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ARTICLE INFO ABSTRACT

Keywords: Elasmobranchs are a group of slow growing species whose populations are in decline mostly due to their sus-
Acoustic tf?lemetl’y ceptibility to overfishing. A common approach to protect marine species is to establish marine protected areas
Conservation (MPAs). Data on the spatial ecology of species is key information for MPA implementation and management.
SZif;esegregation However, this information is usually lacking, particularly for elasmobranchs. In this study, thornback rays were
Skates tagged with acoustic transmitters to track their movement patterns in a marine protected area in Portugal. In-

dividuals were detected for up to 1323 days, and transient and resident behaviours were observed. Residents
exhibited a seasonal pattern of presence, peaking during late winter and spring. Weekly occurrence range size
reached its maximum from mid-summer to mid-autumn. Diel changes in movement, mainly as increases in ac-
tivity, were detected during night and twilight. These findings highlight the seasonal and daily dynamics of
thornback rays and how these can influence their protection in an MPA. The area where the LSMP is established
appears to be dominated by males, indicating that most of the protection provided to this species is towards this
sex. These results provide valuable insights for the conservation and adaptive management of this commercially

relevant species.

1. Introduction

Global fishing activity has grown prominently over the last decades,
driven by an increasing demand for food security and economic stability
(FAO, 2020). To meet this rising need, this industry has expanded in
reach, catches have increased in volume, and more people have been
employed, in turn increasing pressure on marine ecosystems (FAO,
2020). Elasmobranchs (sharks, skates and rays) are largely caught as
bycatch, and their captures reflect the same pattern of increased
exploitation (Dulvy et al., 2021). In turn, the increase in fishing pressure
has generated declines in many marine populations (McCauley et al.,
2015). Most elasmobranchs are ill-equipped to withstand this pressure
because of their K-selected life history strategies (Hoenig and Gruber,
1990; Musick, 1999), exhibiting extreme longevity, slow growth rates,
late maturity ages and low fecundity. As a result, over a third of these
species are currently threatened with extinction due to overfishing
(Dulvy et al., 2021) despite various conventional management ap-
proaches that have failed to arrest their decline (Davidson et al., 2016).
To this end, new approaches such as marine spatial planning have been
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used to help in this task.

Marine protected areas (MPAs) are a common method used to
address the effects of overfishing by providing spatial protection to
species and habitats (Gell and Roberts, 2003). MPAs are defined as
“clearly defined geographical space, recognized, dedicated and
managed, through legal or other effective means, to achieve the
long-term conservation of nature with associated ecosystem services and
cultural values” (Dudley, 2008) and can be multidimensional in their
influence, benefiting areas like fisheries, human well-being, economics,
knowledge development, and conservation and management (Ban et al.,
2019; Lester et al., 2009). Elasmobranchs can respond positively to
MPAs (Le Port et al., 2012; Speed et al., 2018), yet the effect is generally
variable and often moderate (Dwyer et al., 2020; MacKeracher et al.,
2019). This generally occurs because many MPAs are not specifically
designed with elasmobranchs as their target and thus often fail to
properly encompass their movements (Dwyer et al., 2020; MacKeracher
et al., 2019).

Understanding species movement patterns is directly linked to pro-
tection success (Kramer and Chapman, 1999), and therefore a key factor
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to be assessed in the context of MPAs (MacKeracher et al., 2019). A
well-suited method for this task is passive acoustic telemetry. Compared
to traditional tagging methods like tag-recapture, by using acoustic
telemetry the long-term movements of multiple tagged individuals can
be monitored and more accurate data can be collected in a mostly
automated way (Hussey et al., 2015). Acoustic telemetry has improved
knowledge on space use patterns of skates, for example by providing
more precise home range estimates and detecting previously unnoticed
seasonal migrations and ontogenetic changes in movement (Siskey et al.,
2019). This method is also very cost-effective in the long term, as an
established array of acoustic receivers is of low maintenance compared
to the amount of data it can provide (Heupel et al., 2006). Acoustic
telemetry has been used extensively to study the movements of elas-
mobranchs in the context of MPAs (Elston et al., 2023; Espinoza et al.,
2015; Knip et al., 2012; Lavender et al., 2021).

The thornback ray is a batoid species that reaches a maximum total
length (TL) of 130 cm (Last et al., 2016) and inhabits shelves and slopes
at depths between 5 and 1020 m, from Iceland, along the coast of Europe
to South Africa and Madagascar, including the Mediterranean (Last
et al., 2016). This species is among the most fished elasmobranchs
(Carbonara et al., 2020; Figueiredo et al., 2020; Walker and Hislop,
1998); however, their catch data is likely underestimated because of a
lack of historical species-specific identification in mixed-species stocks,
mislabeling, unreported extraction, and discard at sea (Alves et al.,
2020; Dulvy et al., 2000; Figueiredo et al., 2020). Mortality rates in the
fisheries where they are captured as bycatch can be as high or higher
than the targeted species (Piet et al., 2009). For example, in the North
Sea, up to 71% of the standing biomass of thornback rays was estimated
to be captured each year by the bottom trawl and otter trawl fisheries
(Piet et al., 2009). As a result, their populations have declined in areas
such as the North Sea (Walker and Hislop, 1998), the Irish and Celtic
seas (Dulvy et al., 2000) and the Adriatic Sea (Krstulovi¢ Sifner et al.,
2009), and are currently classified as Near Threatened by the IUCN Red
List (IUCN, 2016). However, efforts to restore their stocks have been
carried out in recent years, resulting in increases in biomass in areas
such as the North Sea and English Channel (ICES, 2024), while signs of
recovery have also been noted in the western Mediterranean (Marongiu
et al., 2017; Ramirez-Amaro et al., 2020).

