2016).

The red flour beetle Tribolium castaneum (Coleop-
tera, Tenebrionidae) is a globally significant post-har-
vest agricultural pest and an established model organ-
ism (Boxall 2001; El-Aziz 2011; Pointer et al. 2021). 
Dispersal is an important aspect of Tribolium ecology 
(Dawson 1977) and dispersal within and between 
food storage facilities frustrates efforts to control their 
impact as pests (Semeao et al. 2013). Tribolium cas-
taneum moves by both walking and flight, but flies 
under only certain environmental conditions (Drury 
et al. 2016), is only very rarely seen to fly inside and 
is caught outside in traps targeting walking individu-
als (Semeao et  al. 2013). Therefore, while longer 
dispersals are likely by flight (Ridley et  al. 2011), 
walking is the most common mode of dispersal. A 
body of previous work in this system has used arti-
ficial selection or experimental evolution to demon-
strate strong genetic control of locomotive dispersal 
and rapidly generate large phenotypic differences in 
dispersal propensity between lines (E.g. Prus (1966); 
Ogden 1970a); Ritte and Lavie (1977); Korona 
(1991); Melbourne and Hastings (2009); Weiss-
Lehman et  al. (2017); Ochocki and Miller (2017); 
Ruckman and Blackmon 2020; Arnold et  al. 2023; 
Pointer et  al. 2023). Correlations between dispersal 
and other life history traits have been found (Ritte and 
Lavie 1978; Lavie 1981; Zirkle et  al. 1988; Pointer 
et  al. 2024), however, the traits providing the proxi-
mate mechanisms underlying differences in dispersal 
have received little investigation outside of morphol-
ogy (Arnold et al. 2017, 2023). Even here, results are 
equivocal, with leg length seen to vary positively with 
movement ability (Arnold et  al. 2017), negatively 
with dispersal (Arnold et al. 2023) and variously with 
walking distance (Matsumura and Miyatake 2018, 
2019; Matsumura et  al. 2019). Hence, it is not cur-
rently known how dispersal is evolving in these popu-
lations, or which traits are able to respond to novel 
rapid selection on dispersal. Further, lines subject to 
negative selection for dispersal in Pointer et al. (2023) 
had the greatest phenotypic response, showing almost 
no dispersal propensity after five generations of selec-
tion. Identifying traits responsible for a loss of dis-
persal may be of particular interest in fields where 
the spread of organisms may be problematic, such as 
invasion biology or pest management.
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Here we use lines of T. castaneum previously 
selected for differential dispersal (Pointer et  al. 
2023) to investigate associations between dispersal 
and other traits to understand the proximate mecha-
nism leading to differences in dispersal tendency, and 
determine whether dispersal in this system is part of a 
behavioral syndrome. Specifically we test for differ-
ences in activity and movement patterns, morphol-
ogy, and use of the surface of the habitat medium, 
that could result in the observed differences in levels 
of dispersal.

Methods

Beetles and Dispersal Propensity

The Tribolium castaneum beetles used in this study 
were from 44 experimental lines: 16 high dispersal 
lines and 16 low dispersal lines (referred to collec-
tively as dispersal regimes) and 12 unselected con-
trol lines from the same original Krakow super-strain 
(KSS) stock (Laskowski et  al. 2015), maintained 
under the same conditions as the selection lines for 
5 generations prior to experiments. Full details of 
the selection experiment and husbandry procedures 
can be found in Pointer et  al. (2023) but in brief, 
high (1–16 H) and low (1–16 L) dispersal lines were 
generated by five generations of divergent artificial 
selection, using a dispersal assay. In this assay, each 
individual was given three opportunities to “dis-
perse” from a mixed-sex group of 200 conspecifics 
(i.e., leave a patch of suitable habitat (120 × 120 × 200 
mm container filled to 50 mm with a 9:1 mixture of 
organic wheat flour and brewer’s yeast, and topped 
with oats for traction); cross a short distance of 
unsuitable habitat (150 mm of plastic tubing) and not 
return – see Fig. S1). Individuals that dispersed three 
times out of the three opportunities were considered 
to display a dispersive phenotype, and individuals 
that dispersed zero times from the three opportu-
nities were considered to display a not-dispersive 
phenotype. Individuals of each of these phenotypic 
extremes were bred to produce the subsequent gener-
ation, while intermediate phenotypes were discarded. 
After a single generation of selection, mean dispersal 
phenotypes (measured as the mean number of disper-
sal events per individual out of three opportunities) 
between the treatments were significantly different. 

