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Victor Burte'", Melina Cointe'", Guy Perez', Ludovic Mailleret'? and Vincent Calcagno'”

Abstract

Background Understanding how behavioural dynamics, inter-individual variability and individual interactions scale-
up to shape the spatial spread and dispersal of animal populations is a major challenge in ecology. For biocontrol
agents, such as the microscopic Trichogramma parasitic wasps, an understanding of movement strategies is also criti-
cal to predict pest-suppression performance in the field.

Methods We experimentally studied the spatial propagation of groups of parasitoids and their patterns of parasitism.
We investigated whether population spread is density-dependent, how it is affected by the presence of hosts, and
whether the spatial distribution of parasitism (dispersal kernel) can be predicted from the observed spread of indi-
viduals. Using a novel experimental device and high-throughput imaging techniques, we continuously tracked the
spatial spread of groups of parasitoids over large temporal and spatial scales (8 h; and 6 m, ca. 12,000 body lengths).
We could thus study how population density, the presence of hosts and their spatial distribution impacted the rate of
population spread, the spatial distribution of individuals during population expansion, the overall rate of parasitism
and the dispersal kernel (position of parasitism events).

Results Higher population density accelerated population spread, but only transiently: the rate of spread reverted
to low values after 4 h, in a “tortoise-hare” effect. Interestingly, the presence of hosts suppressed this transiency and
permitted a sustained high rate of population spread. Importantly, we found that population spread did not obey
classical diffusion, but involved dynamical switches between resident and explorer movement modes. Population
distribution was therefore not Gaussian, though surprisingly the distribution of parasitism (dispersal kernel) was.

Conclusions Even homogenous asexual groups of insects develop behavioural heterogeneities over a few hours,
and the latter control patterns of population spread. Behavioural switching between resident and explorer states
determined population distribution, density-dependence and dispersal. A simple Gaussian dispersal kernel did not
reflect classical diffusion, but rather the interplay of several non-linearities at individual level. These results highlight
the need to take into account behaviour and inter-individual heterogeneity to understand population spread in
animals.

Keywords Diffusion coefficients, Dispersal, Explorer, Resident, Image analysis, Positive density-dependence,
Switching, Tortoise-hare effect, Trichogramma

ictor Burte and Melina Cointe have contributed equally to this work. ! Université Céte d’Azur, INRAE, CNRS, Institut Sophia Agrobiotech, Sophia
Antipolis, France

2 Université Cote d’Azur, Inria, INRAE, CNRS, Sorbonne Université, Biocore,
Sophia Antipolis, France

*Correspondence:
Vincent Calcagno
vincent.calcagno@inrae.fr

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40462-023-00371-8&domain=pdf

Burte et al. Movement Ecology (2023) 11:13

Background

The movement and dispersal of animals through their
environment is a fundamental process that affects a range
of biological scales, from individual fitness, to population
dynamics and spatial spread, and, ultimately, gene flow
and evolution [1-3]. Movement is a complex phenom-
enon arising from individual behaviour and decision-
making, but is also shaped by population processes and
landscape characteristics. As a result, the study of animal
movement is intrinsically a multiscale question, requir-
ing the integration of methods and concepts from sev-
eral disciplines in behaviour, ecology and physics [4—6].
Continued developments in the technologies available
to track animals and analyse their movement patterns
provide unprecedented amounts and quality of data to
dissect the mechanisms governing animal movement at
different scales [7, 8]. In particular, studies of movement
in the lab have benefited from progress in image acqui-
sition and computer vision, opening new avenues in the
tracking of entire populations and automatic detection of
life-history events and behaviours [9, 10]. Long restricted
to single individuals and small temporal and spatial
scales, experimental studies now extend to entire groups
and to larger and larger scales [11, 12].

Understanding the causes of variability in dispersal
and their consequences for ecological dynamics is, and
has long been, a major goal of ecological research. For
instance, understanding how one can upscale detailed
processes at the level of individuals into patterns at the
population scale is a prime ecological question [13, 14].
Bridging studies of individual behaviour with popula-
tion-level studies of dispersal is in this regard a major
challenge, and a crucial one if we are to better predict
the response of populations to changing environments
and landscape characteristics [15]. From an applied per-
spective, understanding the spatial spread of groups of
animals has high significance. For instance, in biological
control agents used in inundative releases for crop pro-
tection, the capacity to disperse from the release points
and thoroughly search the environment is recognized as
a key phenotype in determining field efficiency, and also
controls the optimal spatial disposition of releases in a
field [16, 17].

The experimental study of animal movement is how-
ever challenging, because of the spatial and temporal
scales involved, and because of the great variety of move-
ments and behaviours individuals can have. At a small
scale, detailed observations of individuals can help under-
stand their strategic decision making and how movement
decisions are influenced by local environmental or social
factors [18—20]. At large scales, the study of population
spread and dispersal patterns inform us on the outcome
of all individual decisions and on average quantities
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crucial for population dynamics and evolution, such as
rates of spread or levels of gene flow [21-24]. However,
systems are still scarce for which the two types of data are
simultaneously available and can be integrated, explicitly
linking behavioural and population processes [25]. This
scarcity has both practical and technological reasons, and
it is, ultimately, one goal of movement ecology to fill this
gap [8].