This species is particularly important to artisanal or small-scale
fisheries of some countries, like Portugal (Figueiredo et al., 2020).
Mean annual landings are estimated at around 270 tons, and an addi-
tional 1123 tons are landed as Raja spp. (Alves et al., 2020), but similar
issues to those found elsewhere, such as multi-species fisheries, unre-
ported catches, undocumented trips, misidentifications, make the esti-
mation of landings of this species and other Rajiformes in Portugal a
difficult task (Figueiredo et al., 2020). Nonetheless, management efforts
have made it mandatory to land this species separately (i.e., as Raja
clavata) since 2009 (EC, 2009), and established seasonal ban of their
targeted capture was established during the months of May and June as
well as a minimum landing size of 52 cm (Serra-Pereira et al., 2018).
These actions have resulted in a stable proportion of thornback rays in
the landings of some fisheries during the last decade, such as bottom
trawler landings (ICES, 2022).

The Professor Luiz Saldanha Marine Park (LSMP) is a coastal MPA
found off the Settibal peninsula, Portugal. In 2010, an acoustic telemetry
array was deployed in the LSMP to study the spatial ecology and pro-
tection of commercially important species of bony fishes and cuttlefish
(Abecasis et al., 2014b), and four batoids (Cabral, 2014; Kraft et al.,
2023b, 2024; Sousa et al., 2019). However, the study on thornback rays
was based on three individuals and under two months of monitoring,
thus a longer study with more individuals is warranted to answer these
questions more robustly (Cabral, 2014). In this study, thornback rays
were acoustically tagged and long-term movement data was collected to
study their movement patterns in the LSMP and to assess the contribu-
tion of coastal MPAs to the protection of this species. To obtain a better
understanding of their spatial ecology, the residency, occurrence areas,
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activity, and depth use of thornback rays were estimated. This infor-
mation is relevant to the adaptive management of the LSMP and similar
MPAs in other areas of their distribution.

2. Materials and methods
2.1. Study area

After its designation in 1998, the LSMP’s first zoning actions took
place in 2005 and became fully implemented (with all protection levels
established) by 2009 (Portuguese legislation, Council of Ministers Res-
olution 141,/2005). Its 53 km? are divided into three protection levels, a
total protection area of 4.30 km? to which access and any kind of fishing
are prohibited except when authorized for research and educational
purposes; four partial protection areas of a total 21 km? where only
octopus traps and jigging are allowed beyond 200 m from the coastline;
and three partial protection areas or buffer areas of a total 28 km? where
only local licensed fishing boats under 7 m are allowed to operate
(Fig. 1). The LSMP covers 38 km of the south-western shore of the
Setiibal peninsula. To the east is the Sado estuary in which a natural
reserve is in place, the Reserva Natural do Estudrio do Sado. Further
north is the Tejo estuary, inside which the Reserva Natural do Estuario
do Tejo is placed. The latter two natural reserves are RAMSAR sites
(wetland sites designated of international importance under the Ramsar
Convention) due to their importance for many aquatic birds and as a
nursery area for several fish and invertebrate species.

2.2. Data collection and tracking

Thornback rays were captured using trammel nets (2019 and 2021)
and longlines (2021 and 2022). The monofilament trammel nets were
500 m in length and 1.6 m in height, with 100 mm inner panels of
stretched mesh and outer panels of 600 mm. The longlines had between
100 and 150 hooks that were baited with 2-5 cm chunks of frozen Eu-
ropean pilchard (Sardina pilchardus). The fishing gears were deployed at
depths between 5 and 40 m, mostly inside the full protection area, and
also in the partial protection area. Deployments and retrievals were
done in the morning at approximately the same time resulting in a
soaking time of around 24 h. Captured individuals were brought on
board and placed into a container filled with seawater that was changed
after every individual. First, hooks were removed from the individuals
caught by longline if possible and a hydrophone was used to detect
previously tagged individuals. A measuring tape was used to obtain total
length (TL), disc width, and clasper length for males. Sizes were
compared to regional lengths at first maturity (TLsop = 67.60 cm for
males and 78.40 cm for females, Serra-Pereira et al., 2011), to determine
if the individuals were over the total length size at 50% maturity. These
individuals were classified as “mature” for reference purposes, as
reproductive organs were not directly inspected. To implant the acoustic
transmitters, a 2 cm incision was made in the peritoneal cavity using a
scalpel and then closed it using absorbable suture. Three types of
Innovasea 69 kHz acoustic tags were used: V9, V13, and V9P (with
pressure sensor). Respective expected battery lifetimes were 651, 1317
and 404 days according to the manufacturer. The appropriate tag size
was selected based on previously deployed tag types, tag type avail-
ability, and animal size, as to not exceed the 2% tag-to-body weight rule
of thumb (Winter, 1996). Additionally, each individual was fitted with a
Petersen disc tag (www.floytags.com) with a unique ID number and
contact information. Capture, handling, and tagging were done under
permits of the Portuguese Institute for Nature Conservation and Forests
(permits  n°145/2019/CAPT;  13/2020/CAPT;  70/2021/CAPT;
38/2022/CAPT) and the Veterinary General Directorate (permit n°
2018-08-29 015,730). Tagging procedures were also approved by the
Animal Welfare Committee of the Centro de Ciéncias do Mar (CCMAR -
ORBEA).

Individuals were tracked using an array of 37 Innovasea VR2W
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Fig. 1. Map of the study area. Top panel: general overview of the Professor Luiz Saldanha Marine Park (LSMP) and the Settibal peninsula, with the Tejo estuary and
its natural reserve (orange) to the north and the Sado estuary and its natural reserve (red) to the East. Bottom panel: LSMP and its three different protection levels.
Only the aquatic portions of the Natural Reserves are shown. The bathymetry lines are colour coded.

acoustic receivers. The array was at its densest in the full protection area
(19 receivers, Fig. 1). Most receivers were active throughout the study
period, but some were only present for a shorter period of at least 6
months (3 receivers in the buffer area, 1 in the partial protection area
and 2 in the Sado estuary), either because they were lost to rough
weather conditions, or removed by fishing gear or because the structure
they were attached to (e.g., a buoy) was removed from the water. Re-
ceivers were serviced once to twice a year.

