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a b s t r a c t
Protection inside marine reserves and the desired ‘reserve effect’ depend directly on the home range
and sedentary behaviour of ﬁshes throughout their lives. Benthic territorial predators are typically seen
as major candidates to beneﬁciaries, but empirical evidence of short-versus long term residency is still
surprisingly rare. We studied the inter-annual patterns of site ﬁdelity and ﬁner scale movements in two
of the most abundant benthic predators of the NE Atlantic coastal reefs, the dusky grouper (Epinephelus
marginatus) and the blacktail comber (Serranus atricauda), using passive acoustic telemetry inside and
around a small marine reserve in the Azores islands, central North Atlantic. Individuals of both species
resided in the reserve year-round, occupying stable core activity areas within relatively small home
ranges. Groupers were detected nearly every day (n = 11, median = 5.0 years) while combers were still
detected in 2/3 of the days (n = 9, median = 2.0 years). Some dusky groupers underwent daily short-range
forays during the summer, most probably related to spawning events, whereas combers appeared to
foray for longer periods with no direct relation with reproductive activity. The two species also contrast
in their diel pattern, strictly diurnal in the comber but crepuscular in the grouper. This study evidences
that even small reserves within the size range of most coastal reserves can accommodate the multiplescale patterns of space use of exploited benthic territorial species, and promote the recovery of their
local exploited populations in the long-term via the ‘reserve effect’ and, potentially, via the ‘larval export’
effect.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The ‘reserve effect’ (Russ, 2002), whereby long term protection
inside a marine (no-take) reserve leads to an increase in previously
exploited local populations, is highly dependent on the amount of
time that individual ﬁsh spend inside the reserve. In practice, such
an effect will be a function of the ﬁsh’s home range and site ﬁdelity
across different time scales and its relationship with the reserve size
(Kramer and Chapman, 1999). This rationale has widely been used
to recommend the establishment of marine reserves to protect and
manage the stocks of benthic territorial species, given their supposed sedentary behaviour and home ranges of manageable sizes
(e.g. Halpern and Warner, 2003; Kramer and Chapman, 1999; Russ,
2002; Sale et al., 2005). However, for the vast majority of cases this
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has been more of a rule of thumb for data scarce situations rather
than a demonstrated relationship.
Previous studies using acoustic telemetry for relatively short
periods have demonstrated that such type of reef ﬁshes can indeed
reside within existing reserves (e.g. Alós et al., 2011; Egli and
Babcock, 2004; March et al., 2010; Meyer et al., 2000; Pastor et al.,
2009). Yet, very few have veriﬁed their long-term residency inside
the reserves or elsewhere for periods longer than a few months
or a year (e.g. Abecasis et al., 2015; Afonso et al., 2009a,b; 2011;
Koeck et al., 2014). This gap prevents the veriﬁcation of theoretical
paradigms underlying the proposed beneﬁts of marine reserves,
especially considering the growing notion that ﬁsh can drastically change their patterns of habitat use and habitat requirements
throughout their lives.
Serranids constitute one of the most ecologically and commercially relevant species group throughout the tropical and
warm-temperate coastal reefs worldwide. They are voracious carnivores, occupying high trophic levels within local communities.
Serranids typically present some form of sex change associated
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to complex mating systems and territorial behaviour, mature
relatively late in life and many are known to form spawning aggregations (Sadovy 1996). All of these characteristics make them
highly susceptible to overexploitation as well as potential beneﬁciaries of marine reserves.
The dusky grouper, Epinephelus marginatus (Lowe, 1834), and
the blacktail comber, Serranus atricauda Günther 1874, are the
two most abundant serranids across its geographical range, including the Macaronesian archipelagos of the Azores (Afonso, 2002),
Madeira (Ribeiro et al., 2005) and the Canaries (Falcón et al., 1996),
central North Atlantic. The two species partially overlap their geographical range in the eastern Atlantic, from Portugal to Morocco,
Macaronesia and the western Mediterranean Sea, but the dusky
grouper extends its occurrence all across the Mediterranean and
much further down around the African coast up to Mozambique
and the Southeast Atlantic from Brazil to Argentina (Heemstra
and Randall, 1993). The dusky grouper is a large (150 cm total
length) protogynous hermaphrodite, initially maturing as female
at 40–50 cm and typically becoming male at 80–90 cm (Bertoncini
et al., 2003; Bruslé and Bruslé 1975; Chauvet, 1988). The blacktail comber is a much smaller (47 cm total length, Morato et al.,
2000) simultaneous hermaphrodite, i.e, individual ﬁsh retain both
the male and female active sexes during the spawning season after
initial maturation at around 20 cm (García-Díaz et al., 2006).
As in many other regions, these two serranids are highly prized
and have long been targeted by ﬁsheries across its range, which
is believed to have caused local declines and, eventually, the
designation of the dusky grouper conservation status as ‘endangered’ (IUCN, 2014). In certain Mediterranean countries and in
the Macaronesian islands, these concerns have also pushed for
ﬁshing restrictions, including the banning of spearﬁshing and the
establishment of coastal marine reserves, many of which explicitly aim the recovery of dusky grouper populations (Cornish and
Harmelin-Vivien, 2004). Although some of these marine reserves
were indeed shown to effectively promote the recovery of dusky
grouper and blacktail comber populations (e.g. Guidetti and Sala
2007; Harmelin et al., 2007; Tuya et al., 2006), our knowledge of
the spatial behaviour of these two species is still limited (dusky
grouper: Afonso et al., 2011; Koeck et al., 2014; Lembo et al., 2002;
Pastor et al., 2009) or virtually absent (blacktail comber). Thus,
because such reserves are typically quite small in size and protect only very shallow habitats, we are still largely ignorant about
the most correct size and placement of reserves in order to protect
local populations of these and other ecologically related species.
In particular, answering the practical and fundamental question of
whether small marine reserves can effectively protect them in the
long term.
In this study we present data on the daily, seasonal and interannual patterns of site attachment for dusky grouper and blacktail
comber through the use of passive acoustic telemetry inside and
around a small coastal marine reserve. Speciﬁcally, we wanted to
test whether adults of these two species (1) are resident and occupy
stable core activity areas inside the reserve year-round and for consecutive years, and (2) have temporally predictable movements
based on diel, lunar or seasonal (spawning) cycles. Our ﬁndings
contribute to clarify the debate about the value of small MPAs to
protect coastal marine species in the long run.

