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Abstract

Assessing individuals’ abundance, residency (presence at a site within a certain period) and site fidelity (tendency to return
to the same site in subsequent seasons or years) is crucial for evaluating and improving the effectiveness of spatial conser-
vation/management measures regarding ecologically and socio-economically valuable species. Using underwater visual
census (UVC) and photo-identification (photo-ID) techniques, we estimated the abundance, residency and site fidelity of the
dusky grouper, Epinephelus marginatus, at two protected sites within the Tavolara-Punta Coda Cavallo Marine Protected
Area (Sardinia, Italy) in the summers of 2017-2018. The scope and spatio-temporal resolution of the study was extended by
involving volunteer recreational divers in the photo collection. Grouper mean densities varied significantly across sampling
dates, with a significant variability between the 2 years and the two investigated sites. At least 94 grouper visited the study
sites in the summers of 2017-2018 based on the analysis of 968 high-quality photos using a semi-automated software to
photo-identify individuals. Overall, the most frequently sighted grouper was recorded on 32 different days and 21 individu-
als (22%) identified in 2017 were re-sighted in 2018. The participation of volunteer recreational divers helped detect the
inter-site (3.5—4 km apart) movements of a female and a male, supporting previous findings regarding the occurrence of
reproduction-related movements. This study provides novel insights into the residency and site-fidelity patterns of the dusky
grouper, and its small-scale movements probably related to reproduction. Specifically, we provide indications that effective
protection from fishing should encompass the entire area used by grouper for reproductive movements.

Introduction

Marine fish surveys are essential to improve our under-
standing of the life history traits of species, their spa-
tio-temporal distribution, behaviour, movement and
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connectivity patterns, and the related causal processes
(Pradel 1996; Hammerschlag et al. 2011; Block et al.
2011; Shillinger et al. 2012; Calo et al. 2013; Patterson
et al. 2018). Such information is vital for adopting proper
management and conservation measures aimed at tackling
or mitigating anthropogenic impacts and climate-driven
changes threatening fish populations, entire assemblages
and the marine ecosystems of which they are a component
(Pauly et al. 2005; Worm et al. 2006; Cheung et al. 2009).

Especially in the context of marine protected areas
(MPAs), data on fish abundance, residency, site-fidelity
and movement range are pivotal to inform conservation
practitioners, set/refine protection measures and ultimately
ensure the persistence of fish populations (Crowder and
Norse 2008; Di Lorenzo et al. 2014, 2016; Di Franco et al.
2018; Germanov et al. 2019; Hays et al. 2019). Many
marine fishes can undergo ontogenetic shifts in habitat use
(Gillanders et al. 2003) to fulfil important bio-ecological
needs that may change through life, such as feeding, shel-
tering, and spawning (Di Lorenzo et al. 2014, 2016). Many
species also aggregate to spawn at predictable times and
places, with some of them undertaking seasonal spawning
migrations (Sadovy de Mitcheson and Colin 2012; Eris-
man et al. 2017). Multiple MPA features have been iden-
tified as crucial to achieve protection for fish, including
the age, the level of protection, compliance and enforce-
ment of the MPA (Claudet et al. 2008; Guidetti et al. 2008;
Edgar et al. 2014; Giakoumi et al. 2017). Nevertheless,
there is also strong evidence that the effectiveness of
MPAs in protecting ecologically and commercially valu-
able fish species, especially with low mobility, depends
on the MPA size relative to the home ranges of species
being protected (Kramer and Chapman 1999; Di Franco
et al. 2018; Rojo et al. 2019). The bio-ecological effective-
ness of MPAs tends to increase when the fishes’ reproduc-
tive grounds and the spatial scale of species’ movements/
migrations, that make them more vulnerable to fishing,
are encompassed (Griiss et al. 2011; Sadovy de Mitcheson
2016; Erisman et al. 2017). However, these data are gener-
ally lacking for many fish species.