After five generations of selection, dispersal pheno-
types were strongly divergent, and the distributions 
of dispersal phenotypes between the two treatments 
were non-overlapping (Pointer et al. 2023). Thereaf-
ter, in order to reduce experimental effort, selection 
was applied only in even numbered generations up 
to generation 16. In generation 17 we conducted an 
assay - using the above procedure as above - on popu-
lations of 200 beetles randomly selected from each 
experimental line. Individuals were marked after each 
dispersal opportunity and dispersal propensity in each 
line was scored as the mean number of realised dis-
persals per individual (out of the three opportunities).

Activity and Movement Pattern

For an individual to disperse in an assay, it had to 
encounter the opening of the tube to the second con-
tainer of the dispersal arena (Fig.  S1). More active 
individuals would be more likely to encounter the 
opening and therefore disperse more often than less 
active individuals. Thus it is possible that differen-
tial levels of locomotor activity and/or movement are 
driving differential dispersal in our selection lines, 
so we developed an activity assay to test for this 
difference.

Activity arenas were constructed by cutting around 
the sides of a 1.2 L plastic tub 20 mm from its bot-
tom, to remove the base. This was then attached to 
a large white clay tile wrapped in laboratory tissue 
paper, using hot glue on the outer surface (Fig. S2A). 
This created a square area within which beetles 
were able to grip and could move freely, but could 
not escape by climbing the smooth walls of the 
tub. A set of twelve arenas were arranged such that 
each was positioned directly below a video camera 
(models: Sony HDRCX115E; Sony HDRCX190E; 
Sony HDRCX405) mounted to a horizontal board 
300  mm above (Fig.  S2B). Arenas were lit by LED 
strips attached to the underside of the board. Pupae 
from each of the 44 experimental lines were sexed 
and sorted to form test populations of 10 individu-
als at 1:1 sex ratio, as mating status has been shown 
to alter movement pattern (Wexler et  al. 2017). At 
this stage the experiment was blinded, line identi-
ties were replaced with three figure codes to mitigate 
unconscious bias during data collection and analysis. 
Two temporal blocks were used, block 1 consisted of 
high dispersal lines 1–8, low dispersal lines 1–8 and 
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control lines 1–6, block 2 consisted of high dispersal 
lines 9–16, low dispersal lines 9–16 and control lines 
7–12. At 7 ± 1 days post-eclosion, each test popula-
tion was placed into an experimental arena, given 
10  min acclimation time, then recorded for 10  min 
at 25 frames per second. Assays were conducted 
either in the afternoon (1400–1600), or in the evening 
(1700–1900) in order to include the time of day when 
activity is known to peak in this species (Rafter et al. 
2019). The timing of assays was randomised across 
all treatments. Event logging software BORIS (Fri-
ard and Gamba, 2016) was used to manually record 
the time of any escapes from activity arenas for each 
video.

Surface Affinity

Over the course of the selection experiment, we 
observed anecdotally that fewer beetles were present 
on the fodder surface in replicates of low dispersal 
selection lines than high dispersal lines. It is possible 
that individual decisions on whether to remain on the 
fodder surface are driving differences in dispersal (as 
only individuals on the surface encounter the disper-
sal tube). To test this we assayed the surface affinity 
of populations under the same conditions experienced 
during dispersal assays. Arenas were identical to pot 
A of the dispersal arenas used during artificial selec-
tion for dispersal (Fig.  S1), but lacking the opening 
of the tube leading to a second pot. Test populations 
were placed onto the surface of the fodder in an arena. 
After 2  h, photographs were taken of the surface of 
the fodder and the number of beetles remaining on 
the surface of the fodder in each replicate was deter-
mined. This may have been an underestimate as some 
individuals were likely obscured by the oats, but gave 
a minimum value.

