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A key aspect of understanding social interactions in marine animals is determining
whether individuals freely interact in fission-fusion groups, or have spatially structured
interactions, for example territories or home ranges. Territoriality can influence access
to mates, food resources, or shelter sites, and may also impact conservation efforts,
as the delineation of marine protected areas relies on knowledge of home ranges
and movement patterns. However, accurately determining distribution and movement
is challenging for many marine species, especially small and medium species, which
cannot carry beacons or tags to automatically measure movement, and are also
difficult for human observers to accurately follow. Yet these smaller species comprise
the bulk of near-shore assemblages, and are essential conservation targets. As such,
novel solutions for monitoring movement and behavior are required. Here we use
a combination of tracking and environmental reconstruction to explore territoriality,
aggression, and navigation in a small marine fish, explicitly applying this technique to
questions of sociality in the marine environment. We use the Mediterranean Rainbow
Wrasse, Coris julis, as a test case, but this approach can be extended to many
other species and contexts. In contrast with previous reports for this species, we find
that during our observation period, female C. julis occupy consistent territories over
sand patches, and that they defend these territories against same-sex conspecifics.
Displacement experiments revealed two further important social behavioral traits –
first that displaced individuals were able to navigate back to their territory, avoiding
almost all other female territories as they returned. Second that when displaced fish
approached the territories of others, residents of these territories were often aggressive
to the non-neighboring fish, in contrast with our observations of low aggression counts
toward their natural neighbors. Resident fish therefore appear to show differing levels
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of aggressiveness depending on their social relationship with same-sex conspecifics.
Overall, these results suggest a sophisticated degree of social behavior in this marine
wrasse, dependent on social and structural environment, but which can only effectively
be revealed by state-of-the-art tracking and environment reconstruction techniques.

Keywords: territory, range, social, marine, wrasse

INTRODUCTION

Animals interact dynamically with their environment and can
develop specific relationships with their surroundings, as for
example expressed through home ranges, defined as the areas
where individuals spend most of their time with activities such
as foraging, resting, or mating (Pearl, 2000). For many animals,
the core of their home range is the most important area and is
often considered the territory, and by defending such an area,
individuals can monopolize resources, including food, shelter
[e.g., in rodents Meriones unguiculatus: (Ågren et al., 1989),
and mates (e.g., butterflies Papilio zelicaon: (Lederhouse, 1982)].
In the Tuatara, Sphenodon punctatus, territory structure also
depends on the distribution of mates and competitors. Females
and males of this species occupy independent territories, and for
the males the size of territory scales with body size. Large males
are more likely to own and defend larger territories that overlap
with female home ranges, increasing their access to mates and
providing a strong benefit (Moore et al., 2009).

Defending territories against intruders may involve displays or
fights between residents and intruders, which come at a high cost
to both winners and losers because of the energetic requirements
and the possibility of physical damage and mortality (Dugatkin
et al., 1998). From a game theoretic perspective, both individuals
would benefit by avoiding confrontation if they could predict the
outcome of the confrontation. However, it is often unclear which
individual will win a fight, resulting in physical interactions.
One way to avoid these costly interactions is to establish
social relationships, the formation of which may lead to
spatial structuring within populations as territory borders are
established. In teleost fish, it has been suggested that spatial
learning and social interactions are necessary prerequisites for
territoriality (Bronstein, 1986). Territorial individuals might
benefit from neighboring conspecifics and form integrated social
groups within territorial neighborhoods (Stamps, 1988).