2.3. Data analysis

The first 24 h of data of each individual were deleted to eliminate
possible behavioural anomalies that may have been produced by the
tagging process (except for residency estimation to account for their
presence on the day of capture). Detection efficacy was assumed to be
constant based on previous evaluations that showed no major influence
from environmental variables, diel patterns and/or background noises
(Abecasis et al., 2014a; Sousa et al., 2019). Detections were classified
into diel phases using the R package suncalc (Thieurmel and Elmarh-
raoui, 2019), setting “daytime” as the time between sunrise and sunset
(appearance and disappearance of the sun over the horizon), “twilight”
as morning and evening twilight, and “night” as the period between
evening twilight and morning twilight.

2.3.1. Detection patterns and residency

Detection patterns were visually inspected and the fate of individuals
was assessed following Villegas-Rios et al., (2020) to identify events like
emigration from the study site, post-release mortality or tag loss, and
fishing mortality. A residency index (Ig) was estimated as the total

number of days detected by at least one receiver (Dq) divided by the
duration of the monitoring period (D, time between release and last
data download or tag expiration): Iz = D4q/Dy. Tag lifetime was used
instead of Dy if the latter was shorter than the total monitoring period
(Abecasis et al., 2013). The presence of thornback rays in the LSMP
throughout the year was evaluated using a Generalized Additive Mixed
Model (GAMM) in the R package mgev (Wood, 2011). For this, the de-
tections were transformed to daily presence (1) or absence (0) per in-
dividual. Four models were tested using day of the year (in all models)
and individual size as covariates, and individual as random effect: the
first model only with day of the year, the second model with day of the
year and size, the third model with day of the year and individual effect,
and the fourth full model with all factors (supplementary material). Sex
was not included because of the uneven sex ratio. Day of the year was
modelled using a cyclic cubic spline. The best model was selected using
the Akaike Information Criterion (AIC) in the R package AICcmodavg
(Mazerolle, 2023). The lowest scoring model was selected, and if two or
more models had similar scores (AIC <2), the simplest one was
preferred. To properly investigate the long-term detection patterns in
such a time frame, only individuals with detection intervals (i.e., num-
ber of days between first and last detection) of at least a year (n = 23, D;
= 350-1323 days) were used in the presence/absence GAMM to reduce
the possible biases introduced by transient or fished individuals. For
example, transient individuals will increase the probability of presence
before leaving, and conversely, an unaccounted transient individual that
leaves or an individual that is fished will artificially lower the estimated
probability of presence.
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2.3.2. Occurrence areas

Centers of activity (COAs) were estimated as a weighted mean po-
sition every 30 min (Simpfendorfer et al., 2002) before calculating space
use areas. The dynamic Brownian bridge movement model (dBBMM)
(Kranstauber et al., 2012) was implemented in the R-package move
(Kranstauber et al., 2021). This is a probability distribution-based
occurrence estimator that calculates the area used during the study
period by reconstructing its movement path and an associated uncer-
tainty around it. Consecutive location points are connected to create
segments around which the probability of occurrence is estimated based
on the distance and time difference between the pair of points, obtaining
the utilisation distribution (UD). This model was chosen over other
classic home range estimators because it accounts for the natural auto-
correlation of movement data and because the acoustic array did not
cover the entire home range of the tracked individuals (Fleming et al.,
2015). A location error of 200 m was used, while window size (w = 31)
and margin size (m = 11) were set to default values. Segments longer
than 24 h were removed before estimating UDs to avoid unrealistic large
uncertainty areas.

Weekly and total occurrence areas at the 50% and 95% levels
(contours) were estimated. Weekly occurrence areas were used to
evaluate changes throughout the year, implementing a GAMM in the R
package mgev (Wood, 2011). Week of the year was modelled using a
cyclic cubic spline and individual was set as random effect. Four models
were tested for each contour level (supplementary material): the first
one only with week of the year as covariate; the second model with week
of the year and size; the third model with week of the year and indi-
vidual effect; and the fourth model with all variables (week of the year,
size, and individual effect). All models used REML as the smoothing
parameter estimation method, and a log-linked Gamma distribution was
fitted as the distribution function because the response variable was
positive, continuous, and right skewed. The best fitting model was
chosen based on the lowest AIC value. If two or more models had similar
scores (AIC <2), the simplest one was preferred.

2.3.3. Depth

Local daily tide values were obtained using the R-package PTti-
daltools (Martins, 2021) to remove the effect of tides on the pressure
readings by subtracting tide height from the raw depth values. The final
depth values correspond to depth compared to the local lowest historical
tide, which were used to calculate average depth every 10 min. Depth
was evaluated in three ways: 1) throughout the year (per day of the
year), 2) throughout the day (per diel phase), and 3) as vertical move-
ments into the water column. Importantly, these depth assessments are
constrained to the detection range of the array and may not reflect the
true depth range occupied by the thornback rays in this area.

1) The variation of depth (response variable) throughout the year was
evaluated using a GAMM as implemented in the R package mgcv
(Wood, 2011). Four models were tested with day of the year (in all
models) and individual size as covariates, while individual was set as
random effect. The first model only contained day of the year, the
second model had day of the year and size, the third model had day
of the year and individual effect, and the fourth model had all factors.
Sex was left out because all individuals with depth data were males.
Day of the year was modelled using a cyclic cubic spline, and a
log-linked Gamma as the distribution function because the response
variable was positive, continuous, and right skewed. After setting up
the models, the best one was selected using the AIC by selecting the
lowest scoring model. If two or more models had similar scores, the
simplest one was preferred (AIC <2).

Depth changes throughout the day were evaluated using linear
mixed-effects models in the R package nlme (Pinheiro and Bates,
2023). Diel phases (daytime, night, twilight) were assigned using the
R package suncalc (Thieurmel and Elmarhraoui, 2019). Diel phase
was preferred over hour of the day for this analysis because with

2
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changing sunlight hours throughout the year certain hours of the day
can correspond to different diel phases, adding noise to the results;
the models included depth as an autocorrelated variable, and indi-
vidual and day of the year as random effects.

