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Executive Summary

Understanding the spatial ecology o§pecies is essential to assess its vulnerability to environmental
and anthropogenic stressors and to evaluate the efficiency tdmi@ml management measurements.
The undulate ray,R.undulata as a late maturing, slow growinglJow fecundity endangered
elagnobranchspeciess particularly vulnerable to exploitatiorvet, to date the application adpecies
specificmanagement tooldiasproven to be challenging, simply due to insufficient informatioriten
biology and ecologyOnly few studies have addresstn effectiveness apatial protectiormeasures

for skates and even ledsied to identify the environmental drivers for the distribution. The
distribution of R.undulatahas been shown to diffebased on sex anbody sizeand might be driven

by biological and seasonal cyclesorder to identify the environmental and biological drivers for the
movement and behaviour oR.undulaa, we used avVPS (Vemco Positioning Systeatpustic
telemetry arraycovering an area of@ 0@ m2 within an MPAnN the Galician coagNW Spainhere
aggregations oR.undulatahave been previously observelovements of 44 individuals (21 females,
23 males) and environmental conditions (temperature and upwelling) were monitored from June to
December2019.Generalised Additive Mixed Models were useddentify the drivers for presence,
space use and activityatterns in our study areaR.undulatashowed a relatively high sitédelity
(residence indeX.65+ 0.22) and small home range area#fating in shape and size between day
(188483+ 698439m?2) and night(263524+ 78420m?2). Movement and behaviour were mainly driven
by diel and seasonal dgs, with environmental factors being less important drivers of behavidlg
foundno effect oftbody sizeWhile the presence in the study area and home range size decreased from
summer to autumn, activityncreasedtowards mid-September and differed betgen sexeslow
activity levels during the dayereassociatedvith resting behaviourburiedin sand andactivity peaks
during the night are likely to correspond to foraging behavi@patial management measwéhat
encompassggregation®f individualsn combination with temporal closurder commercial fisheries
when individuals are moractive might be suitablefor this speciesHowever, longerm studies are
needed to assesthe reoccurrence ofggregationsndthe potential role of reproductive bedviour

as anunderlying biological driver.



Abstract

Fatial ecology and behaviour of a spedgessential to assess its vulnerability to environmental and
anthropogenic stressors amnsequentlydevelop efficiency management strategi€asmobranchs

as kstrategy species are particularly vulnerable tpitation, especially in coastal are&pecies
specific conservation management has proven to be challenging, due to insufficient information on
their biology and ecology. In this study we dse\WS acoustic telemetry array tdentify biological
and environmental driverfor presence, space use and activitiythe endangeredundulate ray Raja
undulata, within an MPAIn the southern Galician coa@{iW Spaih Movement and behaviowvere
mainly drven by diel and seasonpéhtterns activity levels differed between sexes atemperature
and upwelling conditionsvere less important driverdor behaviour No effect of body sizevas
observed While the presence in the study area and home range sizeedsed from summer to
autumn, activity icreased towards mibeptember and followed a clear diel cycle with nocturnal
activity peaksWe hypothesised thaforaging and reproductiomare likel to be themain underlying
biologicaldrivers Our workthus represents an important contribution to thenderstanding of the
ecology of this endangered, yet commercially important skate in Europepamddes important
insightsfor management strategies.

Keywords acoustic telemetry, VPS, spatial ecoldgyundulataenvironmental driver
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Introduction

The importance of space and behaviour for ecology of aquatic an{iwall & Weissing 2012; Tilman
& Kareiva 1998; Nathan et al. 2008)d the efficient management of marine resources is broadly
recognised Cardirale et al. 2011; Gandra et al. 2018; Kaplan et al. 20hQhe context of a rapidly
and drastically changing marine environm¢Bindoff et al2019) however, it is crucial to identify the
environmental and biological drivers that determine spatial and behavioural pat{@cislaff et al.
2014) to evaluate not only ha animals use space but also to assess their vulneralidity
environmental andanthropogenic stressors