As well as the ecological impacts of territoriality, an
understanding of the spatial structure of animal populations is
essential for conservation efforts and management strategies.
Protected areas, for example, can only be an effective
conservation management tool if they are larger than the
home ranges of the occurring species [as shown in a case study
for the Mediterranean Sea: (Di Franco et al., 2018)]. To protect
animals that are habitat specialists (for example the swift fox
Vulpes velox in short-grass prairies), knowledge about their
habitat preference and utilization are of primary importance
(Kamler et al., 2003). In terrestrial systems, monitoring the
movement and home ranges of animals can be achieved through
tracking or remote telemetry, but this presents a major problem
in marine habitats, where approaches such as Global Positioning

System (GPS) or Pop-up Satellite Archival Tags (PSATs) are
mostly applicable for larger, or in the case of acoustic telemetry,
medium-sized aquatic animals (Hussey et al., 2015; Thys et al.,
2015). For reasons of animal size, species abundance, and habitat
complexity, many available tracking methods are poorly suited
to these inshore regions and are not easily applied in smaller
animals, despite these comprising the bulk of vertebrate species
assemblages. To address this knowledge gap, alternative methods
are necessary, and in the present study we employ a computer-
vision based tracking methodology (Francisco et al., 2020) to
track and analyse the movement and social interactions of a small
inshore species, the Mediterranean rainbow wrasse (Coris julis).
This study provides a demonstration of the potential for this type
of approach to generate unprecedented quantitative insight into
the behavior and movement of a class of marine vertebrates that
was previously inaccessible to modern tracking approaches.

The Mediterranean rainbow wrasse belongs to the family
Labridae and lives in coastal regions up to a depth of 120 m
on rocky bottoms or seagrass (e.g., Posidonia oceanica) beds
(Lejeune, 1987). As for many Labrids, it is a protogynous
hermaphrodite, with a temporal separation of the sexes in one
individual (Bentivegna et al., 1985). Sex change to the secondary
male phase usually occurs at four years of age and is accompanied
with a color change and testes function. Most C. julis are born as
females but some are initially born as males (primary males) that
phenotypically resemble females (Linde et al., 2011). The females
live in harems and mate with the dominant and much larger
secondary male, producing pelagic eggs (Lejeune, 1987). Lejeune
(1987) states that only secondary phase males are territorial and
that initial phase individuals have home ranges between 5 and 10
m. Males defend their territories because of the benefit of having
multiple mates living in their home range.

No reports of female territoriality exist for C. julis, but
harems have previously been suggested to form when females
are defendable and thus site attached (Gladstone, 1987; Lejeune,
1987). Female territoriality could be adaptive because the
defended area provides food resources or shelter sites (Bujalska
and Saitoh, 2000). This may be particularly pertinent for this
species, as C. julis rest in holes that they dig in the sand,
so it may be advantageous for females to defend sandy areas
(Videler et al., 1986). The question of female territoriality in
C. julis is therefore important at many levels; to understand
the social and breeding system of the species, to understand
the home range and therefore efficacy of protection measures,
and more generally to better understand sex-specific territoriality
in fish, for example the assumed relationship that when one
sex of a species is territorial, the other one is not (Ostfeld,
1985). This relationship may not always hold, for example in
the haremic dwarf hawkfish Cirrhitichtys falco both males and
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females are territorial; territorial behavior in males depends on
female access, whereas female territoriality is based on food
resources (Kadota et al., 2011).

A theoretical approach of studying territoriality in a
standardized way is to assume that the benefits and costs of
defending a territory are measurable. Here, the territory is
defined as the core area where an animal spends the majority
of its time and which it actively defends against intruders,
located in the potentially larger home range, the area that it
frequently visits (Powell, 2000). The costs of holding such a
territory are caused by the behavioral activities used to defend
their area against con- or heterospecific individuals, such as
aggressive behavior and patrols, while benefits are defined
as the access to limited resources or mates (Stamps, 1994).
The interaction between resource exploitability and exploration
difficulty, which both directly link to costs and benefits, can drive
territorial behavior when both the exploitation potential and the
exploration difficulty are high (Monk et al., 2018). In contrast
with the approach that concentrates on a focal resident and its
responses to the costs and benefits of defense, alternative models
exist that mainly consider the interactions with other individuals.
One example is focusing on interactions among direct neighbors
and how these interactions shape their use of space and another
one defines territory size as the result of the interactions between
residents and potential settlers seeking to gain territory (Adams,
2001). In this study, we combine both of these focal resident
models by collecting information on direct neighbor interactions
as well as interactions with unfamiliar conspecifics. We predict
female C. julis will show territorial defense and have home ranges,
because secondary males are territorial and are assumed to defend
female harems. In order to test this, we use a novel method
for underwater animal tracking to measure the home ranges of
female C. julis in a non-invasive way. Furthermore, to test their
spatial memory and their tendency to stay within their home
ranges, we displaced focal fish from their territories and observed
if and how they returned to their original putative territories.