In this study, we propose a novel experimental
approach to study population spread in a small insect,
and to dissect the effects of population density and
resource distribution on movement, dispersal and total
resource consumption. Our study system is a minute par-
asitoid wasp from genus Trichogramma, one of the small-
est insect species known and a major biological agent
[17]. Taking advantage of its minute size (<0.5 mm), of
a dedicated experimental system and of high-definition
camera sensors, we were able to track in continuous time
the propagation of dozens of individuals at ecologically
relevant temporal and spatial scales: 6 m (ca. 12,000 body
lengths) and 8 h. This spatial scale is comparable to the
typical dispersal distance covered in the field by these
insects in one day, as they mostly explore by walking and
are incapable of directed flight [26]. As for the temporal
scale, most movement and parasitism take place within
the first day in this short lived species. Furthermore,
Trichogramma are egg parasitoids, so that their hosts are
immobile and their distribution can be experimentally
controlled with great precision. The location of parasit-
ism events is also directly connected to dispersal in the
strict population genetics sense (i.e. place of offspring
births) as the entire development occurs within hosts.
Finally, our study-species is thelytokous, so that mature
females emerge for parasitized hosts and immediately
start their search for hosts to parasitize. This dramati-
cally simplifies the diversity of life-stages and types of
movements that occur in natural populations, making
this more amenable to being reproduced in a laboratory
setting. This system thus offers unique characteristics
for the experimental study of spatial propagation and
dispersal.

We used our experimental system to introduce groups
of individuals and study the effects of population density,
of the presence or absence of hosts, and of their spatial
distribution (diffuse versus clumped) on the dynamics of
population spread and parasitism. All these factors are
known to potentially have a strong impact. Increasing the
density of individuals would often increase dispersal, as
was observed in several species [12, 20, 27] including a
related Trichogramma wasp [28]. Some organisms need
to reach a density threshold to disperse in fragmented
habitats [29]. Such a positive density-dependence of dis-
persal might occur at high population densities, whereas
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the opposite (negative density-dependence dispersal)
can also be observed at low densities [11]. The presence
of resources, in our case hosts, can also strongly impact
the rate of population spread, in one direction or the
other. On the one hand, the presence of resources can
elicit more locally-restricted search strategies, reduce
the incentive to disperse into another part of the habi-
tat, and divert activity time away from movement, fac-
tors all contributing to decrease the rate of spread [20].
On the other hand, the presence of resources could also
stimulate activity and promote movement, which might
increase the rate of spread. Both population density and
the presence of resources control the frequency of inter-
individual interactions, as the latter can act as aggrega-
tion points. Such a direct effect is supplemented by
the indirect effect of population density on the rate of
resource depletion, the two factors might thus interact
in their effect on population spread. For instance, time
allocation and oviposition strategies were both directly
and indirectly affected by the presence of conspecifics in
parasitic wasps [30, 31]. These few examples demonstrate
how intricate the connections between movement, para-
sitism and dispersal can be.

In this article, we will precisely quantify the rates of
population spread observed in different conditions, as
measured by mean squared displacements and diffusion
coefficients. We will test the assumptions of classical dif-
fusion theory, in terms of rates of spread and of the spatial
distribution of individuals. We will also quantify the dis-
persal kernel (spatial distribution of parasitism events),
and confront it to the observed dynamics of population
spread. We will show that even in such a simple and con-
trolled experimental setting, population spread does not
conform to classical diffusion theory. Our homogeneous
groups of clonal individuals develop a dynamical behav-
ioural heterogeneity that affects the rates of spread and
the distribution of individuals. We show that population
spread can be very well described by a model of heter-
ogeneous diffusion with dynamical switches between
“explorer” and “resident” movement modes. We show
that, surprisingly, this relatively complex movement
dynamics results in a simple, Gaussian, dispersal kernel.
We argue that the simple dispersal kernel occurs not
because of a simple diffusive underlying movement, but
rather because of several non linearities in the dynamics
of parasitism and resource depletion. Our results high-
light that dispersal and population spread need not be
related in a simple linear manner, and that seemingly dif-
fusive dispersal kernels do not necessarily indicate sim-
ple diffusive spatial spread, or vice versa. This stresses the
importance of taking into account behavioural heteroge-
neity and dynamics in order to predict the spatial spread
and dispersal of groups of animals.
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Materials and methods

Study species and rearing conditions

Experiments were conducted with Trichogramma
cacoecieae, sampled in 2014 near Mallemort (43.74387N,
5.12603E; Vaucluse, France). Species identity was con-
firmed by morphological analysis and COI barcoding.
Live individuals from this strain are available (ID code
PMBIO1) from the Biological Resource Center in our
institute. T. cacoeciae is a strictly thelytokous species,
whose females give birth to genetically identical daugh-
ters by clonal reproduction [17]. Insects were reared on
UV-sterilised eggs of Ephestia kuehniella (the common
laboratory host for trichograms, also used for sampling
and experiments) with a 12:12 light:dark cycle, at tem-
peratures switching between 25 and 19 °C, in order to
get a development time of 14 days from host parasitism
to adult emergence [32]. All individuals used for exper-
iments were 24 h old and kept at 25 °C in a glass tube
with water and honey as a facultative food source prior to
experiments.

Experimental set-up and modalities

Individuals were released in the centre of a 6 m (630 cm)
long tunnel (1 cm wide and 9 mm high). At the scale of
our insects (ca. 0.4 mm long), 630 cm represent about
12,000 body-lengths, and even the width and height of
the tunnel exceed their visual perception range (reac-
tive distance is about 4 mm; [33]). To be able to cover
the entire tunnel with digital cameras, the tunnel was
folded into a double spiral, thereby fitting inside a rec-
tangular area of 60 by 40 cm (Fig. 1). The double-spiral
arenas were carved into styrofoam (Depron) plates 9 mm
thick, placed on a sheet of translucent paper on top of
a glass plate, and sealed with another glass plate above.
The device was uniformly lit from below with a light box
(2600 lumens, colour temperature 5,400 K). All experi-
ments took place in a dark room with controlled temper-
ature (24 °C+1 °C) and humidity (60% =+ 10%). To control
for potential topological effects, half of the spirals were
levogyrous (turning to the left, as in Fig. 1) and half dex-
trogyrous (turning to the right). Further details on this
experimental set-up and its performance can be found in
a companion paper [34].