Multiple and diverse assessment methods have been
applied to study marine fishes, depending on specific
research questions, subjects or hierarchical levels (e.g.,
assemblage, population, individual). Assemblage- and/or
population-based approaches allow investigation of e.g.
fish species composition and richness, total and relative
abundance, size-frequency distributions, sex-ratios, depth
distribution, habitat use and movement patterns. Such data
can be obtained either through extractive methods (i.e.,
catching fishes via different methods), or via non-extrac-
tive methods, such as visual sampling (i.e., underwater
visual census (UVC) surveys performed by divers, diver-
operated or remotely deployed underwater videos, and
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hydroacoustic techniques; see review by Murphy and Jen-
kins 2010). All the aforementioned approaches allow for
high replication through time and space but some of the
main limitations are related to: (1) selectivity bias of fish-
ing gear (extractive methods); (2) observer bias and physi-
ological constraints on dive time and depth in UVC sur-
veys; (3) limited visual field and time-consuming analyses
after data collection in video sampling; (4) and the need
to ground-truth sonar maps by in situ surveys when using
hydroacoustic techniques (Murphy and Jenkins 2010). As
a general rule, non-extractive methods and low-impact
approaches are more suitable, especially when conduct-
ing fish assessments in MPAs (Murphy and Jenkins 2010).
Individual-based approaches allow identification of sin-
gle individuals, estimation of their size and sex, and track-
ing them across time and space. In particular, they offer a
means to collect information regarding the residency time
(duration of individuals’ occupancy at specific sites within
a certain period), the degree of fidelity to specific locations
(individuals’ tendency to return to the same sites in sub-
sequent seasons/years), and the local movement range of
single individuals. Conventional study methods include tag-
ging (via external or internal artificial and chemical marks)
and identification through natural marks (such as coloration,
pigmentation patterns, spots, morphology, body scars). Tag-
ging is used across multiple marine taxonomic groups and
fishes are among the most widely studied taxa (McFarlane
et al. 1990; Hazen et al. 2012). Artificial fish tags are inva-
sive to varying degrees, and limitations in their application
relate to: (1) material cost and ease of application; (2) mark
retention and detectability; (3) potential effects on growth,
health and survival of fish (McFarlane et al. 1990). Discrimi-
nating individuals based on natural markings require neither
their capture nor harm, and is thus far less invasive com-
pared to artificial tags. In particular, given its applicability
to threatened and protected species, individual identification
via natural markings has received considerable and increas-
ing interest in marine research. This approach exploits any
natural and distinctive features which are demonstrated to be
persistent over time and to characterize unambiguously spe-
cific individuals of a population (Marshall and Pierce 2012).
The main limitations of using natural markings are that, in
some species, not all the individuals of a population have
permanent, clearly distinguishable and unique markings, and
difficulties in approaching and/or observing the animals in
their natural environment (Marshall and Pierce 2012).
Sketches and/or photographs of natural markings during
underwater visual observations can be used as an innocuous
means of identification for acquiring information concerning
the behaviour of individuals (Porcher 2005; Wall and Herler
2009; Rasotto et al. 2010; Marshall and Pierce 2012). With
the development of underwater digital photography, photo-
graphic identification (photo ID) has unquestionably become
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one of the preferred methods for individual recognition in
field research (Markowitz et al. 2003). Photo-ID has been
applied to the study of several iconic species, first applied to
the study of marine mammals, particularly cetaceans, since
the 1970s (Markowitz et al. 2003; Hays et al. 2019), then
elasmobranchs (Barker and Williamson 2010; Marshall and
Pierce 2012; Benjamins et al. 2018; Cerutti-Pereyra et al.
2018; Navarro et al. 2018) and teleost fishes (Wall and Her-
ler 2009; Martin-Smith 2011).

Digital photography is widely practised especially among
tourists, who are mostly attracted by charismatic species,
some of which are endangered and/or key species whose
presence can be considered as an indicator of healthy marine
ecosystems and of effective protection measures (Guidetti
et al. 2007; Harmelin 2013). The existence of popular desti-
nations for tourism (diving) in MPAs, the greater accessibil-
ity of digital photography for all (recreational SCUBA and
skin divers, and fishers), and the increasing use of photo-
ID as a research tool are broadening the opportunities for
the public to become directly involved in scientific projects
(Marshall and Pierce 2012; Benjamins et al. 2018; Cerutti-
Pereyra et al. 2018; Germanov et al. 2019). Via photo-
submission, these collaborative initiatives can enhance the
quantity and geographical extent of available data (Holm-
berg et al. 2008; Barker and Williamson 2010; Benjamins
et al. 2018), while simultaneously offering an educational
experience to participants.

In the Mediterranean Sea, one of the most iconic and
endangered fish species is the dusky grouper, Epinephelus
marginatus (Lowe 1834) (Harmelin 2013; Condini et al.
2017; Pollard et al. 2018; Froese and Pauly 2020). Sev-
eral studies have highlighted that dusky grouper are more
abundant and larger in size in fully protected MPAs than in
nearby unprotected areas (Di Franco et al. 2009; Sala et al.
2012; Guidetti et al. 2014), potentially enhancing reproduc-
tive success and promoting population replenishment. The
dusky grouper reproduces in aggregations and spawns in
pairs (Zabala et al. 1997b), but spawning aggregations (con-
sisting of tens of individuals) have been rarely observed in
the Mediterranean basin, mostly within MPAs (Louisy and
Culioli 1999; Pelaprat 1999). This species is known for its
strong site-fidelity and small home range (Chauvet and Fran-
cour 1990; Lembo et al. 1999; Pastor et al. 2009; Afonso
et al. 2011), but small-scale movements/migrations to repro-
ductive sites have also been reported (Zabala et al. 1997a;
Hereu et al. 2006). In particular, large dominant males estab-
lish mating territories at the beginning of summer and patrol
them until the end of the reproductive season, corresponding
to late September in the Western Mediterranean Sea (Zabala
et al. 1997a, b; Condini et al. 2017).

Limited information is available concerning the extent
to which MPAs are effective in protecting key reproductive
sites. To date, the only species of Mediterranean bony fish

for which a photo-ID technique has been demonstrated to be
feasible is E. marginatus (Lelong 1999), but the procedure
has never been applied to the study of its populations.

By means of a combination of techniques (i.e., UVC and
photo-ID involving both scientists and volunteer recrea-
tional divers) providing complementary data, the aims of
this study are (1) to estimate the abundance, (2) to assess
the residency and site fidelity, and (3) to highlight potential
movements of the dusky grouper during its reproductive
season between the diving sites located within the MPA of
Tavolara-Punta Coda Cavallo (Sardinia Island, Italy; West-
ern Mediterranean).