Marine protected areas (MPASs) are a popular 8oluto manage fisheries and protect vulnerable
species(Gandra et al. 2018)They aim to buffer two fothe main threats for maringpopulations
overexploitation(Halpern et al. 2007and habitat losgDulvy et al. 2003)The efficiency of an MPA,
however, highly depends on the degree of protection and the exgiment of regulationgAlvarez
Fernandez et al. 202@nd, even more fundamentally, on the spatial ecology and behaviour of a
speciegGandra et al. 2018)The capacity of an MPA to encompass movements of local populations
acrossdifferent temporal and spatial scales and to protect esséri@bitats, such as breeding or
nursery groundgAbecasis et al. 2018etermine the suitability of an MPA for a particular species.

is thus essential to identify the driverof these movements and to predict the spatial behaviour in
order to evaluate the performance of an MPA and provide guidelines for future management planning
(Gandra et al. 2018; Crossin et al. 2017)

Elasmobranchs are late maturing, slow growingy fecundityspecies which make them particularly
vulnerable to exploitation, especially in coalseécosystems, where they are exgeal to a broad range
of anthropogenic pressure®ulvy et al. 2014)Yet, speciespecific conservation management has
proven to be challenging, simply due to insufficient information on theiolgypand ecologiElliott et

al. 2020) Traditionally, the movements of skates has been assumed to be limited, espéatially
comparison to sharks, butthas been shown that some of them indeed move over long distances and
even display complex movement patterrsich as diel vertical migrations through the water column
(Wearmouth & Sims 2009; Siskey et al. 20Hy)wever, only few studies have addressed species
specific spatial protection effectiveess for skate@Neat et al2015; Wiegand et al. 2011; Seust al.
2019; Simpson et al. 202@nd even less tried to identify the environmental drivers for their
distribution (Elliott et al. 2020; Figueiredo et al. 2020)

The undulate rayRaja undulata Lacepéde, 1802s a coastal,elasmobranchspeciesclassified as
endangeredby the IUCN Red LigEllis et al. 2015and occurspatchily distribued from southern
Ireland andEngland to SenegéEbert & Stehmann 2013n Galicia, NW SpajR.undulataisthe most
common commercial Rajidae species captured by small scale fishery fleets and its stocks show a
decreasing tren@AlonseFernandez et al. 2019js preferenceor shallow, sandy habita{&igueiredo

et al. 2020)may imply increasesulnerability, particularly during juvenile stagesompared b other
skate speieswith a preference for deeper waters, e Bajaclavataand Rajamontagui(Elliott et al.
2020) Desiite their high vuherability, spatial protection measurements for this species have not been
assessed yeWhileSousa et a(2018)investigated the suitability of an MPA as measurement of spatial
protection for softbottom fish and found a positive response of some species, the effectiveness for
R.undulatacould not be assessed due to its low abundamdere targetedspeciesspecift studiesat

sites of higheabundanceare needed to assesise vulnerability of the species

Furthermore, most of the studies investigating the spatial ecology and movements of Raigrson
et al. 2020) includingR.undulata (Ellis et al. 2011use capturemarkrecapture methodsThesedo
not allow to study movement patterns at high spatial and temporal resolution and uninterruptedly



over long temporal scales, which are crucial to assess fheteenesof an MPA. Acoustic telemetry
however, enables the continuous monitoring of the movement of the spediesour knowledge, only
one other study used acoustic telemetry f&.undulata to estimate survival rates of fisheries
dischargegMorfin et al. 2019)another important aspect for the conservation and protection of this
species

Here we aim tgrovide insights into théehaviour anl movement patterns oR.undulatawithin an
MPAacross different temporal scales and to identify their biological and environmental drivers. We
expect that both have an effect on the presence, space use and activity as the distribution of
R.undulatahasbeen shown to differ based on sex and body size and might be driven by biological and
seasonal cyclg&lliott et al. 2020; SerrRereira et al. 2015; Ellis et al. 201Ryinvestigatirgthe effect

of sex and bodgizeas well as temperature and upwelling intensity on tiehaviour and movement
patterns of R.undulata we hope to be able to provide valuable information ffficient spatial
management strategies.