To determine if surface affinity is under genetic 
control we conducted selection on this trait over 
a single generation. The experimental setup was 
exactly as described above, but in addition the 
arena contained a horizontal slot through which a 
thin plastic separator could be pulled, partitioning 
the arena contents (Fig.  S2). The slot was posi-
tioned such that, when the arena contained 250 ml 
of fodder and the separator was pulled across, fod-
der within 8  mm of the fodder surface was above 
the partition, and fodder more than 8 mm from the 

fodder surface was below the partition. Early trials 
suggested that an 8 mm distance provided the best 
separation of surface from not-surface individuals. 
Populations of 200 unselected stock beetles were 
placed into arenas, and after two hours the separa-
tor was pulled across and the beetles in each par-
tition sieved from their fodder. Thirty individuals 
from each group of “surface” and “not-surface” 
beetles were then isolated together for three days, 
before being transferred to fresh fodder to oviposit. 
The adults were removed after 7 days and the eggs 
left to develop to adulthood. At 12 ± 3 days post-
eclosion the offspring were assayed using the same 
procedure (above) as their parents to ascertain their 
surface affinity. The timing of assays was controlled, 
as above, by randomising all replicate trials across 
periods before and during the peak of activity.

Morphology

Beetles from the 44 experimental lines were col-
lected 12 ± 3 days post eclosion and frozen at -80 C 
until thawed for dissection. The left elytrum and 
rear left leg were dissected out from 780 individual 
beetles, 15 of each sex from each of lines 1–10 L, 
1–10  H and 1–6  C. Dissections were carried out 
under an Olympus SZX9 microscope using fine tip 
watchmaker’s forceps, in 30  µl insect saline solu-
tion on a clean glass slide. Body parts were imaged 
under 4X using a dark field phase contrast micro-
scope and an Olympus BX41 camera through GX 
capture v8.5 software. A 1 mm calibration slide was 
used between sessions. ImageJ software (Schneider 
et  al. 2012) was used to measure the length of the 
elytrum, femur, tibia and first tarsus segment, along 
with femur width at the widest point. Tribolium leg 
segments shown some curvature; however, we were 
interested in their linear extent as the determinant 
of stride-length. For individuals where an accurate 
measurement could not be made from the photo-
graph, no measurement was taken. To standardise 
the procedure as far as possible, all dissection and 
photography was carried out by RV, using the outer 
surfaces of the right leg, and all measurements were 
taken by MDP. For a subset of 90 individuals meas-
urements were repeated four days after the last ini-
tial measurements for analysis of repeatability.
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Statistical Methods

All data wrangling and analyses were performed in R 
(ver.4.3.1; R core team 2023). Mixed models were fitted 
using package ‘lme4’ (Bates et al. 2015) with p-values 
added with ‘lmerTest’ (Kuznetsova et al. 2017). Sum-
mary statistics are presented as means ± standard error 
throughout.

To test for a difference in dispersal propensity we fit-
ted a linear model (Table 1). The response variable was a 
population-level measure of the mean number of disper-
sals per individual, this was used as the density depend-
ence of dispersal behavior (e.g. Ogden 1970b) means 
that individual dispersal events are non-independent.

Movement tracking was performed on 110 10  min 
(15000 frame) video clips using a machine learning 
algorithm in the software package Loopy (http:// loopb 
io. com/ loopy/; settings are provided in Table S1). Addi-
tionally, eight 400 frame clips were human-annotated to 
ground-truth the model. While individuals were tracked, 
due to the difficulty associated with tracking individuals 
moving over each other, tracks were aggregated to give a 
measure of activity at the population-level for each rep-
licate. Location data from tracking software was used to 
derive three metrics of activity for each population.