2. Methods
2.1. Study site
The study site was a 5 km stretch of coast around the Monte
da Guia Marine Reserve (MGMR) and the contiguous unprotected
areas in the east and the south shores of Faial island, Azores (Fig. 1).

The area is located by the channel between the islands of Faial and
Pico. The reserve, originally designated in 1988, is a semi-sunken
volcano with embayments on either side. Recreational ﬁshing from
shore is permitted on a restricted basis but spearing, netting and
trapping are prohibited, although regulations are poorly enforced.
Partial restrictions are imposed around its immediate perimeter
and full protection (no-take) status inside the two small (8 ha)
sunken calderas (caldeirinhas) (Fig. 1). It was designated an EU Special Area for Conservation (SAC) in 2009 and currently integrates
the Island Natural Park of Faial (INP).
2.2. Capture and tagging
We captured dusky groupers (local name: mero) for tagging
using large pvc net traps (2 × 2 × 1.5 m). The traps were divided
in two vertical compartments and set vertically such as to place
the entrance and the bait in the lower stage and an aperture driving ﬁsh to the upper stage. Traps were set at 15–20 m depth and
inspected daily for the presence of groupers by scuba divers, in
which case they would be hauled from a skiff for retrieval of the
ﬁsh. We selected three trapping sites of two protection levels in
the MGMR: the outer caldera inside the no-take area (station 3),
and east bay (station 7) plus east point (station 6) in the partially
protected area (Fig. 1). Combers (local name: garoupa) were caught
by handline inside the no-take area. We did not tag combers in
the partial reserve perimeter given that the shore angling and the
occasional boat ﬁshing in that area would probably result in the
premature catch of tagged individuals.
Fishes selected for acoustic telemetry were surgically implanted
with an ultrasonic transmitter in the peritoneal cavity (Vemco Ltd.,
Halifax, Nova Scotia) on board the capture vessel and released at
the point of capture after a short recovery period (see details of general procedure in Afonso et al., 2008). We measured (total length,
LT ) and tagged individuals with T-type external ‘spaghetti’ tags
(Hallprint, Australia) printed with a serial number and a reward
notice. Fishes were randomly selected as long as they were in good
condition and large enough to allow transmitter implantation. We
tagged 11 grouper ranging in size from 39 to 93 cm LT during the
summer of 2005 and January 2006, and nine comber ranging from
27 to 40 cm LT in January 2006 (Table 1). Fishes were implanted
with VEMCO acoustic transmitters that randomly emit a coded
signal every 60–180 s. The size and expected battery life of the
transmitters used was conditioned by the size of the ﬁshes to tag:
six grouper were implanted with V13SC-2H coded transmitters of
1045 days expected battery life while another ﬁve grouper were
implanted with V8SC-2L transmitters of 580 days; six larger comber
were implanted with V8SC-2L transmitters of 580 days while three
smaller ones with V7-4L transmitters of 280 days (Table 1).
2.3. Passive monitoring
To quantify the long-term residency, home range areas and
movements of the two species, we deployed a network of seven
anchored underwater listening stations (VR2 and VR2W single frequency receivers) inside and around the MGMR, and also a few
other stations to cover speciﬁc habitats of the Faial channel as part
of a larger tagging study (Fig. 1). These stations listen for coded tags
coming within range and log the exact time/date and code of a given
emission, and were periodically inspected for retrieval of stored
information. Drifting range tests previously conducted at the study
site revealed that these stations could detect and log coded tags up
to a distance of 200 (V8)–500 (V13) meters (Afonso et al., 2008). In
order to test if local acoustic conditions could signiﬁcantly affect
the probability of detection between day and night-time (How and
le Lestang, 2012; Koeck et al., 2013), we carried out a test in August
2010 at one of the study sites (Caldeirinhas, station 3) by placing an