Materials and methods
Study sites and study species

This study took place in the Tavolara-Punta Coda Cavallo
MPA (hereafter TPCC MPA), located in North-Eastern
Sardinia (Italy, Western Mediterranean Sea). TPCC MPA
was established in 1997 due to its significant natural and
landscape values, but regulations were not enforced until
2003-2004. TPCC is a multiple-use MPA; its total surface
area (153.57 km?) is divided into three types of sub-zone
characterized by different protection regimes, ranging from
no-take/no-access zones (A Zones) to buffer areas (B and
C Zones), where fishing (professional and recreational) is
allowed and regulated. Within A Zones, access is permitted
only for research activities, surveillance, and for safety rea-
sons. Diving and local artisanal fishing are allowed within B
and C Zones, while regulated recreational fishing is author-
ized only inside the C Zone. Trawling and spearfishing are
prohibited in the entire MPA. The capture of all grouper
species by recreational fishers is also forbidden within the
C Zone.

The TPCC MPA is considered to be among the MPAs
where enforcement and surveillance are effective, which is
attested by the significant and persistent “reserve effect” on
fishes reported by a number of published studies (Di Franco
et al. 2009; Guidetti et al. 2014). Since its establishment,
TPCC has promoted the recovery of large high-level preda-
tors such as the dusky grouper, E. marginatus. The species
shows remarkably high densities in A Zones (Di Franco
et al. 2009) and, especially, around protected rocky banks
(reported to be spawning grounds, Sahyoun et al. 2013).

Dusky groupers can be individually identified on the
basis of the natural, distinctive and permanent patterns of
their cephalic blotches (Fig. 1, Lelong 1999). However, as
commonly found in grouper, E. marginatus individuals can
exhibit ephemeral colour patterns (eight liveries; Zabala
et al. 1997b) that change within a split second, affecting the
degree of detectability of their permanent marks (Culioli and
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Quignard 1999). Lateral cephalic patterns are highly recog-
nisable when fish exhibit the standard mottled colour pattern
(colour phase ordinarily displayed by the fish, Fig. 1A), but
they are also distinguishable in male individuals displaying
the silver streaked livery, which is associated with courtship
activity (Fig. 1B; Zabala et al. 1997b).

The TPCC MPA comprises an indented coastline of
76 km opposite an archipelago of islands and islets, pos-
sessing extensive sandy and sea-grass habitats scattered with
rocky outcrops. In this study, UVC and photo-ID were used
as complementary non-invasive methods during SCUBA
surveys targeting E. marginatus. Field observations and
photo-collection were carried out by scientist—divers at two
locations, “Molarotto” and “Secche Papa”, located in the
A and B Zones of the TPCC MPA, respectively. These two
locations were selected as appropriate sites to collect data on
the occurrence of the dusky grouper and to locate potential
inter-site (<5 km) movements associated with the repro-
duction of this species, as they were identified as spawning
sites on the basis of the available literature (Sahyoun et al.
2013) and local knowledge (S. Vitale, personal communica-
tion). The TPCC MPA seafloor was mapped in 2011-12 with
the resolution of 1 m/pixel using a multibeam echosounder
by Andromede Oceanologie, within the frame of the PIM
(Initiative pour les Petites Iles de Méditerranée—www.initi
ative-pim.org) project (Fig. 2).

The site of Molarotto (A Zone) takes its name from the
nearby granitic rocky islet surrounded by countless rocky
outcrops protruding from a large sandy area. The site is char-
acterized by granitic boulders and rocky ridges, where the
steepest and highest crest-shaped rocky outcrop rises to 20 m

Upper lip
edge
[ ]

Fig.1 Left side pictures of the same individual male E margina-
tus (M-SP-002) exhibiting a, ¢ the standard mottled and b the silver
streaked colour patterns. ¢ Fingerprint generated by I°S for the picture
a. White dots indicate the three reference points, which define the
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from around 30 m depth. The investigated site has a three-
dimensional terrain surface area of approximately 3860 m?
(2D area=3500.46 m?; data retrieved from TerraExplorer
Pro, Skyline Software Systems Inc.).

The site of Secche Papa (B Zone) consists of two series
of limestone pinnacles, mostly covered with coralligenous
formations, rising from the sandy bottom at a depth of
about 45 m up to a maximum of 15 m depth. At this site,
the approximate three-dimensional terrain surface area that
was investigated—within the 35 m isobath—is 3305 m? (2D
area=2283.41 m?, TerraExplorer Pro, Skyline Software Sys-
tems Inc.). The outstanding underwater seascapes and the
rich biodiversity characterizing these rocky banks have made
this location a renowned Mediterranean diving site, where
fishing is prohibited within a radius of 100 m. Taking this
into account as well as the popularity of diving tourism in
this MPA (Micheli and Niccolini 2013), the features of this
location favour the involvement of recreational scuba divers
in data collection and educational projects.

Field-work surveys were carried out during two consecu-
tive summers (2017 and 2018) at the two above-mentioned
sites. Data collection was spatio-temporally extended owing
to the involvement of recreational scuba divers within the
frame of a collaborative project (see below in the “photo-
graphs collection” section). In particular, volunteer recrea-
tional divers enabled the collection of pictures taken at Sec-
che Papa as well as at other diving sites within the B and
C zones of the TPCC MPA. Only two of these additional
sites were included in this study, since individuals that were
identified at Secche Papa were also photographed therein.

