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Abstract
1.	 Individual space and resource use are central issues in ecology and conservation. 

Recent technological advances such as automated tracking techniques are boost-
ing ecological research in this field. However, the development of a robust method 
to track space and resource use is still challenging for at least one important eco-
system component: motile aquatic macroinvertebrates. The challenges are mostly 
related to the small body size and rapid movement of many macroinvertebrate 
species and to light scattering and wave signal interference in aquatic habitats.

2.	 We developed a video tracking method designed to reliably assess space use be-
havior among individual aquatic macroinvertebrates under laboratory (microcosm) 
conditions. The approach involves the use of experimental apparatus integrating 
a near infrared backlight source, a Plexiglas multi-patch maze, multiple infrared 
cameras, and automated video analysis. It allows detection of the position of fast-
moving (~ 3 cm/s) and translucent individuals of small size (~ 5 mm in length, ~1 mg 
in dry weight) on simulated resource patches distributed over an experimental 
microcosm (0.08 m2).

3.	 To illustrate the adequacy of the proposed method, we present a case study 
regarding the size dependency of space use behavior in the model organism 
Gammarus insensibilis, focusing on individual patch selection, giving-up times, and 
cumulative space used.

4.	 In the case study, primary data were collected on individual body size and in-
dividual locomotory behavior, for example, mean speed, acceleration, and step 
length. Individual entrance and departure times were recorded for each simulated 
resource patch in the experimental maze. Individual giving-up times were found 
to be characterized by negative size dependency, with patch departure occurring 
sooner in larger individuals than smaller ones, and individual cumulative space 
used (treated as the overall surface area of resource patches that individuals vis-
ited) was found to scale positively with body size.

5.	 This approach to studying space use behavior can deepen our understanding of 
species coexistence, yielding insights into mechanistic models on larger spatial 
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1  | INTRODUC TION

How an organism uses space and invests its time in a heterogeneous 
environment influences its evolutionary success and hence its pop-
ulation dynamics (Bogdziewicz et  al.,  2016; Cayuela et  al.,  2017). 
Space use behavior is a key phenotypic trait (Avgar et  al.,  2015) 
affecting various components of individual fitness such as access 
to trophic resources and energy gain (Koy & Plotnick, 2007; Smith 
et al., 1983), management of predation risk (Beckerman et al., 2010; 
Makin & Kotler, 2019), and reproductive success (Getz et al., 2005). 
Moreover, the spatial dimensions of individual niches (rather than 
trophic dimensions) have been proposed as major drivers of inter-
specific coexistence (Melbinger & Vergassola, 2015).

Recent theoretical and experimental efforts have highlighted 
the relevance of various individual movement modes, for exam-
ple, searching (Auger-Méthé et al., 2015; Chakravarty et al., 2019), 
patch use, and giving-up behaviors (Brown,  1988; Charnov,  1976; 
Davidson & Hady, 2019). Studies of animal movement have become 
more frequent in recent years, emphasizing the conceptual signifi-
cance of space use behavior (Barela et al., 2020; Nathan et al., 2008; 
Potts et al., 2014). Nevertheless, gaining insight into the motivations 
and limitations of individual behavior is still a major challenge in em-
pirical studies (Froy et  al.,  2018), with implications for theoretical 
development (Stevens, 2010).

So far, studies of space use behavior have focused mostly on 
larger animals living in environments where their movement can be 
followed relatively easily by radio and global positioning (GPS) col-
lars (Cagnacci et al., 2011; Mysterud et al., 2011), passive radio fre-
quency identification (RFID) and transponders (PIT tags) (Brodersen 
et  al.,  2008; Chapman et  al.,  2011). Examples include migrating 
birds, mice and other rodents, wandering whales, and fish (Edwards 
et al., 2007; Gurarie et al., 2009; Humphries et al., 2012; Reubens 
et al., 2019). Coupled with improving technology, surveys of smaller 
animals (mostly terrestrial) have also recently become more numer-
ous (Barnes et al., 2015; Robinson et al., 2009; de la Rosa, 2019).