Table 1
Summary data for 20 dusky grouper and blacktail comber monitored in the Monte da Guia Marine Reserve (MGMR) with acoustic receivers. Periods report to the number of days.
Fish #

Tagging location

TL (cm)

Sexa

Model

Deployed

Last detected

No. days detected

Detection span (d)

Expected transmitter duration (d)

Total detections (d)

Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Median

100
101
102
103
104
105
141
142
143
144
145

Station 3
Station 3
Station 3
Station 7
Station 7
Station 3
Station 3
Station 3
Station 3
Station 6
Station 6

92
78
62
69
81
39
37
75
48
93
55

Male
Female
Female
Female
Transitional
Immature
Immature
Female
Female
Male
Female

V13
V13
V13
V13
V13
V13
V8
V8
V8
V8
V8

11-08-2005
11-08-2005
11-08-2005
21-09-2005
21-09-2005
10-01-2006
13-07-2005
25-08-2005
25-08-2005
17-10-2005
18-10-2005

24-02-2011
09-10-2010
24-05-2011
13-07-2011
13-07-2011
29-07-2008
21-07-2007
08-04-2010
06-05-2006
07-10-2010
16-03-2007

1772
1688
1909
1718
1901
868
677
1630
246
904
186
1630

2024
1886
2113
2122
2122
1038
739
1688
255
1817
515
1817

1045
1045
1045
1045
1045
1045
580
580
580
580
580

294362
532882
497474
144428
248734
155842
96938
294963
24817
7514
3509
155842

Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Median

146
147
148
149
150
151
153
154
155

Station 4
Station 4
Station 4
Station 3
Station 3
Station 3
Station 3
Station 3
Station 3

33
30
30
40
36
33
27
29
27

Hermaphrodite
Hermaphrodite
Hermaphrodite
Hermaphrodite
Hermaphrodite
Hermaphrodite
Hermaphrodite
Hermaphrodite
Hermaphrodite

V8
V8
V8
V8
V8
V8
V7
V7
V7

10-01-2006
10-01-2006
10-01-2006
10-01-2006
10-01-2006
10-01-2006
10-01-2006
10-01-2006
10-01-2006

12-08-2006
17-01-2008
13-08-2008
31-08-2007
25-02-2008
17-09-2008
19-07-2006
21-11-2006
26-12-2008

163
668
651
407
637
965
11
197
471
472

215
738
947
599
777
982
191
316
1082
738

580
580
580
580
580
580
280
280
280

8827
106898
19188
39441
99041
189385
34
1992
7876
19188

a
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Species

Sex and maturity stage of dusky grouper estimated based on ﬁsh length (Bertoncini et al., 2003).
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Fig. 1. Location of tagging sites and listening stations in the Faial-Pico channel (middle panel), and a detail of the Monte da Guia Marine Reserve (lower panel). Dashed line
indicates the boundary of the partial protection zone, grey area indicates the no-take zone. Station identities are indicated inside black triangles.