MATERIALS AND METHODS

Field Experiments
All experiments were conducted by scuba diving at the STARESO
Field Station, Calvi, France from mid-June to mid-July 2019 at
two sandy patches embedded in a P. oceanica seagrass bed (see
Figure 1A). These patches were located approximately 100 m
from the coast (42◦34′48.4′′N 8◦43′31.8′′E), at a depth of 13 to
15.3 m, spanning an area of 261 m2 with 60.4 m as the longest
side (north-to-south).

First, we aimed to capture and tag all phenotypically female
C. julis in this area were with a visible, unique elastomer code
(Northwest Marine Technology, Inc.) to maintain the identity of
fish across all experiments and tracking observations. The least
invasive way to determine sex in C. julis is measuring the body
length and identifying the phenotype. Individuals bigger than
18 cm are considered to be secondary males (Bertoncini et al.,
2009). Therefore, targeted fish for this study were phenotypic
females ranging from 8.5 cm to 12.5 cm standard length. In total,

11 fish were captured, of which 10 were within this range. Much
larger or smaller individuals were not used in the experiments to
avoid including secondary males and juveniles. After capturing
the fish, the elastomer was injected below the skin, parallel
to the dorsal fin, to allow visual identification of the tagged
individuals. During the tagging procedure, a picture was taken of
each fish to measure the standard body length (for details on the
sizes of all tagged fish see Supplementary Table 2). Afterward,
the individuals were released at the location of capture. At no
point were the fish removed from the water (nor their depth
changed), and all procedures were conducted in accordance with
the STARESO field station’s general scientific permit.

To determine if the tagged C. julis had territories or home
ranges, we followed a repeated observation protocol in which
each fish was observed for 10 min on a total of three days
(repeated on day 3 and 5 after the first observation on day
1, see Supplementary Table 1 for a summary of all tracking
observations). During these observations, a diver followed the
focal fish at a distance of approximately 2 m and recorded from a
top-down perspective using a T-shaped stereo-camera setup (2x
GoPro Hero 7, see Supplementary Table 3 for further GoPro
parameters and Supplementary Figures 1A,D for a picture of
the setup). This setup ensured that the disturbance of the focal
fish by the diver was minimized, apparent through the naturally
behavingC. julis. Additionally, a video covering the sandy patches
was recorded using the same setup for spatial reference.

In these observations, the female C. julis appeared to have
defined home ranges. To further analyse their territorial behavior,
each fish was captured, placed inside a transparent container
(Supplementary Figures 1B,C) and displaced between 30 to
40 m from its roughly estimated core area to the core area
of another tagged individual. The behavioral responses of the
resident C. julis toward the displaced fish were recorded for
5 min. Then, the displaced fish were released and recorded by
a diver with the stereo-camera setup until they entered their
respective home range.