Material & Methods

Study system

This study was conducted at the Chashipelago (Galicia, NW Spakigurel) between April and
December 2019The Cies Archipelago is part of the National Parkjue Nacional Maritimo Terrestre
das llhs Atlanticas de Galici®NMTIAG) and comprises an area 008@ 000m2 wherecommercial
fishing is allowed with some gear regulations, while recreational fishing is forbigtmmselleira de
Medio Ambiente, Territorio y Viviende2/27/2018) It is located in the Southern part of the Galician
coast, which is charadised by a series of estuarine inlets, the Rias Baixas. Located at the
northernmost limit of the Eastern North Atlantic Upwelling Sys{&maga 1981 favourable upwelling
conditionsthat bring cold nutrientrich waters into the riaprevail during spring and summéForres
2003; GomeZesteira et al. 2006}-or our study, we selected a shallow coastal area (max defpth
m) between the two mai islands bthe archipelagdFigurel).

42.21a=m.
Cies

42.216°N 1 Archipelago

42 214°N 1 3 T y
B A

g jMJ ‘ fue
42.212°N 1 ‘* Ria de :
Vigo Vigo
L] 0 : }/‘&

2 3qep 4 Cies ..\
42.21°N Archipelagocb
* Acoustic receiver stations ® Reference Tags E\M
Y Tagging location < Temperature datalogger
42 208°N 1
8.91=W 8.905°W 8.9°W 8.895°W 8.89°W

Figurel. Map of study sitelLocation of Galicia (A) and the Cies Archipelago (B), showing our receiver ¢
with acoustic receiver locations (red), tagging location (purpéfgrence tag positions (blue) drtemperature
data logger (green)

Acoustic Telemetry

Range Test

On 16" April 2019,a preliminary range test was carried out at the study s&égVemco range test
tags V13 and V16ith afixed delay of7 sec.Fourteenreceivers were deployedose to the bottom
in a straight lineat 25 50, 75, 100, 125, 150, 175, 200, 250, 300, &M, 500 and 600 m from the test
tags Each tag type was deployed subsequently and tested for a period of 1Nwmber d detections
decreased considerably (<50%) at distances ¥2@@r V13 and >250 m for V1Bigure 3).

Receiver Array
Based on the range testsults aVemcoVPS system that included Y®R2W acoustic receivers apd
synchronization tagsvasdeployed in the study are@AMIRIX Systems Inc. 201Bjstance between
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neighbouringeceiversvas~150 m to assure good coverage and overlapping recdatectionranges
within the sudy area. Receivers were atteed to the upper end of a metallic auger anchor (140 cm
high) and screwed ~60 cm into the substrétéllegasRios et al. 2013)or receiver station 3 and 4,
where the substrate was tooand to screw the anchor intthe substrate, the receivers were attached
to a concrete block with a rope and a fleafLink S). Receivers were placed at depths between 4 and
13 m and the array covered an area~800 000m?2, with a higher density closeotthe locationwhere

fish were tagged and released as well as closer to the shorelireedar to assuresufficientdetection

of the transmissioramongrocky areas.

Two variables were used to monitor the environmerntahditionsin the array.Upwelling hdex (UI)
for the Rias Baixas was computed over 6 hour intefea2019 based on data collected by tpanish
Institute of Oceanography(http://www.indicedeafloramiento.ieo.es/index_Ul_en.htil Positive
values of Utorrespondto upwellingevents and egative values to downwellingsonzalefNuevo et
al. 2014) Sea temperatug was monitored using a ©Star:ODDI DST CTD agerdeployed ata
receiver station close tour tagging locatiorto record temperature every 20 mins starting frorfi 5
June 2019 until the end of the study.

Tagging

A total of44individuals (21 female23 males) oR.undulatawere taggedn the study area30in May,

2 in Juneand 12 in October 2019Table Sl). All individuals werdagged close tan area where
recreational divers ha previously reported high desities of R. undulata(José Iriarri, Gonzalo
Mucientes, pers. comm.)The skates wer captured by scuba divers at-12 m depthand slowly
brought to the surface (3 m/min) inside a net Dig length of the individualsvas measured to the
nearest centim&e and used as thebody size indicator in thenalysesas somendividuals had an
incomplete tail. 8xwasvisuallydetermined After measurements were takethe acoustic tags were
surgicallyimplanted in their peritoneal cavitylO individuals were taged with Vemco V18x-A69
1602 transmitters, with a random sigrtehnsmission delay of 480s, 10 individuals with Vem®&aL3
1x-A691602 transmittersand 24 individua with Vemco/13-1x-A69-9006transmitters both with a
random signal transmission delaf/80-160s. Two reference tags (V13 and V16) were deployed inside
the receiver array as recommended Bgayne et al(2010)in order to assess possible eronimental
effects on the detection patterns.