acoustic transmitter of equal characteristics approximately 270 m
away from one acoustic receiver for a period of four consecutive
days. There were no signiﬁcant differences between the observed
and the expected number of detections during the day and night
time. (2 = 0.494, p = 0.48, df = 1). Thus, we assumed that listening
ranges and detection probability did not vary signiﬁcantly over the
study period taking in consideration the main temporal scales of
interest to this study. The monitoring period (July 2005 to August
2011) allowed us to potentially monitor the presence of tagged ﬁsh
for over six years and six consecutive spawning seasons, depending on the battery life of the transmitters (Table 1). Some of the
receivers were periodically inactive during the study period due to
occasional malfunction (Figs. 2–4).
2.4. Data analysis
Long-term monitoring data were initially screened from spurious detections, which can occur whenever signals from different
coded transmitters emit simultaneously within the same detection
range (Heupel et al., 2006). We considered detections to be spurious
if occurring isolated within a 24-hour period in the whole receiver
array.
To evaluate the long-term residency (site attachment) of ﬁsh we
used a presence index consisting of the total number of days a ﬁsh
was detected divided by the maximum possible number of days
that the ﬁsh could be detected, i.e., the period between the day of
release and the last day that ﬁsh was detected (Afonso et al., 2008).
This index can range between 0 (complete absence) and 1 (complete presence). We calculated a presence index for the total array
(IT ) and local presence indexes for each of the stations, including
the station where the ﬁsh had been originally tagged (IL ). We corrected local indexes by using only the effective duty period of each
station, and used Mann–Whitney U tests to look for differences in
residency between species.
To estimate home range areas, we ﬁrst estimated the hourly
position of each ﬁsh using the centre of activity (COA) method
(Simpfendorfer et al., 2002). We then used these positions to estimate kernel utilisation distribution areas (KUD) using Hawth’s

Analysis Tools extension for ArcGIS (Beyer, 2004). The KUD50 and
KUD95 areas were used to indicate the individual’s core activity
area and the total home range area for the entire detection period,
respectively (Abecasis et al., 2013; Afonso et al., 2008). Additionally, we estimated KUDs for each spawning and non-spawning
period for each mature dusky grouper. The effect of season (spawning/non spawning) on the size of KUD95 and KUD50 was tested
using generalized linear mixed models (GLMM). The factor season
was considered as a ﬁxed factor whereas ﬁsh ID and year were
treated as random factors. Models were performed using the lme4
package (Bates et al., 2015) in R (R Core Team, 2015). To detect any
seasonal migration and shifts in inter-annual patterns of habitat
use, we ﬁrst visually inspected calendar plots of daily presence at
the different stations for each ﬁsh. Whenever such patterns were
detected, we then calculated the average monthly proportion of
tagged ﬁsh present daily at each station.
At a smaller temporal scale, we searched for rhythmic patterns in the monitoring data by spectral analysis using Fast Fourier
Transforms (Chatﬁeld, 2004). For example, tidal patterns in the
presence of tagged ﬁsh at a given station can be expected to produce
peaks in spectral density at about 6 h and/or 12 h, independently of
the relative magnitude of such peaks. Whenever detections were
numerically sufﬁcient for analyses, we searched for tidal (6 h, 12 h)
and diel (24 h) cyclic patterns of habitat use by binning the number
of ﬁsh per hour and for lunar patterns (14, 28 days) by binning the
number of ﬁsh per day detected at a given station.

3. Results
The listening stations in the passive monitoring array logged a
total of 2,772,880 valid detections during the study period. The 11
tagged dusky groupers were detected over periods spanning 252
to 2122 days (median = 1817 days = 5.0 years), nine of which were
detected for at least two years (Table 1). The nine tagged comber
were detected in the array for periods spanning 215 to 1082 days
(median = 738 days = 2.0 years). In overall, 15 out of the 20 tagged
ﬁsh (75%) were detected for larger periods than those expected
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Fig. 2. Calendar plots of daily presences at the different receivers of dusky groupers tagged inside the no-take area of the MGMR (stations 3 and 4). Thin red lines represent
periods of inactivity for a given receiver. Grey columns represent the spawning period. Note the different scale on the x-axis. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)

based on the transmitters’ battery life, eventually up to three years
in excess (Table 1).
3.1. Residency
Apart from the differences in total detection periods between
the two species, which obviously reﬂect the effect of the transmitters’ lifetime (Table 1), the patterns of daily presence within the
array were broadly comparable between species: dusky grouper
and blacktail comber were detected in the great majority of monitoring days (IT , median = 0.90; median = 0.69, respectively) with no
signiﬁcant differences detected in residency time between them
(Mann–Whitney U test, Z = 72.0, p = 0.10). Three of the smallest
grouper (#141, #143 and #145) stopped being detected earlier
than all other and were last detected at a different station than
the residency site.
Local presence index at the original site of tagging was always
higher than at any other station for both species (Table 2), except
for two of the smallest comber (#148 and # 153) that were pre-