Dorsal fin anterior base
R ’.:‘. :
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L
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»

°
Opercular edge

region of interest used for individual identification, while red circles
indicate the 33 automatically extracted key points (see text). Pictures
were taken in summer 2018 (a, ¢ on 7 August; b on 10 July)


http://www.initiative-pim.org
http://www.initiative-pim.org

Marine Biology ~ (2021) 168:111

Page50f16 111

9°37'E 9°38" 9°39" 9°40" 9°41" 9°42' 09°43' 9°44' 9°45' 9°46' 9°47

m Zone A
Zone B
Zone C

-

Fig.2 Tavolara—Punta Coda Cavallo MPA zonation map. Main
study sites (closed square) and extra dive locations (closed circles 1
and 2), from where two identified individuals moved, are indicated.
Three-dimensional slope maps (perspective view looking toward the
southwest) of the main study sites are also provided: a slope map of
Secche Papa rocky banks; b slope map of Molarotto rocky outcrops

Underwater visual census

In the summer period (May—October) of 2017 and 2018,
three trained scientist divers collectively performed UVCs
to estimate abundances (average density) of dusky grouper at
the two study sites. At each site, four replicates of a standard
25 x5 m? strip transect were randomly performed on rocky
habitat (Harmelin-Vivien et al. 1985). The number and size
of the strip transects were determined on the basis of the
relatively restricted area to be surveyed and on the limited
diving time at the sampled depth range. Within each tran-
sect, the actual number and size (using 5-cm size classes) of
E. marginatus were recorded.

A total of 84 transects (n=28 in 2017 and n=56 in 2018)
were carried out at Molarotto (21-30 m depth range), while
116 transects (n=48 in 2017 and n=68 in 2018) were
conducted at Secche Papa (15-35 m depth range). UVCs
were performed during morning hours (0800-1300 h Cen-
tral European Summer Time; CEST; UTC+ 2 h). All times
hereafter are referenced to CEST.

Putative differences between the two sampling sites, in
time and between the 2 years, in the density of E. margina-
tus were tested by univariate analyses using PERMANOVA
based on Euclidean distance, since the test makes no
explicit assumption regarding the distribution of the vari-
able (Anderson 2017). As there were no specific hypotheses

(the light blue triangle is an artefact due to the survey vessel mapping
the seafloor). The zonation map was created using the Free and Open
Source QGIS (version 2.18.23), while the slope maps were retrieved
using the 3D GIS desktop viewer TerraExplorer Pro (Skyline Soft-
ware Systems Inc.)

about the levels of the factors considered in the study, the
factors ‘site’ and ‘year’ were treated as random, while the
‘time of sampling’ (i.e., the different sampling dates, listed
here as sequential numbers in progressive order) was treated
as a random factor nested in the ‘site’ X ‘year’ interaction, as
sampling dates were different at the two study sites except on
two occasions. PERMANOVA procedures enable analysis
of unbalanced sampling designs such as the one used here.
All analyses were performed using PRIMER 6 and PER-
MANOVA + package (Anderson et al. 2008).

Collection of photographs

In addition to UVC surveys, scientist scuba divers also con-
ducted in situ observations of E. marginatus behaviour at the
two main study sites (Molarotto and Secche Papa). Under-
water direct observations were performed during 116 dives
(n=351in 2017; n=281 in 2018), during three main time
slots: after sunrise (n=32, dives from 0600 to 0900 h), dur-
ing daytime (n=22, dives from 0901 to 1300 h), and before
sunset (n=62, dives from 1700 to 2100 h). Individual behav-
iours, colour patterns and, whenever possible, the corre-
sponding/associated sex were noted on an underwater board,
while photos and video footage was taken using a high-
definition (HD) camera (Sony Cyber-shot DSC-RX100).
Grouper tend to display only one side of their head at a time

@ Springer
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while maintaining eye contact with the observer. Whenever
possible, an attempt to take photos on both sides of individu-
als was made by swimming around the fish or waiting for it
to change profile. Individuals were identified as males when
displaying the silver streaked colour pattern associated with
courtship behaviour and as females when courted by males
(Zabala et al. 1997a). In all other cases with no supporting
evidence, sex was recorded as ‘unspecified’. Other features,
such as markings and/or damaged fins, were recorded and
used as further identification features over short time-periods
(e.g. during the same summer). A difference in the frequency
of observation between females and males was tested with
a two-sample Wilcoxon (or Mann—Whitney) test. We per-
formed the analysis using the wilcox.test() function from the
base package of R 4.0.3 (Venables et al. 2020).

Overall, 4398 photos and ~16 h of video were collected
in 2017 and 2018 during field-work surveys at the two study
sites. In addition, other underwater pictures recorded with
HD resolution at Secche Papa and other diving sites from
2006 to 2018 (n=70 between 2006 and 2016; n=128 in
2017; n=124 in 2018) were added to the digital archive.
During summer 2018, recreational scuba divers were also
engaged to share past photos or to take pictures at multiple
diving sites located within the TPCC MPA. For this study,
volunteer divers contributed to the photo collection with 124
pictures and 15 snapshots from videos taken at Secche Papa
and at two other diving sites (site 1 and 2, Fig. 2), between
which two grouper were observed moving. Furthermore,
48 public pictures found on Facebook were also collected.
These photos were shared via e-mail, with clear indication
of the site where they had been taken and the date. Poor-
quality images shared by recreational divers were discarded
(see details below) to maintain data quality and consistency
within the dataset. From the resulting digital archive, a total
of 968 high-quality photographs/video frames (taken from
2006 to 2018) were selected for the identification of grouper
individuals by cephalic blotches and software matching.