At the beginning of an experiment, at 9 am, the desired
number of individuals were briefly put at 9 °C (to slow
them down prior to transfer) and introduced at the centre
of a double-spiral. Upon release they scattered over about
10 cm along the centre of the tunnel. The device was then
immediately sealed with the top glass plate. Individuals
were let propagate in the double-spiral tunnel for 8 h. At
5 pm the experiment was stopped and individuals were
manually removed. The device was then disassembled
and cleaned with 70% ethanol before further use.
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Fig. 1 Experimental set-up to study spatial propagation. a A 6-m long tunnel was folded into a double spiral to fit in a 60 x 40 cm rectangle. The
red dot figures the central point of insect release, blue dots represent the location of host patches (Clumped modality: one patch every 30 cm). b
Using hi-resolution imaging, the distribution of individual insects was followed every minute for 8 h (coordinates are in pixels). ¢ Individual insects
and host eggs were located, and projected orthogonally on the tunnel skeleton to obtain their linear distance from the release point. Pairwise
distances between individuals at any time, and distances to the closest host, were also computed

The number of individuals introduced was 2545
(Low Density treatments) or 70+£10 (High Density
treatments). In addition, experiments were performed
in which E. kuehniella host eggs were also put in the
arena. In this case, host eggs were placed individually on
the bottom sheet of paper, with a fine brush and a little
water. Two types of host distributions were created: Dif-
fuse (one egg every five cm along the spiral tunnel, the
first eggs 2.5 cm on each side of the centre), or Clumped
(one patch of six eggs every 30 cm along the spiral, the
first 15 cm each side of the centre). Eggs were approxi-
mately centred between the two walls of the tunnel. All
experiments with hosts were conducted at High Density

(70£10 individuals). The two host distributions thus
had on average the same host density (120 eggs in total
per arena). In those treatments the parasitism status
of each egg at the end of the experiment was recorded:
the bottom paper sheet was stored for five days at 25 °C,
after which parasitized hosts turned black and could be
counted (see [29, 32]).

Overall we conducted four types of experiments, ran-
domised in time, between September 2018 and March
2019: (1) Low Density (20 replicates), (2) High Den-
sity (20 replicates); (3) High Density + Diffuse hosts (20
replicates); and (4) High Density+ Clumped eggs (22
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replicates). On a given day, up to two experiments were
run simultaneously in the same room.

Image analyses and population tracking

After the introduction of individuals, high-definition pic-
tures of the entire double-spiral arena were taken every
minute throughout the experiment, i.e. for 8 h. In order
to successfully visualise individual micro wasps (0.5 mm
long) at this large spatial scale, two high-definition (full-
frame 36 Mpx sensors) digital cameras were used syn-
chronously, each centred on one end of the spiral, and
covering half of the latter. This definition of 72 Mpx per
minute ensured that Trichogramma appeared as dark
objects of about 8 pixels on the light background. Images
were stored in uncompressed RAW format, represent-
ing about 220 GB of image data per replicate (2 x 480
images).

Images were subsequently (off-line) analysed with
a custom pipeline written in Image] [35]. Details and
source code are available in Cointe et al. [34]. Raw images
were converted to Tiff RGB, imported to Image], and
transformed to grayscale using a linear combination
of brightness and saturation channels that maximised
insect detection. Analysis then consisted in computing
for each image a background image (as a moving window
of 20 min), subtracting the background, thresholding,
and particle analysis, yielding an ensemble of particles as
putative trichogram detections. This procedure ensures
that any immobile (e.g. dead) individuals would not be
detected. In parallel, the geometry of the double-spiral
was resolved from the first image. In particular, the skel-
eton of the tunnel was reconstructed. Raw particle data
and data on spiral geometry were then exported to R
[36]. Based on coordinates, size, shape and position rela-
tive to tunnel boundaries, a filter was applied to remove
spurious detections. Data from the two cameras were
realigned and combined to obtain one set of particles
along the entire spiral. Finally, each particle was pro-
jected orthogonally on the skeleton of the double-spiral
to be attributed a (signed) linear distance from the cen-
tre along the tunnel, and pixel distances were converted
to centimetres. Additionally, if hosts were used, the
exact location of each host egg was recorded by manual
pointing on the first image in Image], and the data was
exported to R. Details of the analysis pipeline, as well as
the source code, are available in Cointe et al. [34].

Several tests were conducted to validate this pipeline
(Additional file 1; see also Cointe et al. [34]). Among
them, we checked that the number of detections accu-
rately predicted the number of individuals introduced.
With the settings retained, we could identify every min-
ute on average 33% of all individuals introduced. This
detection rate has several causes including false negatives
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(detections incorrectly discarded as artefacts) and non-
detections (some individuals could not be seen on the
walls where they occasionally wandered). For a subset
of replicates, we also manually spotted all individuals
that could be seen on the native images, and confronted
their number and position with those detected with our
pipeline. We could confirm that the overall detection rate
was about 40%, consisting in a visibility rate of about 80%
(i.e. 20% of individuals were not visible in any particular
moment even by visual inspection) and in a methodolog-
ical detection rate of about 50% (less-than-perfect algo-
rithm). Most importantly, we checked that the detection
rate was constant along the entire length of the tunnel,
and that the spatial distribution of individuals and propa-
gation metrics were accurately quantified by the method
(Additional file 1; see Cointe et al. [34]). Finally, in none
of our treatments did insects reach one end of the dou-
ble spiral within 8 h, so that the groups can be conceived
as dispersing freely in an open-ended tunnel, without
boundary effects.