Finally, to investigate vertical movements, average depth and posi-
tion every 10 min were calculated and seafloor depth at each COA
was obtained using a bathymetry raster of the study area. Tag depth
was then compared to seafloor depth.

3

-

2.3.4. Activity

Mean activity was estimated as minimum distance covered per time
unit (hereon, step length) between successive COAs in a straight line
using the R package adehabitatLT (Calenge, 2006). Estimations were
done as a global mean and per diel phase. Step lengths of 30 min were
retained and discarded those of longer duration (i.e., 60 min or more) as
these had detection gaps (no detections for 30 min or more) and were
therefore more likely to also include movements outside of the marine
park.

3. Results
3.1. Tagging and detection data

Thirty-five thornback rays were tagged with a sex ratio skewed to-
wards males (29 vs. 6, two-tailed binomial test, p < 0.01). For in-
dividuals Rc 01 to 11 only disc width was measured, so their total length
was estimated based on the size conversion factors of Serra-Pereira et al.,
(2010). Average disc width was 49.26 cm and ranged between 33.50 and
61.00 cm disc width, and average total length (TL) was 72.79 cm and
ranged between 45.00 and 86.18 cm (Table 1). Male disc width aver-
aged 49.41 cm (range 33.50-58.00 cm) and total length averaged 73.57
cm (range 47.18-93.00 cm), while the disc width of females averaged
48.00 cm (range 38.00-61.00 cm), while total length averaged 69.01 cm
(range 45-93.00 cm). Comparing our sizes to regional lengths at first
maturity (TLsp = 67.60 cm for males and 78.40 cm for females, Ser-
ra-Pereira et al., 2011), three of six females (50%) and 21 of 29 males
(72%) were over the total length size at 50% maturity (Table 1). These
individuals were classified as “mature” for reference purposes, as there
was no direct visual inspection of the reproductive organs. Individuals
Rc 22 and 23 were classified as deceased based on their detection pat-
terns and subsequently removed; of the 33 remaining individuals, 14
dispersed at some point during the study and 19 were detected
throughout the entire study period or expected battery lifetime. Of the
eight individuals that were released with the hook still in, five survived,
two dispersed, and one died (Rc 23). An average of 785 + 375 days of
monitoring and a detection interval of 477 + 408 days were obtained
per individual (Table 1).

3.2. Detection patterns and residency

Different residency patterns were noted among individuals (Fig. 2).
Some individuals were steadily detected (e.g., Rc 07, Rc 13), while
others had detection intervals of similar length but presented large
detection gaps in-between (e.g., Rc 02, Rc 33). Some individuals were
infrequently detected over long periods (e.g., Rc 03, Rc 32), while others
permanently left the array shortly after tagging (e.g., Rc 08, Rc 09, Rc
19).

Average residency was Ig = 0.38 (range Iz = 0.00-0.99) and mark-
edly contrasted between sexes, with a much higher average for males
than females (Ig = 0.46 vs. 0.05) (Table 1). Two general detection
patterns were seen among females. Three were detected sporadically
over long detection intervals (Rc 11, 12 and 14, respective D; = 674,
242, 507) and had residency indexes between Ig = 0.07-0.14, while the
other three (Rc 17, 19 and 26) were detected only in their tagging day
and had a residency index of I = 0.00. The female with the highest
residency index (Rc 11) was detected in 188 different days over a
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Table 1

Summary data of the tagged individuals (asterisks by the name indicate individuals with V9P pressure tags), including biological data on sex (M = males, F = females)
and maturity based on length (in cm); residency indices (Dq = days detected, D; = detection interval, D, = monitoring time (all in number of days), Iz = residency index;
dynamic Brownian bridge movement model (dBBMM) occurrence areas at the 50% and 95% (in km?); and individual fish fate following Villegas-Rios et al., (2020).
Asterisks in total length indicate measurements obtained using disc width and the size conversion factors of Serra-Pereira et al. (2010). Asterisks in tag duration
indicate tags that completed their expected lifetime during the study.

R. clavata Sex  Maturity Disc Total Tagging Tag Exp. Date/last Dq D; D¢ Ig dBBMM Fish fate
n° width length date duration data download (km?)
(em) (em) 95%  50%