Video Analysis
A combination of tracking and structure-from-motion (SfM)
was employed to determine the home ranges of individual
C. julis. We mainly followed the methodology presented by
Francisco et al. (2020), but implemented a few changes to
tailor the technique to our specific use case. Firstly, the
corresponding videos that resulted from the stereo-camera
setup were temporally synchronized using their audio signals
(Francisco et al., 2020). Then, one video frame was extracted
every 2 s of the sandy patch footage and one frame every
3 s of each individual fish tracking observation. Secondly, we
used COLMAP, an open-source SfM pipeline, to reconstruct
the visual environment in 3D (Schönberger and Frahm, 2016;
Schönberger et al., 2016). In addition to the reconstruction of
environmental features, SfM also estimated camera positions
and orientations for each of the extracted video frames. This
resulted in one reconstruction for each tracking observation, all
referenced within the reconstruction of the sandy patch. Finally,
we used COLMAP to merge all reconstructions into a single one
that was then used to triangulate 3D fish trajectories.
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FIGURE 1 | (A) Satellite image of the STARESO bay near Calvi on Corsica, France (image source: Google Earth). The dashed rectangle (b) marks the location of the
experimental area, the two sandy patches embedded in a Posidonia oceanica seagrass bed. (B) Dense SfM reconstruction of the sandy patches. (C) Detailed 3D
view of the environmental reconstruction [the dashed rectangle marked as (c) in panel (B)] with the triangulated positions of Coris julis 3, 4, and 5.

For the latter, the focal individuals were tracked in both videos
from the stereo-camera setup for each observation. Diverging
from Francisco et al. (2020), we chose to manually track the
fish using a custom-written Python video interface to record
the pixel coordinates at a sampling frequency of 0.33 Hz (in
the same video frames that were extracted for SfM). This
resulted in corresponding, stereo-view pixel coordinates for
each observation of each fish. Subsequently, these coordinates
were triangulated into 3D trajectories (again, with a temporal
resolution of 0.33 Hz) using “multiviewtracks” (Francisco et al.,
2020). For an overview of trajectory completeness, we calculated

the track coverage of each trajectory as the percentage of
successfully triangulated 3D positions.

Statistical Analyses
For further analysis of home ranges, the 2D kernel density
utilization distribution (UD) of the trajectory points from all
three tracking observations (using only X and Y components)
was calculated for each fish using the “adehabitatHR” package in
R (Calenge, 2006). Utilization distribution is a well-established,
objective technique to estimate the home range area from
location data, calculating the probability that an individual is

Frontiers in Marine Science | www.frontiersin.org 4 July 2021 | Volume 8 | Article 695100

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-695100 July 19, 2021 Time: 20:39 # 5

Goverts et al. Territories and Homing in Rainbow Wrasse

found at a specific point in space. The kernel density estimator
is one of the common non-parametric statistical methods for
estimating these probabilities. Using the UD, we calculated the
home range and territory area (the core area of the home range)
as the commonly used UD95 and UD50 contours, respectively
(Worton, 1989; Nicholls et al., 2005).

Since no detailed description of aggressive behavior was found
for this species, we created an ethogram based on aggressive
behavior described in other teleost species [see Table 1, derived
from Balzarini et al. (2014)]. The interactions between the focal
individual and other C. julis in the 10 min tracking observations
were manually scored and then spatially referenced into the 3D
reconstructions. We then used BORIS to further analyse the
video recordings obtained from the displacement experiments
(Friard and Gamba, 2016). Here, the same ethogram was used
to analyse the interactions of territory holders and displaced fish.
Additionally, the paths of all individuals returning to their home
ranges from the release locations of respective displacement trials
were manually estimated on the map of the sandy patches based
on observations and key features recognized in the video. The
lengths of these paths were measured, as well as the “beeline”
(the Euclidean distance between release and arrival locations)
and the shortest distance through the sandy patch (following a
path consisting of linear segments between the release and arrival
location, bounded by the sandy patch). Further, the interactions
between the released fish and any other C. julis were scored using
the same ethogram.

Using this data, we conducted a series of statistical analyses.
First, we tested whether the standard length of a fish has an
effect on the size of its home range area (UD95) or core area
(UD50). Next, we tested if the fraction of UD95 and UD50 that an
individual shares with neighbors is dependent on the difference
in their body lengths. For both tests, we used linear models
in R (Zeileis and Hothorn, 2002). The parametric assumptions
were tested using the Shapiro-Wilk (for normality of residuals)

TABLE 1 | Ethogram of Coris julis with behaviors and respective descriptions.