In contrast, little is known about the space and resource use 
dynamics of aquatic invertebrates (but see “Kölzsch et  al.  (2015); 
Cloyed and Dell (2019); Cloyed et al. (2019)") and additional techni-
cal challenges need to be overcome before studying these sensitive 
animals and subjecting them to experimental manipulation. Mark 
and recapture is used in space use behavior studies, for example, 

Davy-Bowker (2002), but it is widely acknowledged that marking or 
tagging can lead to deviations from aquatic organisms’ normal be-
havior (Hagler & Jackson, 2001). Potential negative effects include 
changes in activity level and swimming performance, reduced feed-
ing and growth, and lower survival rates (Cooke et al., 2011; Jepsen 
et al., 2015). Major negative effects are indeed reported in 17% of 
the peer-reviewed literature (Lameris & Kleyheeg, 2017). It should 
also be considered that most studies of macroinvertebrate move-
ment are performed at the population level (Holyoak et al., 2008), 
despite space use behavior varying among individuals, especially 
when strong phenotypic differences exist (Nonacs,  2001; Roche 
et al., 2016). This variation has the potential to drive patch selection 
at the population level, with cascade effects on community and eco-
system functioning (Post et al., 2008).

In this study, we propose a new method, derived from the exper-
imental approaches of Mancinelli (2010); Dell et al. (2014); Augusiak 
and Van den Brink (2015); Barnes et  al.  (2015); Cloyed and Dell 
(2019); Cloyed et al. (2019), in order to track the movements of small 
aquatic macroinvertebrates. This method provides high-throughput 
and accurate spatial data which can be assessed with reference to 
theoretical and conceptual frameworks. The experimental track-
ing system was created ad hoc by Noldus Information Technology 
(https://www.noldus.com) and consists of a near infrared backlight 
source (NIR) with a rigid infrared-sensitive camera positioned di-
rectly above it. The combination of near infrared backlight and an 
infrared-sensitive camera makes it possible to detect very small and 
fast-moving animals in the absence of visible light.

To illustrate the potential of this equipment and method, we 
present a case study using a set of measures of variation of individ-
ual space-use behavior along a gradient of individual body size. We 
used an indoor microcosm system under controlled experimental 
conditions in order to exclude factors that could potentially inter-
fere with the normal behavior of the animals, for example, tem-
perature (Lagerspetz & Vainio,  2006), resource quality (Fernandez 
et  al.,  2019), and circadian rhythms (Golet et  al.,  2006). Our prin-
ciple focus was the size gradient, since body size affects virtually 
all aspects of individual physiology and foraging ability throughout 
the hierarchy of ecological organization (Basset,  1995; Petchey 
et al., 2008). Individuals’ energy demands are broadly dependent on 
body size (Gillooly et al., 2001; Kleiber, 1932; West et al., 1997) and 
closely related to space use features, for example, giving-up time, 

scales, for example, home range, with implications for ecological and evolutionary 
processes, as well as for the management and conservation of populations and 
ecosystems. Despite being specifically developed for aquatic macroinvertebrates, 
this method can also be applied to other small aquatic organisms such as juvenile 
fish and amphibians.
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density, and home range size (Börger et  al.,  2020; Brown,  1988; 
Ofstad et al., 2016). Therefore, differences in size may involve chang-
ing foraging strategies in order to meet energy needs, for example, 
ranging farther afield (larger home range) (Laver & Alexander, 2018) 
and giving up the patch earlier (shorter giving-up time) and at 
higher densities of remaining resources (higher giving-up density) 
when the absolute resource density remains constant (Basset & De 
Angelis, 2007; Brown et al., 1994; Cozzoli et al., 2020). The study of 
size dependency in individual space and resource use behavior can 
help to deepen our understanding of individual and population space 
and resource use, which, in turn, may enable prediction of future 
aquatic ecosystem functioning and resource availability.