dominantly detected just outside of the no take calderas (station 2).
Comber #153 disappeared some weeks later whereas #148 resided
in the vicinity of station 2 for over two years (Fig. 4). Patterns of
residency also seem to reﬂect patterns of core activity areas, as indicated by the duration of absences from the site of residency (Fig. 5).
Dusky grouper showed a marked behaviour of short absences, typically leaving the site of residency for a maximum two days and
seldom (15%) for longer than a week. Blacktail comber was more
prone to leave for somewhat longer periods, with absences of up
to a week comprising around 80% of the total (Fig. 5).
3.2. Movement patterns
Movements of ﬁshes as inferred from the relative and sequential use of areas mostly reﬂected the residency patterns. However,
there were also some notable differences among individual, both
between and within species.
Only four out of the 11 tagged groupers were ever detected outside the whole reserve area, and for few occasions. Groupers #103
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Fig. 3. Calendar plots of daily presences at the different receivers of dusky groupers tagged at the eastern partial protection area of the MGMR (stations 6 and 7). Thin red lines
represent periods of inactivity for a given receiver. Grey columns represent the spawning period. Note the different scale on the x-axis. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 2
Partial (per station #) and total (IT ) residency indexes for dusky groupers and blacktail combers. Levels of reserve protection are indicated on top. IT = total no. days of ﬁsh
detection in the network/(last − ﬁrst day detected + 1).
Species

Fish # Unprotected

Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper
Dusky grouper

100
101
102
103
104
105
141
142
143
144
145

Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Blacktail comber
Total detections
No. ﬁsh detected

146
147
148
149
150
151
153
154
155

Partial

No-take

Partial

Pnprotected

IT

Minimum range (m)

0.88
0.90
0.90
0.81
0.90
0.84
0.92
0.97
0.96
0.50
0.36

1258
1170
1258
3439
1151
244
1258
1676
1258
0
5066

0.76
0.91
0.69
0.68
0.82
0.98
0.06
0.62
0.44

543
543
715
543
543
543
505
0
0

1 south shore 2 MGMR 3 MGMR 4 MGMR 6 MGMR 7 MGMR 8 east shore 10 south reef 11 south reef

a

0.01
0.01

0.93a
0.91a
0.95a

a

<0.01

<0.01

0.81
0.98a
0.93a
0.96a

0.01

0.02

0.01

<0.01

0.65

0.05

91
2

14103
7

0.75
0.78
0.04
0.60a
0.80a
1.00a
0.01a
0.62a
0.46a
2057072
17

0.21
0.66
0.26

0.96
0.27
0.89

0.05
0.24
0.74
0.01

0.96a
0.98a

0.06

<0.01

<0.01
<0.01

0.50a
0.33a

<0.01

0.01

0.01

0.92a
0.94a
a

0.33
0.67
0.40

289736
11

88193
7

323542
3

7
2

124
2

124
1

Denote partial index relative to the original station of tagging and release.

and #145, tagged and resident in the eastside partial protection area
(stations 6 and 7), forayed twice several km away from the reserve
and up to the vicinity of the offshore south reef (stations 10 and
11) (Fig. 3). Together with #104, they also visited the contiguous
unprotected northeast shore outside the Horta breakwater (station
8). Grouper #143, tagged and resident in the calderas no-take area,
occasionally visited the contiguous unprotected southwest shore
(station 1), such as #145 (Fig. 2). Combers were never detected
outside the reserve (Fig. 4).
All of the seven grouper tagged and resident inside the no-take
area visited the partially protected areas. Grouper #101 and #142
consistently extended their home range to the east point area (sta-

tion 6) in all consecutive summer spawning seasons (Fig. 2). These
movements represented a daily displacement of about 2 km, eventually resulting in 5–6% residency at this site (Table 2). Four of the
groupers tagged in the no-take area (#100, #102, #141 and #143)
were only sporadically detected in station 2, about 540 m away.
Noticeably, #141 and #143 showed this behaviour just before they
stopped being detected. As to the four groupers tagged in the partially protected area, only one (#145) ever visited the no-take area
(Fig. 3).
Movements of blacktail comber were even more restricted than
those of the dusky grouper. Minimum displacement range was half
as long for comber than for grouper (mean = 1258 m versus 543 m,
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Fig. 4. Calendar plots of daily presences at the different receivers of blacktail combers tagged inside the no-take area of the MGMR (stations 3 and 4). Thin red lines represent
periods of inactivity for a given receiver. Grey columns represent the spawning period. Note the different scale on the x-axis. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)

Z = −2.62, p < 0.01). Only the two combers (#148 and #153) that
left the no-take area were ever detected outside, and only to be
detected by the receiver located just a few hundred meters away in

the contiguous, partially protected area (station 2). Potential localized displacement of combers inside the two craters was frequent
(Fig. 4).
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0.4
0.0