Photo-ID: matching software

The software used to store grouper photographs in a digital
library and to recognize as well as compare lateral cephalic
patterns was the Interactive Individual Identification Sys-
tem I°S Pattern (Version 4.0.2; Den Hartog & Reijns 2014),
freely available from the I’S website (http://www.reijns.
com/i3s). IS Pattern has been used in fingerprinting stud-
ies of marine and terrestrial reptile species such as sea turtles
(Chelonia mydas and Eretmochelys imbricata, Calmanov-
ici et al. 2018) and lizards (Liopholis slateri, Treilibs et al.
2016).

I°S Pattern is a semi-automated matching software that
requires user interaction. The user must point out three fixed
reference points and identify the relevant region bearing the
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individually identifiable pattern of the unknown animal. In
this study, the edge of the upper lip, the anterior base of
the dorsal fin and the opercular caudal edge were manually
entered and used as reference points (Fig. 1). Once the refer-
ence points are entered, the software automatically extracts
all key points located within the reference area, generating
a unique fingerprint for each image. To match fingerprints,
the software compares between the key point patterns of any
new unknown individual (test image) and known individuals
(catalogued images), ranking every image from the database
based on how closely the sizes and locations of key point
pairs match. In particular, the numerical ranking, termed the
distance metric, is calculated from the sum of the distances
between each key point pair, divided by the square of the
number of key point pairs (Den Hartog and Reijns 2014).
The lower is the score, the better is the match.

Since automatic key point extraction is sensitive to vis-
ual circumstances (i.e., water clarity, uneven natural light-
ing on the fish, reflections, backscatter—particles illumi-
nated by the flash), poor-quality photographs were a priori
excluded to reduce incorrect matches. High-quality images
were defined as those that (1) portrayed individuals with
the standard mottled or silver streaked colour patterns, (2)
contained the reference area, (3) were clear and sharp, and
(4) were taken with an approximately perpendicular viewing
angle with respect to the animal.

The software interface allows detailed visual comparison
of an unknown image against a ranked list of photos from the
database, thus allowing the user to check the match, include
the image of a confirmed individual in the database, and to
prevent the co-identification of different individuals (i.e.,
false positive error, Stevick et al. 2011).

To test the validation process performed with the soft-
ware and to reduce the likelihood of failing to match two
photographs of the same individual (i.e., false negative
error, Stevick et al. 2011), pattern matching performance
was investigated using multiple identifying features for the
identification (scars and/or damaged fins) and by manual
comparison of all the pictures in the database. After having
completed the catalogue, a reference image per individually
identified grouper was selected and compared by eye against
the entire identification database twice. This exhaustive
comparison in the image library also allowed the detection
of false negative errors, and thus the matching of a few pho-
tographs by eye. Data about the accuracy of I’S Pattern in
the photo-recognition of the dusky grouper are not provided
as this goes beyond the scope of this work.
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Results
Underwater visual census

At both sites and during the summers of 2017 and 2018, den-
sities displayed a high temporal variability. Overall, grouper
average densities ranged from a minimum of 0.5+0.3
(mean +SE, n=4) to a maximum of 7.7 £2.5 (n=4) indi-
viduals per 125 m%. At both sites, the average density values
were higher in 2018 than in 2017 (Fig. 3).

In summer 2017, overall average densities of 1.5+0.5
(n=28) and 2.3+0.4 (n=48) individuals per 125 m* were
found at Molarotto and Secche Papa, respectively, while in
summer 2018 these values were 5.3 + 0.4 (n=256) individu-
als at Molarotto and 4.1 + 0.4 (n=68) individuals per 125 m?
at Secche Papa. Statistical analyses showed a significant
effect (P <0.05) of the factor ‘time’ and of the interaction
‘site’ X ‘year’ (Table 1). In other words, average densities
varied significantly across sampling dates and between the
2 years, but the differences were site-specific.
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Fig.3 Average density estimates obtained via UVC (a, c, e, g) and
number of grouper identified through photo-ID (b, d, f, h) at each of
the two study sites (Molarotto and Secche Papa) in 2017 and 2018.
UVC data (a, c, e, g). Average density values (points) + standard error

(SE, bars) of grouper per UVC transect (n=4 in all cases except on
30 October 2017 at Secche Papa when n=8). Photo-ID (b, d, f, h).
Number of individuals photo-identified per day
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Table 1 Permutational multivariate analysis of variance table of
results for the analysis of variance of densities of dusky grouper in
2017 and 2018 (Fig. 3; number of permutations =9999

Source of variation df  SS MS Pseudo F P (perm)
SI 1 1.073 1.073 0.023 1.000
YE 1 349.16 349.16 7.563 0.172
SIXYE 1 46.164 46.164 4.890 0.033
TI(SIXYE) 45 425.81 9.462 1.467 0.047
Residual 151 97425 6452

Total 199 1788.6

S1 site, YE year, T1 time

Statistically significant P are indicated in bold

Photo ID

At both study sites, the number of individuals identified
from the right side is greater than those identified from the
left side. Only for a few individuals were pictures of both
sides taken (Table 2). To avoid double counting, because we
cannot rule out that pictures taken from different sides on

different days may belong to the same individual, only right-
side pictures (both sides for the individuals for which both
pictures were available) were considered, thus providing a
conservative and minimum estimate of the total number of
grouper. Based on the 968 pictures analysed (taken in the
2006-2018 period), the minimum number of grouper that
have visited or resided at the study sites during the sum-
mer seasons of 2017 and 2018 is 94 (Table 2). Considering
only the summers of 2017 and 2018, 76 and 18 individuals
were photo-identified from the right side at Secche Papa
(374 pictures, 0.2 individuals per picture) and Molarotto (49
pictures, 0.3 individuals per picture), respectively (Table 2).