01 M Mature 52.00 77.27% 30/03/ 1317* 06/11/2022 183 215 1317 0.14 1.93 0.32 Dispersed
2019

02 M Immature 46.00 65.81% 30/03/ 1317* 06/11/2022 937 1323 1317 0.71 214 0.24  Survived
2019

03 M Immature 33.50 47.18* 02/04/ 651* 12/01/2021 9 429 651 0.01 0.00 0.00 Survived
2019

04 M Immature 46.80 67.95% 03/04/ 1317* 10/11/2022 1177 1225 1317 0.89 1.39 0.19  Survived
2019

05 M Immature 46.50 66.52* 03/04/ 1317* 10/11/2022 471 1263 1317 036 1.48 0.16  Survived
2019

06 M Mature 48.00 68.67* 20/10/ 1317 18/05/2023 986 1306 1306 0.75 0.96 0.21 Survived
2019

07 M Immature 45.00 64.38* 21/10/ 1317 18/05/2023 1159 1306 1305 0.89 1.94 0.38  Survived
2019

08 M Mature 58.00 86.18* 21/10/ 1317 18/05/2023 1 1 1305 0.00 - - Dispersed
2019

09 M Mature 56.00 83.21* 21/10/ 1317 18/05/2023 2 4 1305 0.00 0.59 0.13 Dispersed
2019

10 M Immature 47.00 67.24* 22/10/ 651* 03/08/2021 636 657 651 0.98 214 0.26  Survived
2019

11 F Mature 61.00 85.08* 22/10/ 1317 18/05/2023 188 674 1304 0.14 1.54 0.24 Dispersed
2019

12 F Immature 38.00 56.00 06/04/ 651* 17/01/2023 48 242 651 0.07 293 0.50 Dispersed
2021

13 M Mature 47.00 73.00 06/04/ 1317 18/05/2023 762 773 773 0.99 119 0.20 Survived
2021

14 F Mature 54.00 81.00 06/04/ 1317 18/05/2023 63 507 773 0.08 1.08 0.18 Dispersed
2021

15 M Mature 51.00 77.00 06/04/ 1317 18/05/2023 228 773 773 0.29 429 0.42  Survived
2021

16 M Mature 51.00 78.00 06/04/ 1317 18/05/2023 36 50 773 0.05 1.17 0.23 Dispersed
2021

17 F Immature 38.00 54.00 06/04/ 651* 17/01/2023 1 1 651 0.00 - - Dispersed
2021

18 M Mature 50.00 75.00 07/04/ 1317 18/05/2023 81 490 772 0.10 4.07 0.72  Dispersed
2021

19 F Immature 37.00 45.00 09/04/ 651* 20/01/2023 1 1 651 0.00 - - Dispersed
2021

20 M Immature 42.00 57.00 20/05/ 1317 18/05/2023 350 350 729 0.48 1.46 0.28  Dispersed
2021 (hook in)

21 M Mature 58.00 83.00 20/05/ 1317 18/05/2023 622 728 729 0.85 2.80 0.38 Survived
2021

22 M Mature 52.00 80.00 20/05/ 404* 28/06/2022 - - - - - - Deceased
2021

23 M Mature 57.00 71.00 20/05/ 651* 02/03/2023 - - - - - - Deceased
2021 (hook in)

24* M Mature 53.00 69.00 13/10/ 404* 21/11/2022 401 409 404 0.99 227 0.22  Survived
2021

25% M Immature 44.00 64.00 14/10/ 404+ 22/11/2022 158 322 404 0.39 191 0.21  Survived
2021 (hook in)

26 F Mature 60.00 93.00 15/10/ 1317 24/05/2025 1 1 1317 0.00 - - Dispersed
2021 (hook in)

27% M Mature 49.00 71.00 03/05/ 404 18/05/2023 228 373 381 0.60 3.79 0.65 Survived
2022

28* M Mature 54.00 86.00 03/05/ 404 18/05/2023 318 379 381 0.83 4.22 0.59  Survived
2022

29 M Mature 48.00 82.00 04/05/ 651 18/05/2023 103 378 380 0.27 294 0.32  Survived
2022 (hook in)

30* M Mature 50.00 80.00 04/05/ 404 18/05/2023 164 369 380 0.43 1.61 0.32  Survived
2022

31* M Mature 47.00 80.00 04/05/ 404 18/05/2023 206 372 380 0.54 3.07 0.42 Survived
2022 (hook in)

32 M Mature 54.00 78.00 04/05/ 651 18/05/2023 79 331 380 021 291 0.53  Survived
2022 (hook in)

33 M Mature 53.00 78.00 04/05/ 651 18/05/2023 86 313 380 0.23 331 0.65 Survived
2022 (hook in)

(continued on next page)
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Table 1 (continued)
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R. clavata Sex  Maturity Disc Total Tagging Tag Exp. Date/last Dy D; D¢ Ig dBBMM Fish fate
n° width length date duration data download (km?)
(em) (em) 95%  50%
34 M Mature 48.00 80.00 04/05/ 651 18/05/2023 128 148 380 0.34 2.33 0.33 Dispersed
2022
35 M Mature 46.00 77.00 04/05/ 651 18/05/2023 8 16 380 0.02 1.69 0.32 Dispersed
2022
Total 35 24 mat, 11 49.26 72.79 933 298 477 785 0.38 2.18 0.33
imm.
Males 29 21 mat8 49.41 73.57 913 353 530 762 0.46 221 0.33
imm.
Females 6 3 mat, 3 48.00 69.01 984 50 238 891 0.05 1.85 0.31
imm.
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Fig. 2. Abacus plot of thornback ray detections, colour-coded by area: total protection area (blue), partial protection area (green), buffer area (yellow) and Sado
estuary (red). Vertical solid dashes indicate expected battery expiration dates, and the dotted vertical line marks the end of the study period. Asterisks by individual

names indicate females.

monitoring period of 1317 days.

Average residency between tagging years (2019 and 2021) did not
vary significantly (Ig, 2019 = 0.44, Ig, 2021 = 0.33: ANOVA, F = 0.29, p
0.75). Disc width was not correlated with residency (r(31) = 0.03, p =
0.87).

Five males were detected in the buffer area in front of the port of
Sesimbra. Four were detected in this area between days of the year 200
and 300 (mid-July to late October). These detections occurred in
consecutive years in the cases of Rc 02 and Rc 18. The start of the
detection window of Rc 28 in the buffer area overlapped with the
window of the other individuals, but extended to December and the first
days of January. One mature female (Rc 11) was seasonally detected in
Sado in two consecutive years, between late October and late November
in 2019 and mid-August to early October in 2020 (supplementary ma-
terial). No individuals were detected in the Tejo estuary.

The best GAMM model for describing the presence of thornback rays
in the LSMP included the effects of day of the year and individual factors
(AIC 14769.61). The probability of presence of thornback rays varied
throughout the year, as there was a significant effect of day of the year
(GAMM: edf = 7.26, Chi.sq = 30,794), and as well as of individual
variability (GAMM: edf = 21.89, Chi.sq = 4470), both with p < 2e-16.
The deviance explained by the model was 38%. Probability of presence
varied between approximately 0.29-0.71. Its highest value was
observed during late winter and throughout spring, after which it

decreased during summer to its lowest at the beginning of autumn. Then
it started increasing again throughout autumn and winter, with a period

o
o
]

0.4+

Probability of presence

0.2

160 200 240 | 280 320 360
Day of the year

0 40 80 120
Fig. 3. Predicted probability of presence of thornback rays in the LSMP
throughout the year. Included were individuals with around a year or more of
data (n = 23). The area in green represents the 95% confidence interval. Grey
shading represents seasons of the year (from left to right: winter, spring,
summer, autumn, winter).
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of stability at around 0.50 from late autumn to early winter (Fig. 3).