0.2

Proportion of absences

0.6

Grouper
Blacktail comber

2

7

15

30

60

120

the same time. Other groupers showed up also at different times
during the day and night.
The average hourly detection of ﬁsh at the main station of residency (station 3) revealed a strong pattern of diurnal detection
for blacktail comber (Fig. 8). This pattern was in opposition to the
dusky grouper, which showed a constant detection pattern during
daytime and nighttime but increased detections during crepuscular periods (Fig. 8). The FFT analysis applied to the hourly number
of tagged groupers present at the different stations revealed strong
24 h dominant peaks in spectral density at station 4 and a weaker
24 h peak at station 7, whereas station 6 showed a dominant 12 h
peak and a secondary 24 h peak (Fig. S1 Supplementary material).
Blacktail comber showed very strong 24 hour peaks in stations 3
and 4 (Fig. S2 Supplementary material). There was no indication of
lunar periodicity in daily detections at any of the stations for both
species.
Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.ﬁshres.2015.12.014.

>120

4. Discussion

Days absent from site of residency

Fig. 5. Proportion of absences from the ﬁshes’ site of residency as a function of the
duration of the absences. Periods when the residency station was not active were
not taken into account. Numbers in the x-axis represent the upper class limit.

Table 3
Results of the Generalized Linear Mixed Model to test the effect of season (spawning versus non-spawning) on the size of dusky grouper KUD95 (a) and KUD50 (b).
Signiﬁcance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.
Estimate

Std. error

t value

Pr (>|z|)

Signiﬁcance

(a) KUD95
Intercept
Season (spawning)

−2.78
0.24

0.24
0.06

−11.70
3.88

<2e-16
0.00

***
***

(b) KUD50
Intercept
Season (spawning)

−3.82
0.09

0.14
0.05

−27.99
1.65

<2e-16
0.10

***
–

3.3. Home range
Dusky grouper home range areas ranged between 0.070 and
0.268 km2 with core activity areas ranging between 0.018 and
0.034 km2 (Supplementary material Table S1). The results of the
GLMM indicate that the areas of the KUD95 are signiﬁcantly larger
during the spawning season (Table 3). There was no signiﬁcant
effect of season on KUD50 (Table 3). Blacktail comber home ranges
varied between 0.071 and 0.129 km2 with core activity areas of
0.016–0.037 km2 (Supplementary material Table S1).
Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.ﬁshres.2015.12.014.
3.4. Temporal cycles
The most obvious seasonal pattern of habitat use discernible
from the calendar plots was the yearly summer visits of the ‘notake’ female groupers #101 and #142 to the east point (station 6).
Groupers #103 (female), #104 (transitional) and #144 (male) also
increased their presence at this site during the summer (Fig. 6).
This movement resulted in a signiﬁcant increase in the number of
tagged grouper present daily at the east point during the spawning season (Fig. 7), a pattern not seen in any other station. The
timing of the summer visits varied between individuals: ‘No-take’
groupers showed a remarkable diel periodicity in visits, especially
#101 which nearly always showed up around dusk (Fig. 6), whereas
#101 and # 142 showed up mostly in alternate days rather than at

4.1. Long-term residency, forays and ontogenetic relocations
We found that individuals of the two species reside inside the
protected area all year-round up to, at least, six (dusky grouper) and
three consecutive years (comber), and that they maintain very stable core activity areas within their home ranges during these long
periods. Only one grouper and two combers had a residency index
below 0.5. Fishes typically remained within the listening range of
their residency stations, seldom spending over a few days away.
This pattern of high sedentarism and moderate to small home
ranges is consistent with current knowledge for these and other
closely related serranids (Afonso et al., 2011; Alós et al., 2011;
Koeck et al., 2014; March et al., 2010). The dusky grouper is known
to be a site attached species with a variable degree of territoriality. Males form territories in deeper areas of the reef during the
spring and summer whereas females, in spite of their year-round
site attachment, are more vagile and appear to roam between the
male territories (Hereu et al., 2006; Koeck et al., 2014; Pastor et al.,
2009; Zabala et al., 1997a,b). In our study, both male and female
grouper appeared to use relatively small and temporally stable core
activity areas. Blacktail comber is a much less studied species but,
although there are no previous studies on its behaviour, it is thought
to be a territorial, sedentary species (Tuya et al., 2006). Our data
clearly support this hypothesis, as do the high site ﬁdelity and small
home ranges that were observed in the two other similar species
that were studied using acoustic telemetry, Serranus cabrilla and
Serranus scriba (Alós et al., 2011; March et al., 2010).
The majority of grouper and comber were detected inside the
protected area well beyond the estimated lifetime of the transmitters, but three ﬁsh (15%) eventually stopped being detected
prematurely (grouper #143 and #145, and comber #153). These
exceptions could be due to transmitter failure, mortality, relocation
within the reserve, or emigration outside the reserve. Premature
transmitter failure, although not impossible, is unlikely given the
much lower rates of transmitter failure observed in other studies using similar transmitters and habitats (Abecasis et al., 2013;
Afonso et al., 2008; 2009a,b). Although possible, it is also improbable that some of these individuals were ﬁshed along the partially
protected perimeter given that, contrarily to other occasions, we
had no reported recaptures. Instead, these ﬁsh most probably relocated their home range outside the receiver’s listening range some
months upon release, as indicated by the later return to the area
(#145) or the widening of movements (and home range) just before
going silent (#143, #153). This widening was also observed in
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Fig. 6. Abacus plots of detections at the east point (station 6) throughout the entire study period for groupers tagged and resident at the no-take reserve (upper), east bay
(middle) and east point (lower).