Statistical analyses

At every minute, we computed the Mean Squared Dis-
placement (MSD), representing the total quantity of
movement, defined as [6]:

1 Qe
MSD; = — Y %2,
: N; i (1)

where N; is the total number of individual detections at
time ¢ (between one and 480 min), and x; is the position
of the i-th detection, expressed as the signed distance
from the central release point along the spiral path (nega-
tive values correspond to the left part of the maze).

Similarly, we computed at every minute the popula-
tion quantiles, i.e. the distance from the release point
within which a certain percentage of individuals is found.
Using the position of each host egg and spiral topology,
we could also estimate for every insect at every minute
its distance to the nearest wall, its distance to the nearest
host egg, and the total number of individuals found on a
given host egg at a particular time (see Fig. 1c). Finally,
from parasitism data, the dispersal distance was calcu-
lated as the standard deviation of the distances from the
release point to parasitized hosts.

MSD values and population-front positions were com-
puted over moving windows of+7 min, and averaged
across replicates, taking into account the number of
detections. By regressing the average MSD on time, we
estimated diffusion coefficients D [6]. 95% confidence
intervals were obtained for the MSD, diffusion coeffi-
cients (D) and population quantiles using the bootstrap
percentile method, resampling replicates with B=2000
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resamplings. Comparisons between modalities for MSD
values and population quantiles at given times were
performed using pairwise signed-rank tests with false-
discovery rate correction. A linear increase in MSD with
time indicates standard diffusion. Faster-than-linear
(less-than-linear) increases represent so-called super-
diffusive (subdiffusive) regimes. Linearity of the increase
in MSD over time was assessed with piecewise linear
regressions, using the R package segmented, and sig-
nificance of the piecewise models was determined with
bootstrapping.

The spatial distributions of individuals were compared
to Gaussian through a comparison of percentiles (QQ-
plot method). In addition, several candidate models were
adjusted to the empirical distributions: the simple Gauss-
ian model, Gaussian mixture models with two or three
components, and finally a Student distribution represent-
ing a mixture of many Gaussian distributions with heter-
ogeneous variance; [37], all centred (i.e. with zero mean,
see Additional file 1: Section 3 for details on model struc-
tures). These models were fitted by maximum likelihood,
compared with AIC [38], and parameter uncertainty esti-
mated by bootstrapping with B=600 resamplings. Anal-
yses were performed in R [36]. All the R code and data
needed to reproduce the analyses, with further details as
comments, is made available as Additional file 1.

Results

Population spread and the tortoise-hare effect

Population tracking provided, after filtering, a total of
761,409 insect detections, i.e. on average 162 detections
per individual introduced in an experiment (raw data
available in Additional file 1). In all treatments but the
Low Density treatment, there was a relatively short (ca.
25 min) initial phase with slower propagation (Fig. 2), that
we call a latency phase (see also Cointe et al. [34]). Over-
all, omitting the brief latency phase, the mean squared
displacement (MSD) increased in a remarkably linear
fashion with time (Fig. 2), in accordance with standard
random walk and diffusion theory [4, 6]. A noticeable
exception, however, was the High Density treatment,
for which there was a marked slowing down of popula-
tion spread after about 4 h (Fig. 2b. In this treatment,
the variation of MSD with time was significantly bet-
ter fitted with a piecewise linear model (bootstrapping;

(See figure on next page.)
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p=0.008, with a change in slope occurring at an esti-
mated t=246 min. High Density treatments reached a
coefficient of diffusion of D=5.73 m* h™!, which is much
greater than the value observed in Low Density treat-
ments (D=3.83 m? h™!). This indicates a strong positive
density-dependence of the diffusion rate. However, this
speed-up effect was only transient, and after about 4 h
the value of D in High Density treatment reverted to a
low 3.09 m? h™}, not significantly different from the one
in Low Density treatments (Fig. 2a, b).

The transiency of density-dependence was not
observed in the presence of hosts, for any spatial distri-
bution (Diffuse or Clumped; Fig. 2). Rather, High Density
treatments with hosts sustained elevated diffusion rates,
not significantly different from the initial rate of spread
observed in the absence of hosts, throughout the eight
hours of the experiments (Fig. 2). As a consequence, the
final MSD was much higher in the presence of hosts,
reaching more than 0.5 m? (Fig. 2c, d).

Spatial spread can be described more precisely through
the direct measurement of population quantiles, i.e.
the distance from the release point containing a given
percentage of individuals. Figure 2e—h represents the
advancement of the core population (50% and 75% quan-
tiles) and population front (90, 95 and 99% quantiles). At
Low Density the tip of populations reached 1 m at the
end of the experiment, while High Density treatments
went 50% farther, reaching 1.5 m on average (Fig. 2). This
is fairly consistent with the observed increase in diffusion
coefficient. However, differences between treatments
were not homogenous in different parts of the popula-
tion. At High Density, population spread was faster than
at low density, but the difference was driven only by the
tips of the population (90-99% fronts), while no dif-
ference was observed in the core of the populations (50
and 75% quantiles; Fig. 2f). As a result, although at High
Density the final total quantity of movement (MSD) was
no greater than at Low Density (Fig. 2a, b), high den-
sity populations still covered longer distances than low
density populations: the 90% and 95% population fronts
remained significantly greater throughout the entire
experiment (Fig. 2e, f). In effect, populations at High
Density covered a distance similar to the treatments with
hosts (about 1.5 m; Fig. 2f—h). Population fronts behaved
similarly at High Density, with or without hosts, despite