3.3. Occurrence area

Total and weekly occurrence areas were calculated for 29 of the 33
available individuals, as four individuals were excluded due to insuffi-
cient detections (Rc 08, 17, 19 and 26, and Rc 03 for the calculation of
occurrence area per diel phase). The total occurrence areas averaged
0.33 km? (range 0.00-0.72 km?) at the 50% level and 2.18 km? (range
0.00-4.29 km?) at the 95% level. The contours of all areas were located
inside the partial and full protection areas, except for an isolated
segment of the 95% contour of Rc 18, which fell in the buffer area. Rc 28
was also frequently detected in the buffer area, but none of its occur-
rence areas included this protection level (Fig. 2). Per diel phase, the
respective average 50% and 95% total occurrence areas were 0.30 and
1.82 km? for daytime, 0.43 and 2.00 km? for night-time and 0.28 and
1.68 km? for twilight.

Total occurrence area did not significantly correlate with disc width
at the 50% (r(27) = 0.22, p = 0.26) or 95% levels (r(27) = 0.24, p =
0.23). To evaluate sex-based differences, a two-tailed Welch’s t-test of
uneven variances was used because of the uneven sex ratio (n = 26 vs.
3). No statistically significant differences were obtained for either 50%
(Welch’s t-test; t = 0.26, p = 0.81) or 95% area estimations (Welch’s t-
test; t = 0.61, p = 0.60).

The weekly occurrence area GAMM that best fit the data did not
include size and included individual as random effect (AIC = —1895.06
for 50% and AIC = 3810.53 for the 95% level, supplementary material).
In this model, week of the year significantly influenced the occurrence
areas (50%: GAMM: edf = 3.49, F = 3.57, p = 1.41e-05 and 95%:
GAMM: edf = 4.544, F = 3.89, p = 6.76e-07). Individual effect was also
significant for both contour levels with p < 2e-16 (GAMM results for
50%: edf = 22.20, F = 12.39; for 95%: edf = 20.17, F = 7.17). The
deviance explained was 20.5% for the 50% weekly occurrence area and
14.8% for the 50% areas. Weekly occurrence area decreased from the
beginning of the year to its lowest in spring, between mid-April and May.
After this point, areas increased and reached their highest point in late
summer and early autumn, to then start decreasing again towards the
end of the year (Fig. 4).

95%

0.5

TTT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T ITTTT

50%

0.1+

Occurrence area (km?)

0.0

| L AL L LU L LN e B B O I
0 5 10 15 20 25 30 35 40 45 50
Week of the year

Fig. 4. Occurrence area of thornback rays in the LSMP throughout the year.
Predicted probability of the change in weekly occurrence area at the 50%
(green) and 95% level (purple). Coloured area indicates the confidence in-
tervals, and the shaded background indicates the seasons of the year (in order
from left to right: winter, spring, summer, autumn, winter).
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3.4. Depth

Six of the seven V9P tags yielded between 158 and 401 days of depth
data. Depths ranged between 0.50 and 74.90 m, close to the tag’s depth
sensor limit of ~76 m. Of all depth readings, only 129 were shallower
than 5 m; these were obtained from five of the six individuals: Ra 24
(8.50% of readings), Ra 25 (1.60%), Ra 27 (3.20%), Ra 28 (28.80%) and
Ra 31 (60.80%). All individuals but Rc 25 were detected deeper than 60
m (max. depth of Rc 25 = 38 m).

Per diel phase, all individuals were deeper during daytime than
twilight and the night. All individuals except Rc 25 were found at their
shallowest during the night (Table 2). The linear mixed-effects model
indicated a significant effect of diel phase on depth. With daytime as
reference level (estimate = 19.26), the coefficients for twilight and night
were respectively —1.00 and —0.94, predicting that they occur shal-
lower in these diel phases and particularly at night. Post-hoc tests
showed statistically significant differences between daylight and both
twilight (difference = 1.00, p < 0.01) and night (difference = 0.94, p <
0.01), and not between night and twilight (difference = —0.60, p =
0.21).

The best scoring GAMM included day of the year and individual as
random effect (AIC = —12279.71, supplementary material). Day of the
year had a significant effect on depth (GAMM edf: 6.29, F = 52.48, p <
2e-16) and so did individual effect (GAMM edf: 4.89, F = 46.10, p < 2e-
16). Deviance explained was 38%. The GAMM predicted an increase in
depth from day of the year 1 until around day 250 (early September), the
deepest point in the year. Depth did not decrease uniformly: it declined
steadily until day 120 (end of April-beginning of May) and then slightly
increased until around day 180 (end of June), to then abruptly decrease
until about day 250. Depth then increased rapidly until the end of the
year. The shallowest depths were attained from late December to early
February (Fig. 5).

3.5. Activity

Two individuals were removed for having an insufficient number of
steps (Rc 03, 5 steps; Rc 09, 28 steps). Overall, Rc 32 presented the
highest step length average (127.22 m), and Rc 06 the lowest (27.16 m)
(Fig. 6). Per diel phase, the depth of all individuals combined was on
average highest during the night (86.22 m) followed closely by twilight
(82.47 m) and lastly by daytime (60.81 m). Conversely, most individuals
recorded their highest average during the night (n = 15), followed by
twilight (n = 9), and day (n = 3), while most recorded their lowest
averages during the day (n = 22), followed by night (n = 3) and twilight
(n=2).

4. Discussion

Understanding the effects overexploitation has on fish populations is
a necessary step to address its ecological, economic, and social conse-
quences (FAO, 2020). Thirty-five thornback rays were tracked to
improve the understanding of their movement patterns and to obtain
results on their long-term residency, diel changes in occurrence area and
activity, and (although limited) depth use. To our knowledge, this is the
first long-term study to track this species in southern Europe, as most are
from the English Channel. This provides movement data for a region
with different environmental conditions, hydrology, and fishing pres-
sure, which is valuable to inform local management decisions in the
LSMP and other similar coastal MPAs.