1) As a replicate-level measure of activity, path 
lengths were calculated from location data as 
the total distance traveled, in pixels, by each 
individual per second (details provided in Sup-
plementary methods). Pearson’s correlation was 
very high between path distances calculated 
from human-annotated clips and the same clips 
tracked with the machine learning model pro-

viding confidence in the tracking model (n = 8, 
rho = 0.99, 95%CIs = 0.98, 0.99).
2) Sinuosity of beetle paths was calculated per 
replicate, as a measure of movement tortuosity, 
according to the method of (Benhamou 2004); 
details provided in Supplementary methods).
3) Edge affinity was computed for each replicate 
as the proportion of recorded beetle locations 
that were within 10 mm of an edge of the arena, 
with edges of the arena defined as the maxi-
mum and minimum X and Y locations recorded 
across the whole replicate recording.

During data exploration, all records from a single 
camera (11) in block 2 were identified as extreme 
outliers and omitted from the analysis. The same lin-
ear mixed effects model (GLMM) structure was used 
to model the three movement metrics, path length, 
sinuosity and edge affinity (Table  1). The sinuosity 
model was fitted twice, once for each of two redis-
cretisation distances (p = 10 and p = 20), a parameter 
used to control for non-independence of consecutive 
turns (see Supplementary methods), results presented 
are from models using data where P = 10, however 
using P = 20 did not qualitatively change the results 
and these are presented in Supplementary results.

The surface affinity of populations and the genetic 
control of surface affinity were each analyzed with 
GLMMs (Table  1). Repeatability of morphological 
data was assessed by calculating Spearman’s rank cor-
relation between repeated measurement taken from the 
same individual. As all morphological variables were 
highly correlated (r > 0.6), we condensed the informa-
tion using factor analysis, on a correlation matrix using 

Table 1  Model structure used in each test of a specific movement variable

Models containing only fixed factors were fitted as GLMs, those containing random factors were fitted as GLMMs. Interactions are 
shown with the ‘*’ symbol, representing an interaction term alongside each of the interacting terms added individually

Test Independent variable Fixed factor/s Random factor/s

Dispersal Mean dispersals per individual Dispersal regime
Path length Path length Dispersal regime Block ID, Line ID, camera ID
Sinuosity Sinuosity Dispersal regime Line ID, camera ID
Edge affinity Edge affinity Dispersal regime Line ID, camera ID
Surface affinity - populations Number on surface Dispersal regime Block
Genetic control of surface affinity Proportion on surface Selection regime Block
Overall body size Morphological PC1 Dispersal regime*sex Line ID
Relative leg length Leg length (femur + tibia) Dispersal regime *sex, 

morphological PC1
Line ID

http://loopbio.com/loopy/
http://loopbio.com/loopy/
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the function prcomp from the R package ‘stats’ (R Core 
Team 2023). However, factor analysis cannot deal with 
missing data, of which there was a high proportion 
for femur length due to residual thorax tissue prevent-
ing accurate measurement; we therefore took forward 
only records for which all metrics had been quanti-
fied (n = 330). A single principal component (PC1) 
accounted for 74% of the total variation (Fig. S4). Each 
variable contributed roughly equally to PC1 (23–26%) 
and all were negatively correlated (Table S2), we there-
fore flipped the sign of PC1 to make the interpretation 
more intuitive. The remaining PCs each captured ≤ 10% 
of the total variation and were less biologically inter-
pretable. We therefore took forward only PC1 into fur-
ther analyses, as a proxy for overall body size. We used 
GLMMs to test separately for overall size differences 
(represented by PC1) between selection regimes and 
sexes (Table 1) and for a difference in leg length relative 
to overall body size (Table 1). Where interaction terms 
were non-significant they were removed and models 
refit to test the independent effects of fixed factors.

Results

Dispersal Propensity

Beetles from low dispersal lines (0.70 ± 0.06) dispersed 
significantly less than those from high dispersal lines 
(2.44 ± 0.04; LM, β=-1.74, se = 0.07, p < 0.001; Fig.  1) 

and significantly less than unselected control lines 
(1.94 ± 0.06; LM, β=-1.23, se = 0.08, p < 0.001; Fig. 1). 
High dispersal lines dispersed more than control lines, 
with the magnitude of the difference being greater than 
that between low dispersal lines and controls (LM; 
β = 0.51, se = 0.08, p < 0.001; Fig. 1).