grouper #141, the smallest of all tagged groupers. Alternatively,
if ﬁsh were in fact more mobile and without a stable home range
then more detections would be expected during the very large
monitoring period of this study. However, except for the conﬁrmed
relocation of another ﬁsh (comber #148), the possibility of emigration versus relocation inside the reserve for those three ﬁsh cannot
be resolved because of the limitations of our monitoring (station)
design to cover the whole area inside the reserve.
4.2. Diel activity patterns
We found blacktail comber to be a strictly diurnal species based
on its very clear, dominant 24-h activity cycle and skewed pattern
of daytime detections. Such pattern clearly agrees with previous
hypothesis based on stomach content analysis (Morato et al., 2000)
and with our own in situ observations of combers sleeping in the

bottom during night time dives in the Azores. Thus, this behaviour
would explain the reduction in detections during nighttime, as
observed in the closely related S. cabrilla and S. scriba (Alós et al.,
2011; March et al., 2010) and in other reef ﬁshes (e.g. Abecasis et al.,
2013; Afonso et al., 2008; Koeck et al., 2014). In contrast, dusky
grouper did not show any marked diurnal or nocturnal detection
pattern, but rather a crepuscular signal, regardless of the fact that it
shows a strong diel pattern from FFT analysis. These patterns agree
with previous studies based on stomach content and behavioural
observations, which indicate increased crepuscular activity associated to feeding activity (Barreiros and Santos, 1998; Gibran, 2007)
and social interactions (Hereu et al., 2006; Zabala et al., 1997a).
While diving, we have also observed intra-speciﬁc grouper interactions to occur typically at dusk, when individuals were seen
patrolling the territory borders and interacting closely.
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Fig. 7. Seasonal variation (mean ± conﬁdence limits) of the number of tagged dusky
groupers present daily at the no-take area (station 3, dotted line), and at east point
(station 6, black line) and east bay (station 7, dashed line) in the partial reserve.

have also observed intra-speciﬁc grouper interactions at dusk, coinciding with the increase in detections of tagged groupers at east
point station. Therefore, the summer daily migrations of some individuals to the east point, especially at dusk, are very likely related
to mating. Migratory groupers were all above the size at ﬁrst maturity but of smaller to medium size. Whether they were females or
younger (non-dominant) males, their presence at spawning aggregations could represent an alternative mating tactic to haremic pair
spawning coexisting within the population, as in many other reef
ﬁsh species. Yet, this result must be interpreted cautiously given the
low number of males tagged (n = 2). This ﬁnding highlights the role
of speciﬁc reef habitats, such as the east point reefs, as preferred
mating sites for a suite of different species (e.g. Afonso et al., 2008),
and their importance for management purposes. The tidal related
dominant cycle of habitat use at the east point is another evidence
of this role, as reef spawning sites are known to be primarily located
at spots swept by strong currents (e.g. Johannes et al., 1999).