4.1. Space use

4.1.1. Seasonal space use

In general, thornback rays were mostly detected in the full and
partial protection areas. Few individuals (n = 6, 18% of tagged in-
dividuals) were detected in either the buffer areas or the Sado estuary,
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Table 2
Minimum, maximum, and median depth of each thornback ray with an Innovasea V9P tag, per diel phase and overall.
Raja clavata Daytime Twilight Night Total
Min Max Median Min Max Median Min Max Median Min Max Median
24 8.55 73.80 15.10 3.71 69.70 14.80 2.33 73.90 13.80 2.33 73.90 14.60
25 11.20 37.70 16.80 7.00 29.80 16.40 4.74 29.20 16.40 4.74 37.70 16.60
27 7.24 74.90 20.30 4.72 74.80 17.40 4.26 73.20 15.20 4.26 74.90 17.10
28 9.45 45.40 24.30 2.31 52.60 17.90 0.53 61.70 15.70 0.53 61.70 20.00
30 6.34 56.30 19.40 7.70 56.70 17.70 5.32 69.20 16.90 5.32 69.20 18.10
31 4.55 74.40 15.10 4.45 34.20 13.70 1.09 53.90 13.30 1.09 74.40 14.00
individuals were detected there at similar times of the year (i.e., after the
1 200th day of the year) in two consecutive years, and three additional
16 individuals were detected once but at a similar time of the year. The
) female that was detected in Sado also presented a similar pattern over
— 187 two consecutive years. However, to more robustly assess this, receiver
:i/ R coverage would need to be increased in the buffer areas and Sado.
220 Although the results of the resident individuals suggest that the
. presence of thornback rays in the LSMP fluctuates with the seasons of the
2] year, they were still in the LSMP throughout the year and presence never
i decreased to 0, for example as noted for Dasyatis pastinaca (Kraft et al.,
24 2023b). This, and the general variability observed in detection patterns
0 40 <0 120 160 | 200 | 240 280 | 320 260 (i.e., transient and resident individuals) is a characteristic of populations

Day of the year

Fig. 5. Depth variation of thornback rays in the LSMP throughout the year.
Result of the General Additive Mixed Model assessing how depth varies
throughout the year. Confidence interval shown in blue. Grey shading repre-
sents seasons of the year (from left to right: winter, spring, summer,
autumn, winter).

which could be at least partially attributed to the lower receiver
coverage. The detections obtained from the five individuals in the buffer
area indicate that there might be recurrence in these movements, as two

that present partial migration, which has been reported in elasmo-
branchs as well, but has been seldomly investigated (Chapman et al.,
2012, 2015).

This seasonal pattern resembles findings from other areas of the
North Atlantic, although the function is unclear. For example, thornback
rays in the Bay of Douarnenez (France) move into shallower waters in
early spring to mate (Rousset, 1990). A similar increase in presence was
seen between March and August in the Thames estuary (United
Kingdom), to then return to deeper waters during autumn and winter
(Hunter et al., 2006), although in the western English Channel they
appear to remain inshore year-round (Humphries et al., 2016). A
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Fig. 6. Average step length per thornback ray per diel phase. Averages represent the distance covered per 30 min per diel phase per individual. Dotted lines indicate
the average distance per diel phase: day (60.81 m), night (86.22 m), and twilight (82.47 m).
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seasonal presence was also described off the northwest Iberian Peninsula
in Spain, with a high point in summer (Papadopoulo et al., 2023).

4.1.2. Diel space use

Before discussing these results, an important difference between the
present study and other studies that have investigated depth distribution
in this species, e.g., (Humphries et al., 2016; Hunter et al., 2006), needs
to be highlighted. In the present study, the estimation of depth was
limited to the detection range of the array and tag depth (pressure)
sensor limit of ~76 m. Other studies have used data storage tags (DSTs)
(Humphries et al., 2016; Hunter et al., 2006), which are not constrained
to an acoustic array and provide a more fitting alternative to study the
depth preferences of these species. Consequently, our approach
restricted our survey to the shallow end of the depth distribution of
thornback rays, which can reach up to 1000 m in many areas (Last et al.,
2016). Therefore, although thornback rays can restrict their occurrence
to shallow waters (e.g., Humphries et al., 2016), the underestimation of
depth preferences cannot be ruled out in this study, limiting our in-
terpretations to their movements within the array.

The diel changes in activity and depth displayed by the thornback
rays are shared with several elasmobranchs (Hammerschlag et al.,
2016). Diel vertical migrations or nocturnal ascent has been described
for thornback rays and other skates in the genus Raja (Humphries et al.,
2017; Poos et al., 2023; Speed et al., 2010; Wearmouth and Sims, 2009).
This can function as a strategy to forage, as well as a predator avoidance
strategy seen in central place foragers like many batoids, with which
shallow productive feeding grounds are traded for deeper and safer
areas (Humphries et al., 2017).

However, the diel changes in activity and in occurrence area in our
study did not completely correlate; despite the increase in activity
during all dark periods, occurrence area was greater in daytime than
twilight. Although many elasmobranchs become more mobile during the
night and twilight, reflected as increased activity and area of use
(Hammerschlag et al., 2016; Humphries et al., 2017), the consistency of
this as a general pattern in elasmobranchs is still to be demonstrated
(Hammerschlag et al., 2016). A possible explanation for this result could
be the coverage of the acoustic array. If it is not accurately covering the
occurrence area of these individuals, the estimation of how changes
across diel phases could be affected (i.e., the array is capable of assessing
changes in activity, but not occurrence area).

4.1.3. Sexual segregation

Combining the 195 males and 123 females captured in this and in a
previous study in this area (Martinez-Ramirez et al., 2021) results in a
total male-biased sex ratio of 1.6:1. Although this is more balanced than
our study (29:6, or 4.8:1), it still deviates from an expected 1:1 ratio
(binominal test, p < 0.01). The sampling in these studies was conducted
in different seasons (mainly spring and autumn), which lowers the
likelihood of a seasonal bias. Additionally, our results showed that fe-
males were not only less abundant but also spent over nine times less
time within the protected area than males (Ig = 0.05 vs. 0.46).