The proposed case study involves an investigation of the size de-
pendency of space and resource use behavior (in terms of giving-up 
time and cumulative space used) and patch selection tendencies 
in macroinvertebrates. Motile macroinvertebrates are particularly 
challenging subjects for video tracking, because of their small juve-
nile size and translucent body. This experiment was conducted on 
small- to large-sized males of Gammarus insensibilis.

2  | MATERIAL S AND METHODS

2.1 | Model organism

Gammarus insensibilis (Stock,  1966) is an Atlantic-Mediterranean 
amphipod species living in transitional and coastal waters (Costello, 
Emblow & White, 2001). Species of the genus Gammarus are eco-
logically highly successful due to their broad trophic repertoire; 
foraging flexibility; migration ability; tendency to drift, which allows 
them to easily invade and colonize ecosystems; high reproductive 
capacity, with several broods per female per year and a high number 
of offspring; and relative longevity (Gerhardt et  al.,  2011; Shadrin 
et al., 2020). Gammarids are important components of aquatic eco-
system trophic webs, feeding on detritus and providing nourishment 
for secondary consumers (Costantini et al., 2014; Shokri et al., 2019). 
They feed on a wide variety of plants, preferably grazing microscopic 
fungi growing on submerged decaying plant material (Glazier, 2014; 
Nelson, 2011), with a daily consumption rate of 46%–103% of their 
body mass (Berezina, 2007). They are characterized by thigmotaxis 
(Kohler et al., 2018), that is, they seek to remain in contact with ei-
ther a wall or a plant leaf.

2.2 | Specimen collection and sorting

Gammarus insensibilis individuals were collected from the Cesine 
coastal lagoon in South–East Italy (40.218N, 18.238E) and trans-
ferred to the Biodiversity and Ecosystem Functioning Laboratory 
(BIO4IU) at the University of the Salento in thermo-insulated con-
tainers filled with water from the sampling sites and aerated during 
transport. Authorization for the specimens’ collection was issued 
by the competent authority (World Wildlife Fund for Nature, Italy). 

The species involved in this study are not endangered or protected. 
Specimens were maintained in the laboratory's aquaria for two 
weeks at a temperature of 18 C̊ and a salinity of 7 PSU, similar to 
the field sampling site. Decaying reed leaves were supplied as food 
in the aquaria and renewed depending on consumption. Before the 
start of the experiment, specimens were sorted by sex under a Nikon 
stereoscope (SMZ1270). Only males were selected for laboratory 
experiments, since oocyte production in females may induce non-
size-related variability in energy requirements and individual space 
use behavior (Glazier et al., 2011). The experiment was performed 
in a controlled-climate environment at a temperature of 18 ± 0.3°C 
and a salinity of 7 PSU. After every experimental trial, the animals 
were dried individually in an oven at 60°C for 72 hr and weighed to 
the nearest ± 0.001 mg.

2.3 | Trophic resource conditioning

Leaves of Phragmites australis (Cav.) Trin. ex Steud were collected 
at the site of the specimens’ collection in early spring, cut into ap-
proximately 15  cm lengths, dried in the oven at 60 C̊ for 72  hr, 
weighed into separate portions (1 g and 0.5 g DW), and placed in 
5 mm mesh plastic bags. The leaves were then leached and condi-
tioned for two weeks in running environmental water at 18°C. The 
nutritional quality of the leaves is known to increase during con-
ditioning because of microbial colonization and the assimilation of 
nutrients from the water by fungi and bacteria (Boling et al., 1975; 
Marks, 2019).