Fig. 2 Rate of population spread. a—d MSD as a function of time in the four experimental treatments. The solid curves show the average over
replicates, with a moving window of 15 min. The grey envelope represents the corresponding 95% bootstrap confidence intervals. Linear regression
lines are shown and their slopes (i.e. diffusion coefficients D) are given. Significantly different values (as determined from bootstrapping) are
indicated with different superscript letters. In the High Density treatment, a piecewise linear regression was significantly better supported, and

thus two portions with two different diffusion coefficients are represented. The first 30 min were excluded from all regressions to avoid the effect

of initial conditions and the latency phase. e~h The location (distance from centre) of population quantiles as a function of time. Bold sections

represent significant pairwise differences, as indicated in the legend
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the strong difference in the total quantity of movement.
This indicates that only the core of the populations
caused the sustained rate of spread and higher MSD
observed in the presence of hosts (Fig. 2g, h).

To summarise, a three-fold increase in initial popula-
tion density caused a 1.5-fold increase in the rate of pop-
ulation spread (diffusion coefficient), at least transiently.
However, in the absence of hosts, a marked deceleration
in the second half of the experiments made the final MSD
similar at High and Low Density. The initial boost pro-
vided by positive density-dependence thus did not pay
off in the long run; we call this a “tortoise-hare” effect,
by analogy with Aesop’s proverbial fable. These effects of
population density on spatial propagation were mostly
driven by population fronts (i.e. maximal distances
reached), whilst, on the contrary, the effects of host pres-
ence manifested themselves mostly in the population
core. Therefore, although the total quantity of movement
at first sight obeyed classical diffusion, the population
quantiles do not, and different processes operated in dif-
ferent parts of the populations.

Distribution of individuals and evidence for heterogeneous
diffusion

Consistent with results on population quantiles, the
distribution of individuals differed markedly from the
Gaussian distribution expected from classical diffusion
theory (Fig. 3). Only at the very beginning of experiments
did individuals adopt a Gaussian distribution, centred on
the release point (Fig. 3). From about 30 min on, the dis-
tributions became strongly leptokurtic, with an excess of
individuals at very short distances or very long distances
(heavy tails), compared to Gaussian distributions with
the same mean and variance. The observed leptokurticity
could not be accounted for inter-replicate variation, since
it persisted even after renormalizing each replicate to
unit variance (Additional file 1: Fig. S2). This was the case
in all treatments and throughout the experiments, with
distribution shapes changing dynamically.

One possible cause of leptokurtic distributions is
individual heterogeneity, resulting in heterogeneous
random-walks [4, 39, 40]. If each individual is diffusive,
but there is variation in individual dispersal rates, the
resulting population dispersal kernel, sometimes called
a statistically structured kernel, would be fat-tailed [24].
The fit of Gaussian mixture models revealed that a two-
component mixture distribution fitted the observed data
very well (Fig. 3). It statistically outperformed both the
simple Gaussian distribution and alternative leptokur-
tic kernels (the 3-component Gaussian mixture and the
t-distribution; Fig. 3). This was true for most times and
treatments, except at the very beginning of experiments,
where the distributions of individuals were indeed close
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to Gaussian or Student. This suggests that two types of
individuals, differing in their movement strategies, coex-
isted in the populations. As one can see in Fig. 3, the first
component remained close to the central release point
and spread very slowly, whereas the second component
was much broader and diffused faster, constituting most
of the population fronts. Such a bimodality in movement
phenotypes has never been described in Trichogramma,
especially at those large scales. By analogy with common
terminology in the literature, we will call the first com-
ponent the “resident” component, and the second the
“explorer” component [25].

From the method of mixture model fits, we can fur-
ther infer the relative proportion of the two types, at
every time, and compute the MSD for the two com-
ponents individually (see Additional file 1 for detailed
Methods). Figure 4a—d shows the estimated proportion
of resident and explorer individuals through time. In all
treatments, proportions were not constant: populations
initially comprised a majority of resident individuals, but
the proportion of the latter steadily decreased in favour
of explorer individuals. These dynamics differed across
treatments. In the absence of hosts, the two types of indi-
viduals ended up being in roughly 50/50 proportion after
eight hours (Fig. 4a, b). At High Density, the frequency
of explorers increased faster initially, but then essentially
plateaued, whereas the increase was more steady at Low
Density. In the presence of hosts, the rate of conversion
from resident to explorer strategies remained high for a
longer period of time (Fig. 4c, d): the two types became
equally frequent after only about three hours, and even-
tually explorers clearly outnumbered the other type, rep-
resenting more than 60% of the population at the end of
the experiments (Fig. 4c, d).

In all treatments, explorer individuals initially adopted
similarly high rates of spread of about 15 m* h™* (Fig. 4e—
h), but in the absence of hosts the diffusion coefficient
of the explorer component eventually declined, reach-
ing values of about 4 m? h™}, not significantly greater
than resident strategists (see Additional file 1: Fig. S2).
The decline occurred earlier in low Density treatments
than in High Density treatments, even though one must
keep in mind that the estimation of these times is highly
uncertain. One could thus argue that in the absence of
hosts, explorer individuals that had initially dispersed
far away effectively reverted to a resident strategy. In
contrast, in the presence of hosts explorer individu-
als sustained the high diffusion coefficient throughout
experiments (Fig. 4g, h).