Activity and Movement Pattern

Average distances (pixels  second−1) traveled by 
beetles from low dispersal lines (111 ± 1.46) were 
shorter than those traveled by either high disper-
sal (129 ± 1.76; GLMM: β = -17.94, SE = 3.14, 
p < 0.0001; Fig. 2A) or control (125 ± 1.6; β=-14.24, 
SE = 3.35, p < 0.001) regimes, which did not differ 
from each other (β = 3.70, SE = 3.40, p = 0.28).

Beetles from low dispersal lines moved with more 
sinuous paths than did beetles from high dispersal lines 
(P = 10, GLMM: P = 10, β = 0.01, SE = 0.003, p < 0.001; 
Fig.  2B), and also moved more sinuously than control 
lines (P = 10, β = 0.009, SE = 0.003, p = 0.01). The con-
trol treatment sinuosity was intermediate between high 
and low lines, but did not differ from high lines (P = 10, 
β=-0.002, SE = 0.003, p = 0.48).

Edge use in low dispersal lines (0.50 ± 0.10) was 
not significantly higher than in high dispersal lines 
(0.47 ± 0.11; β = 0.03, SE = 0.02, p = 0.06; Fig.  2C) or 
controls (0.47 ± 0.09; β = 0.03, SE = 0.02, p = 0.15). Edge 
affinity of high dispersal lines did not differ significantly 
from that of controls (β=-0.006, SE = 0.02, p = 0.76).

Fig. 1  Mean number of 
dispersals per individual 
(out of a maximum of 
three) in populations of 200 
Tribolium castaneum flour 
beetles, taken from lines 
artificially selected for high 
(n = 16) or low (n = 16) 
levels of dispersal behavior 
or from unselected control 
lines (n = 12)
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Fig. 2  Variation in traits across selection lines. Activity and 
movement traits in dispersal selection lines are shown as (A) 
tracked path length; B  Path sinuosity; C  Edge use. Surface 
affinity (proportion of 200 beetles remaining on the surface 
after 2 h) in lines artificially selected for (D) dispersal propen-

sity over nine generations and (E) surface affinity over a single 
generation. F Body size represented by morphological PC1 in 
dispersal selection lines. Boxes display interquartile ranges and 
bold lines show medians
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Surface Affinity

The surface affinity of high dispersal lines 
(157.00 ± 3.48) was greater than that of low dispersal 
lines (57.90 ± 6.60, GLMM; β = 131.25, SE = 5.96, 
p < 0.001; Fig.  2D) and controls (99.2 ± 9.33, 
GLMM; β = 58.63, SE = 6.43, p < 0.001). Low disper-
sal lines had lower surface affinity than did controls 
(β=-72.63, SE = 6.43, p < 0.001).

The offspring of unselected stock parents collected 
from the fodder surface were found on the surface 
significantly more than the offspring of parents col-
lected from below the surface of the fodder (GLMM; 
β = 0.15, SE = 0.03, P < 0.001, Fig. 2E).

Morphology

Measurements of elytra length, femur length, femur 
width and tibia length were all highly repeatable 
(Spearman’s rank correlation, p < 0.001; Table  S2). 
Length of the first tarsus segment had substantially 
lower repeatability (N = 55, r = 0.73, p < 0.001) and 
was dropped from further analyses.

Sex was a strong predictor of PC1, with males being 
smaller than females (-0.42 ± 0.14 versus 0.39 ± 0.12 
respectively; GLMM; β = 0.82, SE = 0.16, p < 0.001; 
Fig. 2F). PC1 was significantly lower in the low selec-
tion lines (-0.70 ± 0.13) than in controls (0.45 ± 0.16; 
GLMM, β=-1.10, SE = 0.52, p = 0.049), but did not 
differ either between high dispersal lines (0.52 ± 0.18) 
and controls (β=-0.32, SE = 05.2, p = 0.55), or between 
low and high dispersal lines (GLMM; β=-0.79, 
SE = 0.4, p = 0.09). There was no significant interac-
tion effect between selection regime and sex on PC1 
(GLMM; all p > 0.07). When controlling for PC1 as a 
measure of body size, leg length did not differ signifi-
cantly between any combination of selection regime 
and control lines (GLMM; all p > 0.42), nor between 
males and females (p = 0.07), nor was any interaction 
significant between the effects of selection regime and 
sex (GLMM; all p > 0.68).