Category Behavior Description

Neutral Approach Slow frontal swimming toward
another C. julis

Cleaning C. julis cleaning a conspecific that
is in a still vertical position with its
head upward

Restrained
aggression

S-bend Stiff and still body in an “S” shape,
often connected to approach

Lateral display C. julis aligning laterally with a
conspecific, dorsal fin erected

Overt aggression Ramming Fast approach toward opponent
with strong physical contact toward
opponent

Bumping Intended attack with nose against
opponent

The behaviors were grouped into categories for subsequent statistical analysis.
Overt behaviors involve physical contact between the interacting individuals, or
in the case of presented fish, physical contact of the behaving fish with the
transparent presentation container.

and the Breusch-Pagan test (for homoscedasticity). If the model
did not meet the parametric assumptions, the response variable
was log-transformed. All proportional data (area overlaps) was
logit-transformed.

Furthermore, equivalent models were used to test two
behavioral hypotheses: (1) the body size difference between the
resident and displaced fish affects the aggression presented by the
resident individual and (2) the frequency of the territory holder’s
aggression toward the displaced intruder is dependent on the
size of its home range or core area (UD95 and UD50). Here,
we modeled the behavior frequency as the response, dividing
the count of observed behaviors by the time the resident fish
showed attention toward the displaced individual. Lastly, we
tested whether the released C. julis traveled a significantly longer
distance than the beeline or the shortest way through the sandy
patches, avoiding the territories of other individuals located in the
patches. After testing that the differences of the sample pairs are
normally distributed using the Shapiro-Wilk test, we used paired
t-tests to compare the path length to the beeline and the shortest
way through the sandy patch.

RESULTS

Using the three repeated observations for each of the 10
tracked fish, we were able to obtain 27 SfM reconstructions
and successfully reference them into a common reconstruction.
85.8% of all extracted images were reconstructed into this 3D
scene (Figure 1B). The observations of two individuals (C. julis
1 and 8) were only partially reconstructed with 46.2% and 33.3%
of the images, respectively. For the remaining individuals, the
fraction of reconstructed images varied between 93% and 99.3%.
Since both of the stereo-images needed to be reconstructed with
the focal individual visible in both of them for a location to
be successfully triangulated, the track coverage (percentage of
time points with obtained 3D location) can be lower than the
percentage of reconstructed images. The mean track coverage
of the three observations per fish varied between a minimum
of 27.6% (C. julis 1) and a maximum of 85.1% (C. julis 4),
with an overall mean track coverage of 66.7%. See Figure 1C
for a detailed 3D view of triangulated fish locations and
Figure 2A for all locations embedded in the reconstruction of
the sandy patches.

Using the triangulated fish positions, we were able to estimate
the UD95 and UD50 and shared areas for each fish (Figure 2B;
Supplementary Tables 2, 4). The statistical models showed
that fish size does not significantly affect UD95 (Figure 2C;
estimate ± SE = 0.3 ± 0.13, t = 2.26, p = 0.054, N = 10) or
UD50 (est. ± SE = 0.33 ± 0.16, t = 2.07, p = 0.073, N = 10).
Further, we found that neither the shared fraction of UD95 or
UD50 is affected by the pairwise size difference of the individuals
(Figure 2D; UD95: est.± SE = -0.271± 0.39, t = -0.696, p = 0.494,
N = 24; UD50: est. ± SE = -0.319 ± 0.364, t = -0.088, p = 0.931,
N = 24).