Individuals werahen externally tagged with-bartagsto avoid capturing the same skate in sessive
tagging trips and to enable fisheis report their recapturesSkates were allowed to recover in a net
floatingattached tothe boat andater releasedat the capture locatiomising a custoamade cagehat
accompaniedhem to the bottom(Link S1. GPS position, depth, date and hour of release as well as
time on board, i.e. time out of the water, were recordéat each tagged fish. Thentire tagging
procedure took 5+ 1 min.

The present study followed animal welfare national regulations (Real decreto 53/2013iddebrero
de 2013, published iB.O.E. n° 34on 8 February 20)3with the correspondent authoriion of
experimental animal projecExpediate N* ES3605702020019/FUNO01/BIOL AN.08/AAFQ1).

Data Processing

A totalof 3 161 294 detections werdownloaded on 3 December 201@nd processedy Vemco in
order to obtain VP Spositionsfor each fishOnre individual( TAGRUN19-12) that wasfound dead by
diversin an abandoned fishing netas removed from the analyses due to uncertainfythe death
date.



Data filtering

Data were filtered to remove potential spurious detectiodgfined as any single tramitter code
occurringaloneat a specific receiver within a 24 h perige=84; 0.003%(Meyer et al. 2007)The VPS
position data was filteredacording to the Horizontal Rition Error (HPE) value provided by Vemco.
Vemco provides this relative, unitless estimate of how sensitive a calculated position is to errors in its
inputs. For the reference tags, Vemco also provides anHWREich indicateghe position error in
meters.As suggested b{smith 2013HPE and HREvere compared by binning grougps calculated
positions based on ranges of HPE. In order to retain enough data with a possibly small error, only VPS
data with HPBEK50 were used for the analysihis corresponds to the upper limit of the'™@Bin of

the HPBvalues calculated from theference tags. This limit was chosen based on the cumulative mean
HPE, over the bingFigure 8). The HPFof all reference tag positions with HFH0 is 1.5 3.0 m and

can be interpréed as a rough estimate for the position error in our study system. Thus, carefully
inferred also for the calculated fish positions. From 356 886 initial positions, 340 5i6ibp®$95.4%)

were retained and used for further analysis.

Trajectory calculadbn and interpolatiorof positions

The VPS positions were used to calculate trajectories betwaasitions Each trajectory was
characterized by the following metricstistane between successive relocations (dist), time between
relocations (dtlas well @ increments in x and y direction (dx and dy). From these trajectories, speed
(v) was catulatedas

o —

In order to assure that all the movements within the stuahga are represented in our database we
interpolated some positions and tragtories This was don& account for technical restrictions, e.g.

loss of signal in rocky areas or when individuals are buried in sand. We assumed that when the skates
are buria in the sandtheir transmissions do not reach the receiveas in other agustic telemetry
studies(Al6s et al. 2012; Grothues et al. 2012; Gandra et al. 20d&)rder to distinguish between
events when we do not have detections becauseyt are not present in our study area and events
whenwe do not have detections because they are predaut buried, wefollowed a decision tree
(Figure2) ard performed several filtering and interpolation steps thare based on the following
assumptions:

1) We assume linear movement between two detections

2) If the time inkerval between two positions corresponds to 1 transmission deleyassume thathe
skates are moving within our study area.

3) If the time nterval between two positions is smaller than 2 maximum transmission delays,
assume thathe missing transmissi is due to technical restrictions, i.e. when skatesve between
rocks.

4)If the time interval between two positions is bigger than 2 maxin transmission delays and smaller
than 12 hours and theestimated distance is smaller than 10 mye assume thatthe missing
transmissions are due to the skates being buried in the sand.