In 2017 and 2018, overall, 43 individuals were photo-
graphed only on one calendar day, while the remaining 51
were recorded on several different days, varying between 2
and 32 (Figs. 4, 5).

Out of the 76 individuals identified from the right side at
Secche Papa, 12 were identified as males and 7 as females
(Fig. 4), while at Molarotto only 2 individuals out of 18 were
identified as males (Fig. 5). For the other individuals it was
not possible to determine the sex. At Secche Papa, males
were sighted significantly more frequently than females

Table 2 Number of pictures
analysed and number of

Year Side(s) No. of photo-ID indi-
viduals

No. of photos analysed ~ No. of photo-ID ind./No.

of photos

individuals photo-identified
from right, left and both sides

Secche Papa Molarotto Secche Papa Molarotto Secche Papa Molarotto

during the summers 2017 and

84 3 0.5 0.3
3 82 4 0.4 0.8
88 5 0.2 0.2
18 288 46 0.2 0.4
15 346 38 0.2 0.4
6 514 23 0.1 0.3
18 372 49 0.2 0.4
17 428 42 0.2 0.4
434 28 0.1 0.2

Secche Papa

2018 at the two monitored sites 2017 Right 38
Left 35
Both 19
2018 Right 53
Left 55
Both 27
201742018 Right 76
Left 71
Both 29
Seen in both years Right 15
Left 19
Both 17
Fig.4 Number of calendar days
on which the identified indi- 40
viduals (n=76) were recorded v Males
at Secche Papa. The individuals ©  Females

are ranked in progressive order = Unspecified

on the x-axis, from the least to
the most frequently observed

N. of days of observation
3
T

0 SEEEEEEEEEE
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Fig. 5 Number of calendar days Molarotto
on which the identified indi- o™
viduals (n=18) were recorded o v Males v
at Molarotto. The individuals © ®  Unspecified
are ranked in progressive order GE)
on the x-axis, from the least to g 10 T
the most frequently observed 8
o
2
T o 7]
© v
Y | ] | ]
o_ [ ] [ ] [ ] [ ]
z [ [ L | n = = [ n
0 PTIT
Identified individuals
and frequented by divers. The female (F-SP-073, around
85 cm in total length) is readily identified by eye due to
6 her unusual colour pattern and the injured left pectoral fin
Sex (supplementary Fig. 1). Therefore, it was possible to use
ES Foma even poor-quality pictures/video snapshots (unidentifiable
. emales . .. .
2 4 B3 eles with the software but clearly distinguishable by eye) and
© . . .
5 divers’ reports. This female was observed and photographed
z at Secche Papa on three occasions in 2018 but her presence
2 was also reported at another diving site 3.5 linear km away
(site 1, Fig. 2) since 8 July 2012. From 2012 to 2018, her
presence was recorded during summer on 17 calendar days
0 . .
(7 at Secche Papa, 10 at site 1). This female moved between
Females Males

Sex

Fig.6 Box-plots showing the mean number of days on which females
and males were recorded at Secche Papa. Medians are provided by
box-plots, with lower and upper quartiles, standard deviation (whisk-
ers) and data outliers (circles)

(Fig. 6, Wilcoxon or Mann—Whitney test, W=3898.5,
P=0.015).

The number of identified individuals recorded per day and
the frequency of observations over time are greater at Secche
Papa than Molarotto. At least 30 individuals were recorded
on three different days at Secche Papa in 2017 and 2018
(Fig. 4), compared to the four individuals that were sighted
on at least three different days at Molarotto during the same
period (Figs. 5, 8). At Secche Papa, 11 individuals, for which
past pictures were available, have been sighted before 2017
and two of them were first photographed in 2010.

Overall, 21 individuals out of the 94 (22%) were identi-
fied in 2017 and re-sighted in 2018. At Secche Papa, 20
individuals out of the 76 (26%) that have been identified
were recorded in 2017 and re-sighted in 2018 (Fig. 7).

At Molarotto, only one grouper out of the 18 individu-
als identified was recorded during both summers 2017 and
2018 (Fig. 8).

Two individuals (a male, Fig. 1, and a female, supple-
mentary Fig. 1) were detected moving between the study
site of Secche Papa and two other locations, well known

site 1 and Secche Papa at least once in July 2017 and at least
thrice between July and August 2018. The male M-SP-002
(Fig. 1) has been the most recorded grouper, with a total of
32 sightings on different days during the summers of 2017
and 2018 (22 sightings only in 2018, Fig. 7). In 2018, it was
first photographed on 16 June 2018, at a diving spot more
than 4 linear km away from Secche Papa (site 2, Fig. 2) and
then, from 30 June until 23 September 2018, it was only
recorded at Secche Papa. Therefore, even if we cannot rule
out that this individual moved back and forth from the study
site during the summer of 2018, the collected data support
strong site-fidelity.

Discussion

This study has provided evidence that dusky grouper dis-
played (1) significantly variable densities in time and space;
(2) strong residency and site-fidelity; and (3) small-scale
inter-site movements (3.5—4 km) at the investigated pro-
tected sites.