The behavioral scorings that were obtained with BORIS
(Friard and Gamba, 2016) using the established ethogram
(Table 1) and the displacement experiment recordings are
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FIGURE 2 | (A) All Coris julis locations embedded in the reconstruction of the sandy patches. The dashed outline represents a contour approximation of the sandy
patches that was used to estimate the size of this area. (B) UD95 (light areas) and UD50 (darker areas) contours of each fish. (C) Effect of standard body length on
UD area. Note the log-scale of the y-axis. (D) Effect of body length differences on the shared UD areas (shared fraction of focal fish area). (C,D) Solid lines represent
non-significant model fits, shaded areas 90% confidence intervals.

summarized in Supplementary Table 5. With this data, we found
that (i) the body length of the resident fish does not influence
its aggression toward the presented individual (Figure 3A; overt
behaviors: est. ± SE = 0.027 ± 0.023, t = 1.18, p = 0.28, N = 8;
restrained behaviors: est.± SE 0.004± 0.004, t = 1.026, p = 0.345,
N = 8), (ii) the difference in body length between both fish
does not influence the aggressive response of the resident fish
(Figure 3B; overt behaviors: est. ± SE = 0.017 ± 0.016, t = 1.038,
p = 0.339, N = 8; restrained behaviors: est. ± SE = 0.002 ± 0.003,
t = 0.637, p = 0.5475, N = 8); and that (iii) neither UD95
nor UD50 of the resident fish have an effect on its aggressive
response (Figures 3C,D; UD95: est. ± SE = 0.0008 ± 0.0027,
t = 0.295, p = 0.778, N = 8; UD50: est. ± SE = 0.0027 ± 0.009,
t = 0.283, p = 0.786, N = 8). Note that we could not successfully
identify all individuals based on their elastomer tags during these
experiments due to the distance between the cameras and the
diver to the resident fish that was adhered to, minimizing the
diver’s disturbance of the fish. Therefore, the sample size in these
models was limited to 8 unique resident/presented fish pairs.
Further, we were able to spatially map the behavioral interactions
during the tracking observations, however, due to the small
sample sizes within the different behaviors, we chose not to

statistically analyse the relationship between behavior counts and
C. julis density (Figure 3E).

The displacements were made at distances ranging from 30 to
46 m from each estimated core area. After the release from the
transparent container, the fish took between 3.25 and 14.3 min
to return to their respective home range, with average velocities
of the fish varying from 0.09 m/s to 0.28 m/s (mean velocity
0.18 m/s, for more details see Supplementary Table 6). Coris
julis 9 was lost directly after the release, but was found at its
home range the day after. We manually mapped the path that
the fish swam from their locations of displacement to their
respective home ranges, and the interactions that they had during
these observations (Figure 4A). All displaced individuals swam
through the P. oceanica with little to no contact with the sand
and other home ranges. Noticeably, all behavioral interactions
between the returning C. julis and other individuals took place
in the sandy patches. Using paired t-tests, we showed that the
paths used by C. julis after they were released were significantly
longer than the ‘beeline’ and the more direct paths over the sand
(Figure 4B; “beeline”: p< 0.001, mean of differences = 26.6,N = 9;
shortest path on sand: p < 0.001, mean of differences = 21.0,
N = 9).
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FIGURE 3 | (A) Effect of resident fish size on the frequency of aggressive behaviors toward the presented intruder. (B) Effect of the size difference between resident
and presented fish on the frequency of aggressive behaviors. (C,D) Effect of UD area (UD50 and UD95, respectively) on the frequency of aggressive behaviors (both
overt and restrained). (A–D): Solid lines represent non-significant model fits, shaded areas 90% confidence intervals. (E) Visualization of UD95 contours (gray areas)
with the locations of behavioral interactions of fish during the tracking observations.

DISCUSSION

Territoriality is an important aspect of animal behavior.
Defending an area and therefore monopolizing its associated
resources, such as food, cover, shelter or mates, may increase
fitness if these resources are limiting. Territoriality is therefore
not only expressed in the spatial relationship the individual
has with its surroundings, but also the social relationship it
has with its neighbors and intruders. In the case of C. julis,
only second phase males were previously described as being
territorial, potentially defending harems of females (Lejeune,
1987). Because of the potential site fidelity of females, we were
also interested in testing whether females were territorial. In
order to examine this apparent knowledge gap, we deployed a
novel technique to measure the movement behavior of not only
individual females, but also their interactions with neighbors
and unknown conspecifics. Based on video imaging, this non-
invasive method yielded highly detailed positional data and
allowed the estimation of home ranges and territories. We were
able to determine the home ranges and territories of ten female
C. julis which were largely confined to sandy regions during our
observations, in contrast to the more broadly ranging males. We
showed that every individual returned to its home range when
displaced, which took between 3 and 14 min. This result suggests
these fish have good spatial memory or an existing cognitive