Discussion

We found that Tribolium castaneum populations 
selected for divergent dispersal behavior differ in 
levels of activity and movement pattern, use of the 
substrate surface and body size. The consistency of 

these effects across many independently evolving rep-
licate lines (see Fig. 2) indicates that the coevolution 
of these traits is robustly repeatable. The tested traits 
are commonly seen as part of dispersal syndromes 
in other taxa, suggesting that dispersal in Tribolium 
should be considered in the context of a broad life-
history strategy.

We observed that artificial selection on disper-
sal propensity generated significantly different lev-
els of path sinuosity and activity in lines of T. cas-
taneum. Previous studies in Tribolium have shown 
that movement distance is heritable, generating large 
differences in the trait under divergent artificial selec-
tion (Matsumura and Miyatake 2015), but have not 
assayed the dispersal propensity in these popula-
tions. Our finding agrees with many other studies 
across animals showing that dispersal is associated 
with exploratory activity (Krackow 2003; Cote et al. 
2010b). The picture is similar for sinuosity, with 
exploratory individuals in many species moving on 
straighter paths (Brown et  al. 2014; Klarevas-Irby 
et  al. 2021), as we have shown for T. castaneum. 
Further, such activity and movement traits are com-
monly seen as personality traits and observed as 
components of behavioral syndromes, suites of traits 
that covary and show consistency within individuals 
(Wolf and Weissing 2012). In addition, we observe 
large variation within treatments of all activity and 
movement traits. High variance in movement traits, 
including dispersal itself, has also been seen as a fea-
ture of populations where dispersal is evolving (Mel-
bourne and Hastings 2009; Ochocki and Miller 2017; 
Weiss-Lehman et al. 2017). However, we do not see 
similarly high variance in our measure of dispersal. 
Therefore, it may be that each movement trait is con-
tributing only a small amount to the large overall dif-
ference in realised dispersal. It is also possible that 
the population-level approach we took to measuring 
activity and the AI tracking methodology introduced 
measurement error and inflated variances. If true, this 
may have prevented us from detecting differences 
in movement traits between high dispersal lines and 
controls, where the magnitude of the dispersal dif-
ferences is less than between low dispersal lines and 
controls (reasons why dispersal may have responded 
more strongly to negative selection are discussed in 
more detail in Pointer et al. 2023).

For organisms living within a three-dimensional 
matrix - such as dead wood and grain masses, the 
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ancestral and contemporary habitats of T. castaneum 
(Dawson 1977) - presence at the fodder surface 
increases risk. Therefore, an individual’s willingness 
to expose itself to this risk may well be indicative of 
boldness. Boldness - broadly defined as risk-taking 
(Sloan Wilson et  al. 1994) - is another prominent 
animal personality trait, which shows considerable 
individual variation in a broad range of taxa, from 
humans to cockroaches (Sloan Wilson et  al. 1994; 
Stanley et al. 2017). Our results show that individuals 
from high dispersal lines spend more time at the fod-
der surface than those from low dispersal lines, sug-
gesting a higher level of boldness. Dispersal is known 
to correlate with boldness across animal taxa, with 
important implications for invasiveness (Cote et  al. 
2010a; Myles-Gonzalez et al. 2015) and are thought 
to be mediated through common physiology and/or 
endocrinology (Cote et al. 2010a). This study exam-
ined surface use, as a measure of boldness, in the 
absence of predators. As predation represents one of 
the main risks to individuals, it may be that the pres-
ence of predators would modify surface use, and thus 
change, or reveal more about variation in, individual 
boldness. In the cockroach Gromphadorhina porten-
tosa, past predator interaction reduces boldness (but 
not activity; McDermott et  al. 2014). In contrast, 
boldness and predator avoidance represent separate 
axes of behavior in the ground beetle Nebria brevi-
collis (Labaude et  al. 2018). Measuring surface use 
in the presence versus absence of a predator would 
resolve which of these patterns is followed in Tribo-
lium, and even whether the response to predation risk 
varies across dispersal phenotypes. Additionally, time 
of day might play a role in mediating boldness and 
movement traits. Our measures here were averages 
across the on- and off-peak activity periods for Tri-
bolium (Rafter et al. 2019), but future work perform-
ing separate tests across these times would reveal if 
dispersers show differential circadian cycles of activ-
ity than not-dispersers, however this was beyond the 
scope of the current project.