Average densities of grouper estimated by UVC in the
present study are in agreement with previous assessments
carried out within the TPCC MPA (Guidetti et al. 2007,
2008, 2014; Di Franco et al. 2009; Sala et al. 2012; Sahyoun
et al. 2013; Prato et al. 2017) and in other Mediterranean
MPAs (Chauvet and Francour 1990; Zabala et al. 1997a,
b; La Mesa and Vacchi 1999; Pelaprat 1999; Refiones et al.
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Fig.7 Temporal occurrences
of the 20 photo-ID individuals
recorded during both consecu-
tive summers at Secche Papa.
The time frames correspond-
ing to the summers of 2017
and 2018 are enlarged in two
subgraphs. The sex (F=female,
M =male; U=unspecified) of
these individuals is indicated
before the alphanumeric ID
codes listed on the y-axis. Dif-
ferent colours indicate different
individuals, which are listed in
ascending order of number of
sightings from top to bottom

U-SP-016
U-SP-065
U-SP-017
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1999; Lenfant et al. 2003). At some of these MPAs, dusky
grouper spawning aggregations and reproduction were also
documented or suggested to occur (Zabala et al. 1997a, b;
Pelaprat 1999; Refiones et al. 1999; Marinaro et al. 2005).
Therefore, the similarity in such UVC estimates suggests
that the protected sites we monitored within the TPCC MPA
represent reproductive sites for the dusky grouper. Moreover,
the variability in average density recorded over time in the
present study might be linked to the movements of individu-
als out of the study sites and might be small-scale individual
reproductive displacements (see below).

@ Springer

. . . 1 . . . . .
25/07  22/08 19/09 02/05  30/05 27/06  25/07  22/08  19/09

Date of sighting

Among the different sources of variability in the observed
grouper abundance/counts, we must acknowledge the signifi-
cant variability inherent in strip transect UVC sampling, and
instantaneous variation in fish abundance, as documented
for both tropical (Kulbicki and Sarramégna 1999; McCla-
nahan et al. 2007) and temperate (Irigoyen et al. 2013) reef
fish populations. Sources of variation that may affect the
detection of spatio-temporal patterns in fish populations
also include fish behavioural response to divers, fish move-
ments linked to currents and the formation of reproductive
or feeding aggregations (McClanahan et al. 2007; Irigoyen
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Fig.8 Temporal occurrences of Molarotto
the four photo-ID individuals
recorded on at least three differ-
ent calendar days at Molarotto. U-M-004 |- +
. [a]
The time frame correspond- =
ing to the summer of 2018 is g U-M-014
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et al. 2018). Recent studies reported high spatio-temporal
variability in the number of medium-to-large sized fish spe-
cies occurring at low densities and characterised by patchy
distributions, such as groupers (Irigoyen et al. 2018; Rojo
et al. 2021). Variability in abundance estimates can be
reduced, theoretically, by increasing the census area and/or
by increasing the number of replicates (Underwood 1997;
Kulbicki and Sarramégna 1999; Prato et al. 2017; Irigoyen
et al. 2018; Rojo et al. 2021). In our study, we used widely
employed 25 x 5 m? strip transects due to i) the limited spa-
tial extension of the area surveyed at each study site (espe-
cially Secche Papa) and ii) the need for an acceptable num-
ber of replicated counts to estimate variability (i.e., n=4
per dive and study site). From this perspective, however,
new developments in census methods have recently been
proposed to maximize the area covered while reducing count
variability, including tracked roaming transects, wider and
longer strip transects (3520 or 50x 5 m?), and the use of
distance sampling (Prato et al. 2017; Irigoyen et al. 2018;
Rojo et al. 2021). As far as individual abundances are con-
cerned, the present study allowed us to photo-identify a total
of 94 individuals of dusky grouper at the study sites over
the two consecutive summers (2017 and 2018). A higher
number of individuals were identified at Secche Papa than at
Molarotto. This difference can be explained by two comple-
mentary factors. The first explanation can be attributed to a
different photographic collection effort at the two study sites.
Both tourist divers and scientist—divers collected pictures at
Secche Papa, while only scientists took photos at Molarotto

(the latter being a no-take/no-entry zone). In addition, at
Secche Papa the sampling effort is likely to have increased
during July—August 2017 and 2018, due to a peak in tourist
frequentation, leading to a larger contribution by recreational
divers. The second explanation relies on grouper being less
accustomed to encountering divers at Molarotto than at the
diving site of Secche Papa. The ‘wilder’ Molarotto grouper
are wary of SCUBA divers, which rapidly escape or hide
under boulders, and may negatively influence abundance
estimation, especially through photo-ID (difficulty of tak-
ing pictures).

Although full sex determination was not possible, and
many individuals remained sexually unclassified, the number
of photo-identified males recorded at Secche Papa amounted
to 7 in 2017 and 11 in 2018. These numbers correspond
with those reported at the renowned spawning aggregation
of Medes Islands (5—-12 males, Hereu et al. 2006; 6 males,
Zabala et al. 1997b) and surpassed those found in the spawn-
ing aggregation at Punta Revellata, where the presence of
only one dominant male was reported (Pelaprat 1999).

In the present research, the contribution of local photog-
raphers and tourist divers has been crucial to widen the time
window of the study, allowing assessment of the residency
and site-fidelity of grouper as well as highlighting individual
small-scale movements through photo-ID. Such data have
been collected only at Secche Papa, where grouper are more
confident around divers and thus easier to photograph.