2.4 | Experimental setup

The experimental system consisted of a number of mazes made 
of transparent Plexiglas and designed specifically for measuring 
aquatic macroinvertebrate space use behavior, which were placed 
on top of a near infrared (NIR) backlight source. Each maze was in the 
shape of an isosceles trapezoid [with the parallel sides measuring 70 
and 40 cm and each nonparallel side measuring 70 cm], inside which 
were six circular patches [13 cm in diameter, 3 cm high], each with 
an area of 0.013 m2, connected by a network of channels [2.5 cm 
wide, 3 cm high], with a total surface area of 0.08 m2 (Figure 1). For 
each experimental trial, 1 g DW of conditioned leaf fragments was 
uniformly distributed across the surface of one patch, 0.5 g of con-
ditioned leaf fragments was placed in another patch (thereby simu-
lating two resource patches), and the other four patches were left 
empty. The distribution of the resource patches was randomized in 
each test to prevent any effect of microcosm geometry. Individual 
movement in the experimental maze was recorded by cameras 
(Basler, aca1300-60gm) equipped with infrared pass filters (850 E, 
35.5 mm; Heliopan, Germany). The cameras were supported by an 
aluminum framework and positioned 60 cm above the maze with an 
aerial view of the microcosm and channels in order to detect indi-
vidual movements (Figure 1). Because all the channels are in a radial 
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position with respect to the center of the patches, placing the cam-
era above the center of a patch ensured that it could capture every-
thing occurring inside the patch and the channels connected to it. 
The setup of the cameras was crucial to the method, since the small 
size of the aquatic invertebrates is compounded by their tendency 
to thigmotaxis, which causes them to crawl or swim along the walls 
and would make it easy to miss an animal if a wall were blocking 
the view of the cameras. To this end, three cameras were placed at 
60 cm above each maze. Each camera covered a view of two patches 
and the channels connected to them [with a visual radius of 21 cm] 
(Figures 1 and 2).

2.5 | Automated tracking

Space use was measured for one individual at a time in an experimental 
maze, meaning that it was possible to know the position of the animal 
at any moment. Recordings were initiated 10 min after the specimen 
was placed in the maze and lasted for 6 hr. Videos were recorded at 
25 frames per second with 1,280 × 1,024 spatial resolution. The video 
files were then processed automatically by Ethovision XT 14 in batch 
acquisition mode (Noldus Information Technology BV) [see Noldus 
et al. (2001) for more details on Ethovision software]. Specimens were 
directly identified by the software as moving elements compared to 
the static background, thus allowing detection even if the specimen 
was not moving. Ethovision XT 14 makes it possible to set transition 
thresholds and thus determine each transition between patches (an 
illustrative video is publicly accessible at https://osf.io/7ezm5/). The 
channels were divided into three zones (a, b, and c) (Figure 2), with 
transition being counted once the animal passed all three zones along 
the channel [depending on the direction, the transition was counted as 
positive or negative] (Figure 2). The data were then compiled at 30-s 
intervals (defined by the user) and exported as text files. The output of 
Ethovision XT 14 was then fed into a Microsoft Excel Macro©™ which 
computed the time spent in each patch during each visit, as well as 
the number of patches visited, a visit being defined as each time an 
individual passes through a channel and enters a patch.

2.6 | Data analysis

2.6.1 | System variables

The detection system has a large number of measurable parameters, 
such as distance moved, turning angle, angular speed, fractal dimen-
sion, and more (see https://www.noldus.com/ethov​ision​-xt/benefits). 

F I G U R E  1   Diagram of the study setup: (a) Near infrared 
backlight source; (b) The maze, consisting of four blocks, each 
consisting of six patches; (c) Three cameras for each block; 
(d) Computer with an installed media recorder and Ethovision X14 
software