In addition to the effects of behavior, animal move-
ment patterns also often differ as a result of quan-
titative individual differences in morphology. For 
example, sprint speed in lizards is dependent upon 
leg length (Losos 1990). Current evidence for asso-
ciations between morphology and movement in Tri-
bolium is not simple to interpret. Greater leg length, 
but not body size, was related to increased movement 

ability when tested within a single generation (Arnold 
et  al. 2017), suggesting a simple mechanistic rela-
tionship between morphology and movement ability. 
Recent work measuring body size and femur length 
following artificial selection on dispersal showed 
that body size and mass were inversely related to dis-
persal propensity (Arnold et  al. 2023). In addition, 
both body size and leg length (controlling for body 
size) were correlated with walking distance in lines 
selected for death-feigning duration (Matsumura 
and Miyatake 2019). However, separate studies have 
shown the opposite relationship, with shorter leg 
length in males artificially selected for walking dis-
tance (Matsumura et  al. 2019), and no relationship 
in females (Matsumura and Miyatake 2018). In the 
current study we did not test morphology directly 
against movement, but tested both in lines selected 
for differential dispersal propensity. We found that 
lines selected for low dispersal propensity have expe-
rienced a concomitant reduction in body size - so in 
that sense dispersers have longer legs - but that leg 
length did not differ relative to body size. Hence, our 
results agree with the general expectation that disper-
sive individuals are larger (Renault 2020), and with 
specific examples where invasive beetles are larger at 
the range front (Laparie et  al. 2013; Yarwood et  al. 
2021). However, we find a contrast with Arnold et al. 
(2023), which at first appears to be very similar work 
to ours in terms of comparing morphology in disper-
sal lines. On closer examination, the dispersal assays 
employed in each study differ markedly, with the pre-
sent study requiring walking, whereas Arnold et  al. 
required individuals to climb to disperse. As Arnold 
et  al. note, “smaller individuals are biomechanically 
and energetically better suited to dispersal by climb-
ing”, in contrast to dispersal by walking, which may 
explain the differential findings. Interestingly, Arnold 
et  al. (2023) also find that the sexes respond differ-
ently to selection on dispersal when using a design 
that selects separately on males and females in iso-
lation. Thus, in their study dispersal included mate-
finding behavior. In contrast, we aimed to exclude 
mate-finding by selecting on dispersal in mixed-sex 
groups of beetles and found no difference in morpho-
logical response between males and females. In this 
light, our results support the suggestion of Arnold 
et  al. that mate-finding, which drives higher disper-
sal in males in the absence of females (Prus 1966; 
Ogden 1970b), may determine sex differences in 
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morphology. Overall, such patterns serve to highlight 
the complexity of studying dispersal, and support the 
thesis that measures of movement traits are sensitive 
to differences in experimental design, setup and arena 
settings, as found by a recent study using Tribolium 
(Scharf et al. 2023).

Body size is a trait commonly seen as part of dis-
persal syndromes - the suites of traits associated 
with dispersal - though the direction of the relation-
ship between size and dispersal is dependent on the 
specifics of the system, and even on environmental 
conditions (Bowler and Benton 2005). Dispersal in 
Tribolium is usually thought of as a way for small 
individuals who may be poor competitors to avoid 
resource competition (Zirkle et  al. 1988; Arnaud 
et al. 2005), so a larger body size of dispersers sug-
gests that other factors might also be at work. Greater 
size of dispersers is observed in many animal species, 
including insects (Anholt 1990; Bowler and Benton 
2005). Possibly larger size is mechanistically benefi-
cial for efficient movement, or it may be that larger 
size/better condition is required to undertake move-
ment (Bowler and Benton 2005).