We filtered the data and interpolated the missing positicaared trapctoriesin between the above
mentioned time intervals. Since, we aimed to model only the activity of individuigtin our study
area,with thesefiltering stepswve alscexcluded all the trajectories between positiaihat we assumed
correspondo movements leaving and returning tthe study area
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Speed was calculated for all new trajectories, as wetlistance travelled, time between relocations
and a new start and end point of the trajectoriés.order to also include the events when skates are
buried in the sand in thome range IR estimation, thestart and end positions of the interpolated
trajectories were extracted and merged with the filtered VPS positigxiduplicate positionswere
removed.

[ Raw Trajectory Data ]

Is the time difference
between two relocations

NO smaller than one max YES
transmission delay?
dt < 1 max delay
Movements between rocks
Is the time difference
between two relocations
smaller than two max — YES ——
transmission delays?
dt < 2 max delay
! £
g & &r&‘.\%& _,;; iaiat g
NO
Is the time difference Individuals buried in sand
between two relocations
smaller than 12 hours
and the distance smaller YES — —>[ Interpolate missing data ]
than 10 meters?
dt <12 hours & dist < 10 '
4
NO
Movements in/out the study area Movements inside study area
~
- A= RN
’ =z y o \
_— . QS VRN () AEIRN
foe & B \ [~ T \
,f.JJ . ,J &\.\}D’ «.» \
[ Exclude Data from analysis ] [ Include Data in analysis ]

Figure2. Decision Tre for interpolation of missedietections Filtering criteria, associated biological behaviour
and techngal restrictiondead todata treatment steps
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Estimation of behavioural metrics
Thetotal HRover the study perioénd theweekly home range of eadndividual was estimated dise
bivariate normal fixed kernel utilization distributions (KUDs) based on 95% of the pos$dioasy
particular weekWe also computed day and night weeklyd totalhome ranges using only daytime
and nightime positions diring a particular weekhe whole study period respectivelifhe residence
index (RI) for each fish, whiglried between 0 (no residency) and 1 (absolute residency), was defined
(March et al. 2010; Afonso et al. 20G8:

o OO

YO %0
Where DD is the number of detection days and TD the number of tracking days for ea&pésh.
was calculated as an indicator for actiyiBamora & MoreneAmich 2002)

Data analysis

Behaviarral metrics wereestimated from each fish several times per day. This implies potential
correlation among behavioural metrics witheach fish. Thusto include both fixed and random
effects, account for the lackf independence and allow for ndinear effects of the explanatory
variables the data were analysed using Generalised additive mixed models, GAMM=sl 20173a)

Presence
Theprobability ofbeing present in the study area orparticularday (1=present, O=absenBernoulli
distribution) wasfitted with the followingmodel structure

O | T °YQ T OO0 T YR T "% Q06 & -7 1
Where P is the probability of presence in the study areandhdividualfishi on a dayt.

Exploratory aalysis revealed it the daily means obL (disc length, Ul (Upwelling Index andsea
temperature(T) did not present nodinear effects Thus, theywere modelled as parametric terms with
IhnNBLINBaSyGdAy3a GKS Ay S NIfio@nSripafainic Sryodthing fuhctioh a
fitted by 5 knots in order to avoid overfitting amtbscribing thenonlineareffect of DOY (day of the
year).arepresentghe random effect allowing fovariation withinthe same fish

Space use

To model the driversfospace use, the weekly home range size was asa&dresponse variable in a
GAMM (Gaussiaristribution). OnlyweeklyHRbased on more than 4 different days (not necessarily
consecutivewere included in theanalysigo exclude bias that could arise frodR calculations based
on weeks with dow number of detection days. Additionallgne individual with only one weekly HR
value was excluded from the dataset for the moddh order to meet the model assumptions of
normalityand homoscedasticity @he resduals, HR area was log transformetR was fitted using the
following model structure

a € QY| T YQw T 00 1T YR I "% | OOwo Q&aQ
VOO G O -h G
Where logHR is the log transformed HR arearoindividual fishi in a weekt. Exploatory analysis
revealed thatthe weekly mean of D{disc length, Ul (Upwelling Indexandsea temperaturgT) did

not present norlinear dfects. Thus, the/ were modelled as parametric termsvith i , as linear
02 ST T A Oandiéraeptdndhis akaiparametric smoothing functigrfitted by 5 knots in order
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to avoid overfitting anddescribing the effect ofWOY {eek of the year).a representsthe random
effect allowing for variation withithe same fish