F I G U R E  2   Left side: The positions of the cameras above the maze, making it possible to capture everything occurring inside the patches 
and channels. Each color represents a camera, and the arrows show its field of view. Right side: Schematic of two patches and the threshold 
between them (consisting of three subzones: a, b, and c) used for detecting the animal and counting the transitions. A, B, and C show 
plausible directional movements of an individual between the patches. A = the animal passes through the channel from patch 1 to patch 2 
(crossing abc subzones; transition counted as + 1). B = the animal goes through part of the channel and then returns (crossing ab subzones; 
transition counted as 0). C = the animal passes through the channel from patch 1 to patch 2, returns to patch 1 and again passes through the 
channel from patch 1 to patch 2, in less than 30 s (crossing abc, cba, abc subzones; transition counted as + 1, −1, +1)

https://osf.io/7ezm5/
https://www.noldus.com/ethovision-xt/benefits
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In terms of locomotory parameters, we mainly focused on mean speed 
(calculated as the mean distance travelled per time unit), acceleration 
(calculated as the rate of speed change per time unit), and step length 
(calculated as the mean distance travelled between two consecutive 
locations, (xt-1, yt-1) and (xt, yt), per time interval). The presence of the 
patch walls is expected to influence the individuals’ locomotory pa-
rameters (Cloyed & Dell, 2019; Uiterwaal et al., 2019). Thus, tracking 
information on individuals’ locomotory behavior from the outer 1 cm of 
the patch was excluded, leaving an arena 11 cm in diameter.

In terms of space use behavior, the present case study made use 
of four descriptors:

•	 The number of visits to each patch; a visit being defined as each 
time the animal entered a patch and remained in the patch for at 
least 30 s.

•	 The giving-up time (GUT), defined as the duration of a single visit 
(Krebs et al., 1974), computed here as the average time spent in a 
resource patch during each visit.

•	 The total time spent by individuals in any patch in absolute terms 
(min) and as a fraction (%) of the experimental time.

•	 The individual cumulative space used, defined as the total area 
of the resource patches used by individuals during the experi-
mental time (ca. 360 min), and it was computed simply as the 
number of visits to a resource patch × the resource patch area 
(0.01 m2).

In order to identify differences between the number of patches 
visited by fed and unfed individuals, we performed a nonparametric 
Kruskal–Wallis test. Since total time spent and average giving-up time 
were not normally distributed, the impact of body weight and resource 
density on these two variables was tested with a Sheirer Ray Hare test. 
An ANCOVA was used to test the response of cumulative space used, 
total time spent in resource patches and average giving-up time to 
body weight as an explanatory variable. The percentage of experi-
mental period that animal spent in any patch was modeled by gener-
alized (logistic) linear regression. The analyses were performed in the 
R free software environment (R Core Team 2019) using the reshape 
(Wickham, 2007), lme4 (Bates et al., 2015), sjPlot (Lüdecke, 2018), and 
traj (McLean & Skowron Volponi, 2018) packages.

2.6.2 | Preliminary experimental setup

As part of the preliminary experimental setup, we tested conditions 
that could potentially affect the space use behavior of the model 
organism, namely:

•	 The internal ventilation system regulating room temperature.
•	 The near infrared backlight source (NIR).
•	 Foragers’ satiety levels.

The tests indicated that the ventilation system should be set at the 
lowest possible speed, as it could cause waves on the water surface 

and create noise in the detection of the animals. Another factor we 
tested was the effect of the near infrared backlight source (NIR) on 
forager behavior. We observed that the use of NIR had no influence on 
the number of patches visited or other primary locomotory behaviors 
(such as speed, acceleration, and step length). In addition, we tested 
the potential influence of the foragers’ satiety on space use behavior 
by comparing two groups of animals consisting of (a) unfed animals 
starved for 24 hr before the measurements and (b) fed animals taken 
directly from the aquaria. The exploratory behavior of unfed individu-
als was found to be less chaotic and more uniform, with low variation 
at the individual level over time (see “Fig. S1” in supporting informa-
tion for more details). Therefore, we used unfed animals for the exper-
iment (see the following chapter for detailed analysis).