These factors suggest that thornback rays may be sexually segre-
gated, with the frequency of females increasing with depth. Depth-
related sexual segregation has been reported for thornback rays
before. For example, between Ericeira (West coast of Portugal, app. 100
km north of the LSMP) and Nazaré (app. 39° 36’ N, 9° 04’ W) females
were more abundant closer to shore and males became more dominant
deeper than 100 m (Serra-Pereira et al., 2014). Females also had an
overall higher presence in the Azores (1:1.61) (Santos et al., 2021). In
other areas, females have reported to be more abundant in the northwest
Iberian Peninsula (Papadopoulo et al., 2023), in the Thames, England
(Hunter et al., 2005), the Western English Channel (Simpson et al.,
2021), and other areas of Ireland and the British Isles well (Day, 1880).
In other areas like the Bay of Douarnenez, France (Rousset, 1990) and
the Gulf of Gabes, central Mediterranean (Kadri et al., 2014), males were
more common and females increased in abundance in deeper waters.
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This kind of population distribution in skates can arise from several
factors, for example from physiological differences between sexes that
result in distinct diet and habitat requirements, or from females seeking
to avoid male harassment (Simpson et al., 2021). In connection with the
previous comments on the depth limitations in this study, this could be
further investigated by tagging females with data logging tags like
pop-up satellite archival tags (PSATs) or DSTs to evaluate their depth
preferences.

4.2. Conservation and management

A better understanding of the movement patterns of a species can
directly benefit spatial protection efforts like MPAs by using this data to
inform management and conservation decisions (Knip et al., 2012). In-
formation on the spatial ecology of a species is important for this pro-
cess, as it provides an idea of how the spatial characteristics of an MPA
(e.g., size and position) influence protection and mitigate risk exposure
(Abecasis et al., 2014b; Papadopoulo et al., 2023; Villegas-Rios et al.,
2021).

The LSMP’s reserve effect on soft bottom fish species was assessed by
two studies using fishing surveys (Martinez-Ramirez et al., 2021; Sousa
et al., 2018). While both found a statistically significant increase in
thornback ray biomass over time, only one detected a significant in-
crease in abundance, size, and a positive reserve effect (Sousa et al.,
2018). Although reserve effect might be a long process for species of
slow life history traits and large sizes like most elasmobranchs (Marti-
nez-Ramirez et al., 2021; Sousa et al., 2018), spatial closures have been
regarded as an effective management strategy for thornback rays,
especially during their reproductive season (Hunter et al., 2006; Wie-
gand et al., 2011). Other protection measures have also been instituted.
A seasonal closure is established during May and June, contributing to
the protection of this species by prohibiting the capture of skates in
mainland Portugal (Portaria no 315/2011 and Portaria no 47/2016). A
minimum landing size of 52 cm in total length was also introduced
(Serra-Pereira et al., 2018). Considering the higher number of thornback
ray males and their higher residency, males may be better protected
than females in the LSMP. This is important to consider for the man-
agement of the marine park, as sexual segregation can result in uneven
protection (Mucientes et al., 2009). The protection of large females is
prioritized in the management of many elasmobranch fisheries because
of their reproductive potential and the dependence populations have on
them to recover (Dell’Apa et al., 2014; Wearmouth and Sims, 2008). It is
important to acknowledge these intra-specific differences to obtain a
more realistic estimation of the protection MPAs provide.

The LSMP’s full protection area and the two adjacent partial pro-
tection areas provide a combined 11.09 km? of continuous protection to
thornback rays and other elasmobranchs, as these species are not
affected by the activities allowed in these protection levels. This com-
bined surface is almost 3 times the largest total 95% occurrence area
estimate, and almost 6 times the total average. However, the LSMP can
be as narrow as 450 m in this protected segment, which increases their
chances of reaching or crossing the border. Because risk increases with
greater proximity to the border when inside the protected area, the
position of the occurrence areas of thornback rays in relation to the
MPA'’s border is relevant as well (Villegas-Rios et al., 2021).

In this sense, offshore movements could pose as a greater risk source
compared to movements along the coast, exposing them to factors like
edge effect (Ohayon et al., 2021) and fishing the line (Kellner et al.,
2007). Similarly, the observed diel changes in movement, of greater
activity during night and twilight, could also indicate an increase in the
chances of nearing or crossing an MPA’s border and of encountering
passive fishing gear, which are usually set for 24 h (Hammerschlag et al.,
2016; Uusiheikkila et al., 2008).

Risk exposure can also change inside the marine park if it has
different protection levels (Abecasis et al., 2014b). Ventures of thorn-
back rays into the buffer area also expose them to fishing, as activities



S. Kraft et al.

that could catch them are permitted in this protection level. The
restricted time period in which individuals were detected there may
suggest that this source of risk is seasonal, although this remains to be
better assessed. The effectiveness of measures like temporal gear re-
strictions, despite increasing MPA’s efficacy (Simpson et al., 2020), also
remain to be evaluated. This is required to properly estimate the number
of individuals that move into this area and gauge the effect such re-
strictions could have on other goals of the LSMP, which could be
addressed in future studies.

Throughout the year, thornback rays seemed to be best protected
during late winter and spring, as the simultaneous higher presence,
smaller occurrence areas, and shallow depth suggest a restriction of their
movements to around the coastal area of the LSMP. After spring, and
especially after mid-summer, occurrence areas expanded and the pres-
ence of thornback rays decreased in the MPA, suggesting they gradually
start making use of larger areas as summer progresses, which likely
drives them out of the protected area. An example of this is the detection
of a mature female in the Sado estuary in two consecutive years. To
investigate the longer-distance movements, use of nearby areas, and true
depth preferences of this species (i.e., not constrained to the detection
range of the array and the acoustic tag’s depth limit), additional tagging
technologies such as PSATs and DSTs could be employed. This could
contribute to the evaluation of the impact of and placement of additional
protection areas to support the protection of this species.
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