map, although further experimental tests would be required
to fully test for this possibility. Furthermore, we studied the
social relationships that the individuals had with their neighbors
and possible intruders. The interactions among neighbors were
mostly non-aggressive, but when we presented a possible settler
to territory holders, the behavioral response was overwhelmingly
aggressive. This may be due to dear-enemy effects (Aires et al.,
2015), providing further suggestions of long-term fixed territories
in females of this species.

In addition, we found that the observed female C. julis were
site attached. Each of the individuals was spotted within a
relatively small, confined area in all of its respective observations.
These areas were considered as home ranges and were estimated
as UD95, varying between 11.7 and 64.8 m2, with a mean of
34.37 ± 19 m2. Most territories were of similar sizes and the
observed C. julis barely left the sand (Figure 2B), as shown with
the UD50 estimates, which range between 3 and 16.8 m2, with
a mean of 8.6 ± 5 m2. A similar relationship was found in a
previous study made with six different Caribbean wrasse species
(Jones, 2005). Although C. julis has been reported to live on rocky
bottoms or seagrass (Lejeune, 1987; Fruciano et al., 2011), our
study suggests that the observed female individuals mostly live
on sand. Presumably, sand is of importance because they feed
during the day and dig themselves into the sand to rest during
the night (Videler et al., 1986). Almost the entire area of the two
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FIGURE 4 | (A) Estimated paths of Coris julis after their release at the locations of the displacement experiments. The paths start with the dashed and end with the
solid lines. Shaded areas represent the UD50 contours of each fish with the colored area marking the core area of the displaced individual. Coris julis 10 was lost
directly after its release, so no path could be estimated. Note that visualizations were rotated 90◦counter-clockwise. (B) Distances of the “beeline” (the Euclidean
distance between the points of release and arrival), the shortest path on the sand (a path consisting of linear segments bounded within the sandy patch), and the
estimated traveled path. Asterisks denote significant differences.

sandy patches in our study site was part of an observed home
range. We found only two spots in which no camera positions
from the individual observations were reconstructed. In one case,
we assume that it belongs to the home ranges of the adjacent
individuals that were not completely reconstructed (missing
53.7% and 66.66% of the images, respectively, Supplementary
Table 1). Structure-from-motion relies on a static background
with detectable keypoints, and it is possible there was moving
debris in this location, making it difficult to reconstruct. In the
other case, only 2.6% and 0.74% of the adjacent territories did not
get reconstructed, so this spot is either not habitable or already
occupied by an individual that was not tagged and filmed.

From the video recordings, we not only calculated the home
ranges and territories, but also scored the observed interactions
(Figure 3E). Aggression was mainly observed in areas with at
least two overlapping UD95, however, due to the small sample
size we did not statistically test this potential effect of fish density.
A general limitation of our study is the small sample size of
observed individuals; although we aimed to tag and track the
movement behavior of all female individuals in the experimental
area, we only found 10 individuals that matched our target range
of fish sizes within the sandy patches. We later observed one other
female that also matched this range, but it is unclear whether
it was a new settler in this area or if we missed it during the
tagging dives. With this limited data, we did not find that larger

individuals were significantly more aggressive toward intruders
in the displacement experiments or that the aggressiveness of the
resident depended on the size difference between the presented
and the resident fish. The non-significant trend in the first case,
however, implies that such an effect could exist if a larger sample
of female C. julis with a broader range of body lengths were
studied. In addition to aggressive interactions, we also observed
cleaning behavior, which was only presented by juveniles (fish
smaller than the ones targeted in this study) toward the focal
fish. This substantiates the assumption that only juvenile C. julis
are frequent cleaners in the Mediterranean (Vasco-Rodrigues and
Cabrera, 2015). Some wrasses have fixed “cleaning stations,” for
example Halichoeres cyanocephalus (Sazima et al., 1998) but our
current dataset cannot fully investigate such site-specific cleaning
behaviors in C. julis. However, cleaning was observed in almost
every territory, and the spatial relationships between cleaning,
territories and potential “cleaning stations” should be addressed
in further research.