3  | RESULTS

3.1 | Primary data

The specimens for which the system provided good data ranged in 
body length from 5.2 to 17.47 mm (12.08 [± 4.17] mm on average) and 
from 0.6 to 12.41 mg DW (6.9 [± 4.03] mg on average). The largest 
size corresponds to the maximum adult size sampled in nature. 15% of 
the animals used were found to be below the system detection limit: 
Since very small G. insensibilis specimens have translucent bodies, they 
do not generate enough contrast with the static background to be de-
tected. Within the investigated size range, ca. 85% of the experimental 
trials successfully yielded a complete measurement.

The preliminary results based on two groups of animals, fed and 
unfed, showed that the coefficient of variation of patch visits among 
fed individuals was 62%, significantly higher than unfed individu-
als, among which it was 20% (Kruskal–Wallis; χ2 = 205.1, p <  .05) 
(Figure 3).

3.1.1 | Locomotory data

Once the specimens were released into the experimental microcosm, 
they started actively exploring the mazes, with high speed and accel-
eration and a long step length for about the first 20 min, regardless 
of the amount of resources. However, the specimens then had lower 
speed and acceleration and a shorter step length, with little variation 
for the rest of the experimental time (Figure 4). The specimens had 
an average speed of 2.45 cm/s [± 1.03 SD], a maximum acceleration 
of 78.15 cm/s2, and an average step length of 1.11 cm [±0.15 SD] 
over the experimental time (ca. 360 min).

3.2 | Space and resource use data

On average, individual GUT was 27.8 min [± 26.20 SD] and the cu-
mulative space used over the experimental time (ca. 360 min) was 
1.08 m2 [± 0.73 SD].
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Body size and overall resource density in the patch both had a 
significant influence on individual GUT (respectively: Sheirer Ray 
Hare H = 3.14, p < .05; H = 59.5, p < .001). Furthermore, the influ-
ence of body size (Sheirer Ray Hare; H = 8.33, p < .01) and overall 
resource density (Sheirer Ray Hare; H = 56.8, p < .001) on the indi-
vidual total time spent was also highlighted.

Individual total time spent in resource patches (ANCOVA; 
F1,19 = 3.83, p <  .05) and GUT (ANCOVA; F1,19 = 5.76, p <  .05) de-
creased significantly with body size (Figure 5). However, individual 
cumulative space used increased with size, with a scaling coefficient 
of 0.77 (ANCOVA; F1,19 = 24.49, p <  .05). The positive relationship 
with body size explained 56% of the variation in cumulative space 
used. In addition to cumulative space used, the number of visits 
scaled with individual body size, following the same trend.

Overall, individuals spent more than 70% of the first 150 min in 
resource patches (Figure 6). After this time, the percentage of time 
spent in resource patches dropped significantly, with a corresponding 
increase in the percentage of time spent in empty patches. To summa-
rize, individuals showed foraging behavior at the beginning and shifted 
to explorative behavior over time (LR; F = 15.62, p < .05; Table 1).

F I G U R E  3   The average number of transitions in two groups of 
animals, starved and not starved, during 180 min; data compiled at 
10-min time intervals

F I G U R E  4   Individuals’ average 
(±SD) locomotory parameters: speed, 
acceleration, and step length during the 
experimental period. The dashed red lines 
show the average locomotory parameter 
values over time
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4  | DISCUSSION

Manipulative tests on the various factors influencing the spatial 
movement of aquatic invertebrates are still relatively rare (some exam-
ples are “Mancinelli (2010); Barnes et al. (2015); Kölzsch et al. (2015); 
Cloyed and Dell (2019); Cloyed et al. (2019)”). The results obtained in 
this study show that the adopted methodology offers a reliable ap-
proach to the systematic testing of hypotheses concerning the use 
of space and resources as well as patch selection, patch exploitation, 
and giving-up time among small macroinvertebrates.