Activity

Speed was used as response varialenodel the drivers of activity in a GAMMdussian
distribution). Soeed was log transformedo meet the model assumpns (normality and
homoscedasticity)As this transformation does not allow zeros or negative values, we first replaced 0
m/s in our dataset by 1/2 of the minimum speed observetBP out of 638 420 observations (0.08 %)
were replaced by 5.280° m/s) ard then log transformed the new speed values. Finalhged was
fitted using the following model structure

aé& QYRQQQT "YQu T Oy YR I Q00 Q@

T
QO0H @ -5 O

Where logSpeed is theg transformed speed of a fislt a given timé. Exploratory analysis revealed
that DL(disc length, Ul (Upwelling Inde} andsea temperaturgT) did not present nodinear effects

Thus, they were modelled as parametric terms with, representing the linear coefficients of
parametric termsNote that since sea temperature was measuredrg\&9 min and Ul computed every

6 hours, we assigned each speed observation the nearest temperature aatbe$y akiatercept

and f, are nonparametric smoothing functionéitted by 5 knots in order to avoid overfitting and
describing the effect oHOD (hour of the dain UTQ and DOY (day of the yearThe smoothing
functions were fited by a penalizedyclic cubic regression spline and a cubic regression spline for HOD
and DOY, respectivelg representshe random effect allowing for variation witn the same fish

In allthe models above,lBnumerical variables were scaladd centredbefore included in the models.
Random effects were assumed to be normally distributed with mean 0 and variafac€bservations
were made sequentially over time; thus, errors might not be independent. Therefore, a correlation
structure was added to théormulation following an auteegressive model of order 1 allowing for
within time bin autocorrelation between tresidualss follows:

“h * °nh € f
A backward stepwise model selection procedure was perfortioedll the models First afull model

including all the explanatory variables wasated and run. fien stepwise the least siditiant variable
eliminated, until all predictors have a significant effect (p < 0(@&3olien van Rij 2016)

All data pr@essing and analysis were conducted i(RRCore Team 202 patial data was treated
with the sp package(Edzer J. Pebesma & Roger S. Bivand 2@@fyise and sunset times for our
location were obtainedvith the suncalc package(Thieurmel & Elmarhraoui 2018@hd KUDsand
trajectorieswere calculatedising headehabitatHR ~ andadehabitatLT ~ package respective({Calenge
2006) Finally, all models were computedingthe bam() function of thengev R packagélLi & Wood
2020; Wood et al. 2015; Wood et al. 2017dgsigned to analyse big datasets with >10 000
observations.
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Latitude

Results

Between 3% May and 8 December 20193 161294 detectionswere recorded from 44 unique
individuals The number of detections rangétween 2842 and 323817 (mean = 7846+ 67 208)

detections per individuafTable 8). These detections resulted #6 886 estimatedpositions, ranging
between292and 36 636 (mean8 111+ 7 803) positionsper fish.After the filtering and interpolation
steps,the numter of positions ranged between 665Hd89 799 (mean 19040+ 18 162) perindividual,

whichwere used for further analys{§igureS3).

Two individuals were reported to be caught by fishing vessels in February armth @20(7.5 km SE
of the study site, Northern tip of Cies Islands respectjvéigure 8) and another individualwas
recaptured in Oatber 2019during a tagging campaign at our study si@ne individual was fouh
dead during the study period and exdid from all further analysis.

Disclength of tagged individuals ranged from 26 to 48 cm (mean % 8<m).The individuals were
detected betweerll2 and179(mean 9% 53 daysand their residence index varidbm 0.23to 1.00
(mean 0.65t 0.22).The mean speed per individual ranged from 0.006 to 0.112 m/s (mean 8.027
0.024 m/9 and thke maximum speed registered w&s797 m/s The HR are@angedbetween 99450
and 373825mz2 (mean237 778 = 76 646 m?) and differed in shape and size between dand night
(Figure3, Figure S). The HR area is generally bigger during the nighs 824+ 78 420m2) than during
the day 88483+ 698439m?). During the day,lmost all individuals héthe centre of their HR close
to our tagging location where skatggregationhave been reported