4.3. Seasonal cycles and spawning activity
The substantial differences found between the seasonal patterns of movements of the two species appear to ﬁnd a plausible
explanation in their social and reproductive systems. Blacktail
comber showed no seasonal pattern. This species is a simultaneous
hermaphrodite that spawns from March to July in the Macaronesian
archipelagos (García-Díaz et al., 2006). This reproductive strategy
should select for a sedentary and territorial behaviour because it
will allow individuals to engage in egg trading across the whole protracted reproductive season, as in other studied combers (Petersen,
2006). Thus, one would expect individuals to show no seasonal
movements, which indeed was the case.
In contrast, the more complex mating system of the dusky
grouper is based on a territorial haremic social structure that is
strengthened during the short summer spawning season, whereby
the dominant male gains privileged access to females with which
he mates inside the territory (Hereu et al., 2006; Zabala et al.,
Zabala et al., 1997b). In the Mediterranean, other individuals may
sometimes engage in short migration at dusk to some of these
territories, where small spawning aggregations then take place
(Chauvet, 2007; Zabala et al., Zabala et al., 1997b). The spawning
period for dusky grouper in the Azores is not yet fully studied, but
there is strong evidence that is restricted to the summer months
peaking in August and recruits showing up in September (personal
observation), as in the Mediterranean (Zabala et al., 1997a). We

4.4. Implications for the functioning and design of marine
reserves
Despite its small size, the MGMR appears to effectively contain the individual long term home ranges of two of the most
important benthic predators of coastal reefs of the NE Atlantic.
This result shows that even small reserves, within the size range
of most reserves in the Mediterranean and NE Atlantic, can promote the sustainability of local subpopulations of exploited species
in the long-term via the ‘reserve effect’ (Russ, 2002). Our results
clearly support the hypothesis that the spatial behaviour of these
two species is responsible for the reserve effects seen in other small
reserves elsewhere (Harmelin et al., 2007; Tuya et al., 2005), as predicted by theory (Halpern and Warner, 2003; Kramer and Chapman,
1999; Russ, 2002; Sale et al., 2005). It follows that the potential
for the ‘larval effect’, whereby populations within reserves will
contribute to the seeding of adjacent ﬁshing grounds through the
dispersal of a portion of their reproductive potential, is substantially high for these two species. This rationale becomes clearer
if one considers the disproportionate contribution of larger, older
ﬁsh to the population’s reproductive output, whether because of
the exponential increase in fecundity with growth as in the blacktail comber (García-Díaz et al., 2006), or because of the protogynous
hermaphroditism of dusky grouper whereby only larger individuals
(>∼80 cm) are active males (Marino et al., 2001).

Fig. 8. Diel detection cycle (mean ± conﬁdence limits) for dusky grouper (dashed line) and blacktail comber (solid line) at the no-take area (station 3). Dark grey areas
represent nighttime, light grey areas represent crepuscular periods and white areas represent day time.
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In spite of this condition, the uneven distribution of preferred
habitat and the small size of the MGMR (ca. 2.82 km2 of which
only 0.08 km2 are no-take) may limit the total number of ﬁsh it
can protect, especially whenever the species show marked habitat
preferences such as in the dusky grouper. Immature and younger
female groupers prefer shallow reefs whereas males hold territories
at the deeper (>20 m), higher relief reefs (Afonso, 2002; Hereu et al.,
2006; Zabala et al., 1997a,b). Furthermore, as shown in this study,
speciﬁc spots might bear added ecological (reproductive) importance for local dusky grouper. The fact that they can be exposed to
ﬁshing in partially protected areas, as it is the case of the MGMR,
further hampers the potential for the reserve effect. In contrast,
the blacktail comber is one of the most ubiquitous and less habitat
selective Azorean rocky reef ﬁshes (Afonso, 2002), occupying pretty
much all of the available rocky reef at the MGMR. These considerations apply to any other reserve facing similar size and habitat
constraints.
An interesting result arising from our study is the indication
of relatively limited potential for spillover resulting from the emigration of post-recruit ﬁshes from the reserve to adjacent ﬁshing
grounds (Russ, 2002). The fact that ﬁshes were highly resident
inside the reserve and that they appear to have mostly moved just
a few hundred meters away from their core activity areas expose
what is now becoming evident from a number of other studies: it
is hard, if not impossible, to combine high levels of reserve effect
with spillover effect, because the high residency and small home
range requirement of one will hamper the potential for the other.
In result, an eventual spillover effect in these two serranids should
be restricted to the reef stretches adjacent to the protected areas,
although there is the possibility that occasional wider migrations
of some dusky groupers will result in relocation. The complexity
of the social system, in particular the coexistence of different mating tactics and associated spatial behaviour, will probably dictate
this potential, as in other species (Afonso et al., 2009b). This topic
deserves further study.
5. Conclusions
This study offers a considerably longer time series of ﬁsh spatial behaviour monitored through passive telemetry than what has
typically been published. In spite of the relatively small number
of individuals studied, this valuable information can be used to
elucidate the stability of reef ﬁshes’ habitat use across different
time scales, and its consequences for the effectiveness of spatial
protection provided by marine reserves.
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