These behavioural dynamics explain the “tortoise-hare”
effect and why the effects of population density were
most expressed in population fronts (Fig. 2a, f): increas-
ing density initially boosted the rate of conversion from
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resident to explorer individuals, and these by definition
constituted most of the population fronts. However, the
rate of conversion and the rate of spread of explorer indi-
viduals both stalled after a few 4 h, whereas the changes
were more gradual at low density. These dynamics simi-
larly explain the effect of hosts on population spread:
hosts hasted the rate of conversion to explorer individuals
and, most importantly, made it persistent though time.
This is why the effects of host presence were most vis-
ible in population cores (Fig. 2g, h): it is probably where
switches from resident to explorer mostly took place, for
it is where most resident individuals are located.

Parasitism and the dispersal kernel

Consistent with results on spatial spread, Diffuse and
Clumped host distribution treatments did not differ sig-
nificantly in the fraction of hosts parasitized (p=0.62;
22% on average; Fig. 5a) or in the dispersal distance
(p=0.38; 79.9 cm on average). The total parasitism rate
culminated to an average 75% around the release point,
and gradually declined over about 2 m (Fig. 5a). Despite
the strongly leptokurtic distribution of individuals during
population spread, and thus the even more leptokurtic
integrated population density, the distribution of para-
sitism was almost perfectly Gaussian (Fig. 5a). In that,
it complied with the standard assumption of population
biology [6]. The dispersal distance (standard deviation of
the dispersal kernel) thus constitutes a dispersal coeffi-
cient in the usual sense (o).

The spatial range over which significant parasitism
occurred (30, or about 240 cm) greatly exceeded the 99%
population front, which was located at about 150 cm
(Fig. 2g, h). This suggests that population fronts made a
very important contribution to parasitism. Confirming
this, at replicate level, the position of the population front
at the end of the experiment was a good predictor of the
realised dispersal coefficient (p?=0.43; n=42; Fig. 5b).
The best predictive performance was achieved using the
98% population quantiles, rather than other quantiles or
the MSD (Fig. S3). The location of population fronts also
predicted, to a lower extent, total parasitism (p%2=0.32;
Fig. 5b). Interestingly, the latter was rather weakly corre-
lated to dispersal (p>=0.19; Fig. 5b).

(See figure on next page.)
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From movement to dispersal

How could individual distributions be strongly leptokur-
tic, yet produce an almost perfectly Gaussian dispersal
kernel? Several non-linearities in the processes connect-
ing individual movements to the location of parasitism
events could explain this discrepancy. First, the fraction
of individuals that were effectively on hosts (thus poten-
tially parasitizing them) was not uniform, but was much
higher at the population fronts at any time, reaching val-
ues as high as 60% (Fig. 6a). In the central parts of the
population, this fraction quickly dropped to a baseline
level of approximately 20%. Those spatial locations where
most individuals were on hosts expanded as a wave as
time passed (Fig. 6a). This indicates that individuals at
population fronts presumably contributed much more
to parasitism and dispersal. As a consequence, the huge
density of individuals at the core of the populations did
not translate linearly into parasitism pressure, for the
decreased proportion of individuals that were effectively
parasitizing hosts in these parts. This presumably reflects
resource depletion and avoidance of already-parasitized
hosts.

We can further confront the positions where most
individuals were on hosts with the relative frequencies
of explorer and resident individuals predicted from the
Gaussian mixture fits (Fig. 6b). This reveals that at these
locations, an overwhelming majority of individuals were
explorers, except at the very beginning of the experi-
ments. To substantiate this deduction, we can compute,
for every parasitized host, the time at which it was first
discovered, as a function of its position (Fig. 6¢). From
this and from Fig. 6b, we can then determine whether a
particular parasitized host was most likely to have been
discovered by a resident or an explorer individual. As can
be seen in Fig. 6¢c, parasitized eggs beyond about 50 cm
from the centre were most likely discovered by explor-
ers, whereas hosts less than 50 cm away were most likely
discovered by residents. This distance is to be compared
with the dispersal coefficient (about 80 cm), and indicates
that a majority (at least 56%) of all parasitism events can
be attributed to explorer individuals. However, the con-
tribution of the two types differed greatly between the
centre of the dispersal kernel and its periphery.

Finally, while explorers at the population fronts
reached most previously undiscovered hosts, they

Fig. 4 Relative frequency and movement quantity of explorer individuals over the course of population spread. Each row corresponds to an
experimental modality, in the same order as in Fig. 2. a-d Dots represent the relative proportion of each component, as inferred from the G-mixture
(2) model fit (see Fig. 3), every 15 min, over time windows of 10 min. Solid lines delineate the corresponding 95% bootstrap confidence intervals.
Estimates before about 1 h (shaded parts) may not be reliable as they correspond to a phase in which the population distribution was still close to
Gaussian (Fig. 3); the presumed initial state is 100% residents. e-h Each dot represents the inferred MSD for the explorer component, using the same
methodology as in a-d. Best supported linear or piecewise linear regressions are represented, together with their slopes (diffusion coefficients) and
associated standard errors. Significantly different values harbour different superscript letters
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proportional to p2 values

reached them at late times, and so did not have much
time left to parasitize them. Host parasitism takes
time in this species: processing time is usually about
5 min, and several visits may be needed before a host
is accepted [41]. The probability of parasitism should
therefore not increase linearly with the total visit time
on a host: the so-called gain function is expected to be
concave [18, 42]. In line with these theoretical expecta-
tions, we found that the probability of host parasitism
increased with total visit time, in a saturating fashion
tending to one after about 200 min of cumulated visit
time (Fig. 6d). This indicates that the density of individ-
uals at the population fronts (the heavy tails of the indi-
vidual distributions) also translated less-than-linearly
into effective parasitism, for lack of sufficient host-pro-
cessing time. Altogether, population density was most
effectively converted into actual parasitism at interme-
diate positions, whereas this conversion was lower in
central parts (because of resource depletion) and at the
population tips (for lack of host processing time). We
argue these two non-linearities, by decreasing the con-
tribution of both central and extreme individuals, can
explain the shift from a leptokurtic individual distribu-
tion to a simple Gaussian dispersal kernel.