Since dispersal is “any movement of individu-
als or propagules with potential consequences for 
gene flow across space” (Ronce 2007), rather than a 
behavior per se, individual activity can be defined 
as a tendency that contributes to dispersal behavior 
(Benton et al. 2012). High dispersal lines were more 
active and moved on straighter paths, and it is diffi-
cult to imagine that such behavior would not tend to 
be more dispersive than the converse. Moving with 
greater activity and in straighter lines would achieve a 
given dispersal distance in less time, with less energy 
expenditure and less exposure to risk. Surface use also 
seems straightforwardly related to dispersal; the first 
stage of dispersal is emigration; in order to disperse an 
individual must leave its initial location (Clobert et al. 
2012), a necessary first step in dispersing to a new 
patch might be choosing not to burrow into the sub-
strate but to remain on the surface. We also observed 
that surface use responded significantly to a single 
generation of selection, suggesting that this trait has 
a simple genetic basis. There is evidence for an oli-
gogenic genetic architecture of dispersal in Tribolium 
(Pointer et al. 2023), and the tight correlation between 
dispersal and surface use may point to either a shared 
mechanism or causal relationship between these traits. 
As commonly associated personality-related traits, 

activity and boldness may be underpinned by shared 
neurophysiological pathways, such as those related to 
dopamine signalling (Silva et  al. 2020; Wu and See-
bacher 2022). Loci with neurophysiological effects on 
dispersal include those relating to dopamine signalling 
in birds and mammals (Fidler et  al. 2007; Krackow 
and Konig 2008; Trefilov 2000). In insects, the for-
aging gene, coding for a signalling regulator, affects 
dispersal in the diptera, lepidoptera and orthoptera 
(Sokolowski 1980; Anreiter and Sokolowski 2019). 
Dopamine and other biogenic amines have been pre-
viously linked to behavior in T. castaneum (Miyatake 
et al. 2008; Nishi et al. 2010). It would be instructive 
to investigate molecular genomic variation between 
the lines used in this study and sites related to dopa-
mine signalling seem to be reasonable a priori candi-
dates based on our results.

Overall, our results suggest that dispersal is associ-
ated with a suite of traits in T. castaneum. The presence 
of a such a dispersal syndrome, or personality-depend-
ent dispersal, is known from many taxa, from single-
celled organisms to mammals, including many insects 
(Cote et al. 2010a; Clobert et al. 2012; Fronhofer et al. 
2018; Renault 2020). Further, dispersal syndromes may 
be part of overarching pace-of-life syndromes linking 
personality to multiple behaviors (Réale et  al. 2010). 
Some traits in a syndrome may directly assist dispersal, 
whereas others mitigate costs, although the line between 
these categories is often blurred (Cote et al. 2010a). The 
set of traits tested in this study: activity pattern; mor-
phology; surface use, all covary with dispersal tendency 
in a direction that plausibly enhances the dispersal in 
high dispersal lines and/or mitigates the costs of dispers-
ing. Deeper understanding of the dispersal syndrome in 
T. castaneum requires genomic study and multivariate 
analysis of a broad range traits, across a large set of lines. 
Ideally these lines would be isogenic to remove individ-
ual-level variation and enable characterisation of traits 
and genotypes in genetically identical, and genetically 
stable, populations across space and time. Dispersal 
interacts with many aspects of ecology and life-history, 
and traits of interest might include those related to devel-
opment, reproduction, population dynamics and social 
environment, physiology, and senescence – all of which 
have been subjects of Tribolium research, but not in a 
framework capable of resolving their interrelatedness or 
genetic underpinnings. Knowledge of eco-evolutionary 
dynamics is key to understanding biogeography and 
changes in range (Wellenreuther et  al. 2022), which is 
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especially important for species with significant effects 
on the environment or human populations. Our findings 
suggest that suites of correlated traits enable species to 
respond to selection on dispersal; therefore, this context 
must be considered when investigating the limits of dis-
persal evolution, and in attempting to predict and control 
the spread of organisms such as invasive species, crops 
pests and disease vectors.
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