Regarding grouper site-fidelity and residency, using
photo-ID, a total of 21 grouper (22%) identified in 2017
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were re-sighted in 2018. In particular, at Secche Papa we
recorded the re-sighting of 20 individuals (26%) during the
summers of 2017 and 2018, confirming the previously docu-
mented strong site-fidelity of the dusky grouper (Chauvet
and Francour 1990; Pastor et al. 2009; Afonso et al. 2011;
Félix-Hackradt et al. 2013; Hackradt et al. 2014; Koeck et al.
2014). A similar result was obtained using natural markings
(morphological anomalies, cephalic blotches, skin wounds,
damaged fin rays) to individually identify and re-sight 15
individuals during the summers of 1997 and 1998 in the
Natural Reserve of the Strait of Bonifacio (Culioli and Quig-
nard 1999). Because not all individuals identified at Sec-
che Papa in summer 2017 were re-sighted in summer 2018,
this may be due to the lack of opportunity to photograph
them even where present, the movement of individuals out
of the study site, or in a worst case scenario, their capture
through fishing. A previous study in Port-Cros National
Park highlighted, via a marking study, the partial turnover of
small-medium grouper from one summer to the next (Chau-
vet and Francour 1990).

The most sighted individual was a male, recorded on
32 different days over the summers of 2017 and 2018 at
Secche Papa, and also reported therein since 2010. Identi-
fied females were recorded on fewer days than males, how-
ever, a female individual was first seen in 2010, testifying
that females can also exhibit strong site-fidelity to specific
locations. Although we cannot state that the female was
reproductively active and successfully mated throughout
this 8-year period, it is plausible that its recurrent presence
at Secche Papa makes this site a reproductive ground. In
fact, not only dominant males but also females are thought
to visit preferred sites (Zabala et al. 1997a). Although we
are unable to determine how long these individuals perma-
nently resided at Secche Papa, this is the longest documented
period (8 years) over which individually identified dusky
grouper have been recorded on multiple occasions at a given
site. These findings correspond with Culioli and Quignard’s
(1999) findings from the Lavezzi Islands, where a male was
present at the study site, patrolling the same territory, over
at least five summers, while five identified females were
recorded over two consecutive summers. These results fur-
ther suggest that cephalic patterns in dusky grouper are sta-
ble over periods of at least 8 years, increasing the previous
known estimate of 4-5 years (Culioli and Quignard 1999;
Lelong 1999). Nonetheless, the stability of these cephalic
patterns over the life of individual dusky grouper still needs
to be assessed. Although young grouper present clearly
visible cephalic blotches that, according to Lelong (1999),
should change only in size during growth, it remains to be
verified whether photo-ID can be used for the long-term
monitoring of this species, from the juvenile to the adult
stage.

@ Springer

Regarding potential migrations of grouper, we were able
to highlight the small-scale movements of two individuals.
The male (and the most sighted individual of the study)
moved to Secche Papa at the beginning of summer 2018.
This further supports the hypothesis proposed by Zabala
et al. (1997b) that dusky grouper may undertake a small-
scale reproductive migration at the beginning of the repro-
ductive season (late spring) aimed at establishing a summer
territory. For the female, we are unable to determine whether
her movements back and forth between Secche Papa and the
other site were due to a search for shelter, foraging or for
reproductive reasons. However, females are known to move
between males’ territories (Hereu et al. 2006).

Our observations regarding dusky grouper movements
are consistent with previous evidence. The dusky grouper
is known to exhibit year-round strong sedentary behaviour
(Chauvet and Francour 1990; Koeck et al. 2014) and long
residency times within small home ranges with an estimated
area of 10,000-30,000 m? (Lembo et al. 1999; Pastor et al.
2009) or a minimum length of 5.1 km (Afonso et al. 2011).
However, dusky grouper are also reported to perform occa-
sional small-scale movements (Chauvet and Francour 1990;
Lembo et al. 1999; Pastor et al. 2009; Afonso et al. 2011).
Acoustic telemetry studies reported that travel distances of
grouper are rarely longer than 1 km from the core-area of
their home ranges (Chauvet and Francour 1990; Lembo et al.
1999; Pastor et al. 2009) but a 5-year study in the Azores
documented that they could extend up to 3.2 km (Afonso
et al. 2011). Therefore, the linear distances travelled by the
two grouper in our study (3.5—4 km) fall within the estimated
minimum linear range (<5 km) of the species and, exclud-
ing the homing displacement of around 4.4 km documented
by Lembo et al. (1999), they are the longest recorded in the
literature to date.

Overall, our study highlights the importance of address-
ing protection benefits across time and space to improve fish
conservation and ensure long-term population persistence.
Our results on local densities, site-fidelity, residency, and
movements of the dusky grouper not only confirm earlier
findings but also provide strong and novel indications that
one of the investigated sites (Secche Papa) is likely to play
a key role for dusky grouper spawning and reproduction.
We thus recommend extending the full protection of puta-
tive reproductive sites (Secche Papa) to the surroundings
areas, over distances of at least a 5 km radius, and on a pre-
cautionary basis, to cover the full extent of dusky grouper
movements, especially those related to reproduction. Despite
the limitations of this study, and although further data are
needed to draw more robust conclusions, we believe that
our results will help inform managers’ decisions as they are
directly applicable to other MPAs, geographic regions and
fish species.
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