Discussion

Bridging the gap between small-scale behavioural obser-
vations and large-scale population processes remains a
prime challenge in ecology, and a requirement to alleviate
disciplinary divides and improve our understanding and
prediction capabilities. Methodological developments
in the fields of sensors and computer-vision provide
unprecedented power to take up this challenge, by allow-
ing the acquisition of individual-level data in large groups
and over large temporal and spatial scales [8, 15].

We used a novel experimental set-up and a dedicated
imaging pipeline that allowed us to track the spatial
spread of groups of insects along 6 m and for 8 h. Six
metres is considerable at the scale of our study system:
it represents about 12,000 body lengths, or over 22 km
if simply rescaling at human size. Even one centimetre,
the width and height of our experimental maze, is still
pretty big for Trichogramma insects: their reactive dis-
tance is about 4 mm [26, 33]. For this reason, the inner
volume of the double spiral set-up did not impose strong
constraints on the movements of individuals: they could
walk in 2D on all faces of the setting, which is their domi-
nant form of exploration [26]. They could also employ
the occasional jumps and short undirected flights of the
species [17]. Our hi-resolution imaging pipeline allowed
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smoothed trend modelled as a general additive model. b The predicted proportion of individuals that were explorers at a given place and time.
Predictions come from the mixture model fits shown in Figs. 3 and 4. c The time at which hosts were first discovered, as a function of their spatial
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were coloured depending on whether they were most likely to have been discovered by an explorer individual (orange) or a resident individual
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us to locate every individual every minute, with a detec-
tion rate of about 40%, and thus to quantify not only the
overall population spread, but also pairwise distances
between individuals, distances to the closest host, the
time spent parasitizing hosts, and many other individual

metrics. We could thus address questions of population
spread and dispersal with unique resolution.

We found that population spread was positively den-
sity-dependent: even though reared at similar densities,
groups of insects released at higher density, as in the case
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in biocontrol programs, adopted a faster rate of spread
(diffusion coefficient). This implies some quorum sens-
ing at the stage of adults, which has never been demon-
strated in this species, even though dispersal is known
to depend on rearing density [21, 29]. The faster rate of
spread took about 20—30 min to establish itself following
introduction, after what we called a “latency phase” This
period is short on the timescale of our experiments, but
quite long on the typical behavioural ecology timescale.
It probably reflects an assessment period, during which
individuals interact with one another and react to the
local density (and, if any, to the presence of hosts). This
interpretation is supported by the fact that in Low Den-
sity treatments with no hosts there was no detectable
latency phase (Fig. 2a). It is also supported by the fact
that the switching dynamics from sedentary to explorer
movement mode occurred on a timescale of several
hours (Fig. 4).

Interestingly, positive density-dependence was only
transient in the absence of hosts. After about 4 h, the
rate of spread reverted to a value no greater than the one
observed at Low Density (Figs. 2 and 4). The collapse of
the rate of spread was actually so pronounced, that Low
Density treatments, by sustaining a lower but more long-
term diffusion coefficient, eventually caught-up with
High Density treatments and achieved similar quantities
of movement after 8 h. We called this a “Tortoise-Hare
effect’, in reference to Aesop’s fable, according to which
the slow and steady can win in the long run. This empha-
sises the difficulty to extrapolate short-term mechanisms
on the longer term.

The faster initial rate of spread at High Density was
caused by a faster rate of switching from resident to
explorer mode, presumably for the higher rate of inter-
individual interactions around the release point. How-
ever, by spreading faster, individuals quickly reduced the
local density they experienced, as they diluted themselves
across space and lowered the local levels of crowding.
This in turn decreased the rate of switching, and eventu-
ally the individuals that had spread farther away reverted
to a low diffusion coefficient, arguably switching-back
to resident mode for lack of incentive. At Low Density,
the rate of switching was initially lower, but as a conse-
quence could be sustained for a longer period. Although
temporal trends in MSD were well fitted as piecewise
linear regressions, there was high variability in the time
at which diffusion rate declined, and so it is likely that
changes were more gradual, with no specific discrete
event occurring at 4 h. The slowdown of spatial spread
may thus be seen as a switch from a diffusive to a subdif-
fusive regime.

All individuals were raised at the same density, and
have similar experiences. The sole difference is their
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storage in tubes as groups of adults 24 h before experi-
ments: in principle, they may have perceived density
differences at this stage, before the actual experiments.
The initial frequency of explorers might thus have been
higher in High Density treatments. Even though the
trends all suggest the initial condition was zero explorers
(Fig. 4), we cannot rule out this possibility. The existence
of the latency phase, plus the fact that movement strate-
gies changed dynamically over the course of experiments,
also suggest that density-dependent effects occurred
during the experiments, not before. In any case, the Tor-
toise-Hare effect shows that positive density-dependence
is inherently self-defeating at large scale: the faster the
initial spread, the stronger the decline in local popula-
tion density and the suppression of the (local) fuel of
density-dependence.