4.1 | Methodology

The combined use of a near infrared (NIR) backlight source and the 
Ethovision X14 software proved to be an efficient way for observing 
aquatic macroinvertebrates while avoiding light reflections on the 
water surface that can interfere with the image analysis. One of the 
major advantages of the high contrast offered by NIR backlight is 
that it makes it possible to detect animals without marking them. 
Indeed, it is widely acknowledged that marking and tagging proce-
dures lead to deviations from aquatic organisms’ normal behavior, al-
tering locomotion parameters (Jones et al., 2013), activity levels and 
swimming performance (McCleave & Stred, 1975), reducing feeding 
and growth (Sutton et al., 2004) and compromising survival (Cottrill 
et al., 2006). For instance, Augusiak and Van den Brink (2015) ob-
served that marking procedures significantly affected the turning 
angle, step length, and resting time of Gammarus pulex. Additionally, 
using NIR is appropriate for this kind of experiment because other 
light wavelengths could affect the behavior of aquatic invertebrates 
(Frank & Widder, 1994).

Using unfed individuals in the preliminary measurements re-
duced the randomness of the individuals’ movement and variations 
in their space use behavior at the population level. Since satiety and 
the potential degree of hunger in the aquaria vary among individuals, 
the use of unfed animals (starved for 24  hr before measurement) 
ensures physiological and metabolic equilibrium among individuals 

(Glazier et al., 2011), which is expected to reduce variation over time 
in their space use and foraging behavior.

We intentionally tested the detection setup on a very challeng-
ing (small, translucent, and fast-moving) model organism to ensure 
the reliability and applicability of the method to other types of ben-
thic invertebrate. The main limitations of the proposed methodology 
are its inability to track multiple individuals and long data-acquisition 
times (about 12 hr).

4.2 | Case study

To give a practical example of the potential of this method, we con-
ducted a case study of space and resource use behavior among G. in-
sensibilis individuals with various quantitative assessments including 
primary locomotory behavior, giving-up time (GUT), and cumulative 
space used by individuals in resource patches within the experimen-
tal maze and time window (ca. 360 min).

Our observations regarding G. insensibilis locomotory parameters, 
that is, speed, acceleration, and step length, are generally consistent 
with earlier studies. The recent study by Augusiak and Van den Brink 
(2015) on the locomotory parameters of Gammarus pulex found an 
average step length of 1.31 cm [± 1.47 SD], a turning angle of 34.29° 
[± 88.8 SD], and a resting time of 39.5% [± 33.7 SD]. In line with these 
findings, (Longo et al., 2016) observed that Gammarus aequicauda had 
an average speed of 1.7 cm. s-1 and a fractal dimension of 1.2.

Regarding space use behavior, our findings demonstrate that the 
cumulative space used positively scaled with individual body size 
with an allometric coefficient of 0.77. At the larger scale, McNab 
(1963) and Minns (1995) found that home range positively scaled 
with body size, with an exponent of 0.75. Furthermore, giving-up 
time was observed to be characterized by negative size dependency 
in our setup. Thus, larger individuals gave up the resource patch 
earlier and travelled further in search of food than smaller ones. 
Similarly, recent studies have observed the negative size depen-
dency of giving-up time among several Gastropod species (Cozzoli 
et al., 2018, 2020).

F I G U R E  5   Linear relationships between the descriptors of individual space use and individual body weight (mg DW). Each letter on the 
scatter plot represents an individual. (a) average giving-up time (min) in resources patches. (b) total time spent (min) in resources patches. (c) 
cumulative space used (m2), the secondary y axis showing the number of visits to the resource patch
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The observed patterns of both individual GUT and cumulative 
space used in relation to individual body size are consistent with 
theory that predicts energy requirements increase with individual 
size (Gillooly et al., 2001; West et al., 1997). Morphological charac-
teristics may also contribute to the locomotory efficiency of larger 
individuals, allowing them to have greater routine speed and a higher 
ability to discover new resource patches (Innes & Houlihan, 1985; 
Scales & Butler, 2016).

The method presented in this paper provides detailed informa-
tion on the movement patterns of individuals and the various fac-
tors influencing them. The data obtained using this method can help 
to quantify species coexistence and yield insights into mechanistic 
models of space use on larger spatial scales.
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