We found that body size does not significantly affect the
UD95 or UD50, and that the shared fraction of the UD95 is
not affected by the difference in body length of the individuals
(Figures 2C,D). However, these results are likely to be influenced
by the small sample size, as we only observed the interactions
and territories of 10 individuals in this study. For example, it has
been shown in a study on six different wrasse species that body
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length and territory size correlate (Jones, 2005). An alternative
explanation for our results could be that territory size depends
on the time and energy an animal has spent in a specific area,
more than on its body size. For example, smaller individuals that
hold a territory for a longer time might own larger territories
than large individuals that have recently settled in a territorial
neighborhood. Again, this is an area of fruitful future research.
The territories (UD50) do not frequently overlap (Figures 2A,
D), except between C. julis 3 and 5, and C. julis 9 and 10, where
we observed almost complete overlaps in UD50. This indicates
shared territories between these individuals and potential benefits
from forming a social group within a territorial neighborhood. It
might be less costly to cooperate at defending against intruders
than to fight over the territory to decide which of the individuals
keeps the area (Stamps, 1988). Close neighbors also might act
as an early warning system to detect intruders [for example
described in red-capped cardinals, Paroaria gularis (Eason and
Stamps, 1993)]. However, it should be considered that initial
phase males have the same phenotype as females, and thus, a
small fraction of our focal rainbow wrasse are likely to be males.
A previous study in the same study site showed that 14.7% of
initial phase individuals were initial phase males, suggesting that
even if some of the focal fish where initial phase males, the
vast majority were likely to be females (Lejeune, 1987). This
presents the alternative that the observed territory overlaps were
the result of initial phase males courting females, although we
did not observe courtship behavior between these individuals.
Our observations were made in June and July, overlapping
with the peak of sexual activity that was described to last from
April to mid-September in C. julis (Lejeune, 1987). Furthermore,
territories of initial phase males vary between 5 and 10 m2, which
is in the range of area sizes that we estimated as territories (UD50,
8.6± 5 m2).

SUMMARY

Here, we used a novel method to test for territoriality and to
measure home ranges and territories in a highly quantitative
manner based on video recordings and individual tracking. Our
results show that female C. julis can be territorial, and that
none of the observed fish changed its location throughout three
consecutive trials in the course of seven days, demonstrating high
site-specificity in this period. It is possible that at other periods
of the day, or season, this species has different distributions
for example outside of breeding periods, a possibility requiring
further research attention. Interactions with neighbors were
mostly non-aggressive, but territory holders defended their area
against potential settlers. Moreover, when displaced, individuals
immediately returned to their original territory, mostly avoiding
territories of other individuals. When they did enter the territory
of other individuals, they were frequently met with aggression.
We assume that the observed female C. julis defended territories
in sandy areas because they monopolize food resources and
their presumed resting sites. Further, the territoriality of female
C. julis during our observations suggests that they form harems
in the broader territories of males. These two aspects are fruitful

avenues for future research on how female C. julis use the habitat
within their home ranges and which resources they defend inside
their territories. When including other habitat types such as rocky
reefs and considering the context of male territoriality, follow-
up experiments could provide an in-depth description of the
mating, homing and territorial behavior of one of the abundant
species in the Mediterranean Sea using these approaches.
This non-invasive, quantitative study of social interactions and
movement in a small marine fish reveals the insight that can be
gained in previously understudied systems, contributing further
understanding species social systems, relationships with their
environment, and ultimately, effective conservation measures.
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