There was no such Tortoise-Hare effect in the presence
of hosts. The presence of hosts allowed the elevated dif-
fusion coefficient to be sustained in the long run. This
was caused by a twofold effect. First, the rate of switch-
ing remained high for a longer period of time, and the
overall proportion of explorer individuals reached higher
values. Second, explorer individuals did not slow down
even after several hours, i.e. presumably, did not switch
back to a resident strategy. These two effects could be
explained either by hosts acting as information-sharing
points, at which individuals, even at low local density, can
still perceive the presence of conspecifics, either directly
by meeting on the hosts or indirectly through the percep-
tion of kairomones on the latter [43]. Alternatively, the
encounter of hosts could in itself act as a positive stimu-
lus that enhances movement and spread, even though the
visit of hosts and parasitism can have contrasted impacts
on the short-term exploration strategy in parasitoids [42,
43]. For instance, it has been reported that parasitoids
could show decreased exploration activity when their
egg-load decreases [44]. In our case, egg load could be
a source of individual heterogeneity in treatments with
hosts, but the fact that explorers sustained high dif-
fusion rates in those treatments, whereas they slowed
down in the absence of hosts, rule this out as a possible
explanation.

An important finding of this study is that the groups
of individuals, even though uniform in terms of age,
experience, and genetics, quickly developed into mix-
tures of two distinct movement strategies, that we called
resident and explorer strategies. Inter-individual dif-
ferences and personality traits are increasingly thought
to be important determinants of population function-
ing [13, 45-47]. Variability in personality traits, bold-
ness in particular, has been reported as a mechanism
for leptokurtic distributions [39]. This consequence was
confirmed in our study: the distribution of individuals
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at any time was not Gaussian, but strongly leptokurtic.
Intra-population polymorphisms impacting movement
and dispersal have been found in several organisms [25,
48], though not in Trichogramma so far. Intra-popula-
tion variability in personality traits, specifically in activ-
ity-related traits, has been found in Trichogramma, but
was of continuous nature [49]. Our results showed that
variation in movement was bimodal, not continuous,
and also that it was dynamic in time, not static. There-
fore it could not be attributed (solely) to cryptic genetic
variation or inter-individual differences, but rather corre-
sponded to behavioural plasticity, with alternative strat-
egies that one individual can adopt depending on the
events it experiences. Individual distributions could be
fitted very well with a two-component mixture of Gauss-
ian kernels, which offers quite interesting inference pos-
sibilities. This situation differs from most examples of
variation reported so far. Obviously, we did not explicitly
track individuals at a very small scale, so we cannot yet
ascertain the exact behavioural determinants of the two
strategies we indirectly detected. The existence of these
two movement strategies is reminiscent of the duality
between exploitation/area-restricted and exploration/
extensive strategies found in other organisms, includ-
ing insects [50, 51]. Further research will clarify these
aspects, by supplementing our large-scale low-frequency
tracking pipeline with small-scale video-tracking at dif-
ferent positions along the experimental tunnel.

While individuals in the resident mode had very
low diffusion coefficient, it is important to stress that
these individuals were still living and active individuals.
Indeed, our imaging analysis pipeline disregards immo-
bile or dead individuals. The estimated MSD of resident
individuals, though very low and hard to estimate accu-
rately, is clearly greater than the initial spread caused by
the introduction of individuals in the arena. This con-
firms that some spread did occur even in resident mode.

The consequences of behavioural heterogeneity had
much deeper implications than making individual dis-
tributions leptokurtic. Explorer individuals and the
switching dynamics between alternative movement
strategies was shown to be crucial in determining pop-
ulation distribution, dispersal, and total parasitism.
First, the rate of switching from residents to explorers
largely determined the effects of density-dependence,
the Tortoise-Hare effect, and its suppression in the
presence of hosts. Second, the diffusion coefficient of
explorers determined the position of population fronts,
which best explained the realised dispersal coefficient
and total parasitism rate. Finally, explorer individu-
als discovered a majority of hosts, and were responsi-
ble for virtually all parasitism at distances beyond the
dispersal coefficient. Yet despite all these complexities,
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the realised dispersal kernel proved to be almost per-
fectly Gaussian. This may seem surprising, especially
considering that additional sources of heterogene-
ity often render dispersal kernels leptokurtic [37]. We
have suggested that different non-linearities in the pro-
cesses linking movement to parasitism might provide
the explanation. It therefore seems that the simplicity
of the dispersal kernel, in our case, should not be taken
as support for simple movement rules. It is likely that
manipulating some conditions, such as the overall den-
sity and/or the abundance of hosts, could easily cause
the apparent simplicity of dispersal to break apart. At
this stage, this remains speculative, and further experi-
ments and mechanistic mathematical modelling are
needed to confirm our hypothesis.

In any case, our results suggest there can be quite
a disconnection between parasitism and individual
movement patterns. This has both fundamental and
applied consequences. In biological control, the two
are typically used interchangeably as proxies of disper-
sal, and it is common to extrapolate the 98% population
front from the MSD, assuming Gaussian diffusion [16].
This method breaks apart with the sort of leptokurtic
distributions we evidenced. More generally, predictions
from classical diffusion theory should not be applied
too broadly, even for quite simple active foragers such
as Trichogramma wasps. Patterns of population spread
and parasitism appear to be highly plastic, and there-
fore difficult to transfer across conditions. We suggest
that improving our ability to understand this plasticity
and our capacity to predict dispersal across contexts
will come from better recognizing individual-level het-
erogeneity and the use of more behaviourally-mecha-
nistic models.
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