Total Day Night

TAC-RUN-19-24 TAC-RUN-19-24 TAC-RUN-19-24

h

42 216°NA

42.214°N+

42.212°N+

42.271°NA % KUD

42.208°NA

TAC-RUNM-19-28 TAC-RUN-19-28

h

42 216°N+

42.214°NA

42.212°NA

42.271°NA

42.208°NA

RN ';'@ 2 qé@ééﬁé\ ,;ia R ;é 2 qéﬁ}é@'@ ;é\ SRS S S S S
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Figure3. Plots of total, day and night HR areas for two individuaIAGCRUN19-24 (female) and TARUN19-
28 (male). Individuals were selected to represent the difference in HR size and shasnluzty and night. R
dots represent the acoustic telemetry receiver locations and the shaded arétRtiiiUD95 = kernel utilizat
distribution based on 95% of the positions); %KUD = kernel utilization distribution based on x% of the p

14



Tablel. Summary table of the fitted optimal modslfor A) presence, B) space wusmal C) activity

A)response variabl@robability of presence

Parametric coefficients Estimate Std. Error z value Pr(>|z|)
Intercept 1.67929 0.28957 5.799 6.66e09
Upwelling Index -0.11569 0.03773 -3.066 0.00217
Approximate significance of smooth terms edf Ref.df Chi.sq p-value
Day of the year 3.307 3.74 275.8 <2e16
Random effect for individual fish 37.819 42.00 262.8 <2el6

Rsq. (adj) = 0.551 | Deviance explained = 45.2%0.653

B)response variablélRarea

Parametric coefficients Estimate Std. Error t value Pr(>|t|)
Intercept 11.54141 0.03463 333.27 <2e16
Daytime (night) 0.39591 0.02310 17.14 <2e16
Approximate significance of smooth terms edf Ref.df F p-value
Week of the year 1.141 1.261 6.369 0.00668
Random effect for individual fish 26.876 36.000 4.533 <2e16

Rsq. (adj = 0.437 | Deviance explained = 46.1%- 0.101

C)response variabl&eed

Parametric coefficients Estimate Std. Error t value Pr(>|t])

Intercept -5.649704 0.162211 -34.829 <2el6
Sex (male) 0.521238 0.221814 2.350 0.0188
Upwelling Index 0.014574 0.006539 2.229 0.0258
Temperature 0.031082 0.006809 4.565 5e-06

Approximate significance of smooth terms edf Ref.df F p-value
Hour of the dy 2.997 3.000 34140.7 <2el6
Day of the year 3.939 3.998 254.0 <2el6
Random effect fomdividual fish 40.361 41.000 193.7 <2el6

Rsg. (adj) = 0.343 | Deviance explained = 34.3%0.860
Std. Errox standard error, ed€ effective degrees of freedom, Refcdfeference degrees of freedoiRsg.(ad) ¢ adjusted
coefficient of determination, ¢ error term for temporal autocorrelation

Normalized residuals of body size models dat show any departures from normality or further
heterogeneity issues and random effects were reasonably norrdatyibuted for all modelsKigure
$-).
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The optimal model for the drivers of presenof R.undulatain the study area includgindividual
identity as random effect and Day of the year aslvelling Indexas significant explanatory variables
(Tablel A). The presence dR.undulatain the study area largely varieaver time Figure4). The
highest probability of presence (P90) was observed at the beginning of the study period and stayed
high (P>0.75) until the beginning of October. Then, it dropped to very low values by the beginning of
December (P=0.10). We also found a very low, but significant effect diplelling Indexon the
probability of presence, with higher probability when the Ul is lower.

The optimal model for space use incladiedividual identity as random effect and ortlwo other
significant explanatory variables: daytime and week of the yEablél B, Figure5). Day timevasthe

main driver for a difference in HR size. Duringrfghtthe HR size wak 3 times bigger160000 m?2)

than during theday (~110 000 m2). The HR area decreases steaditgpat linearly, with the week of

the year, beindlL.2 times bigger in the beginning of the study period (~170 000 m2) compared to the
end (~140000 m2)
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Figure5. Predicted Home rangasizeas a function ofWeek of the year (A) @aDaytime (B). Values used for
predictions:(A) Daytime = night(B)WOY = 23Grey shade areas represent the 95% confidence interval.
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Figure6. Predictedactivity indicated asSpeed (m/sas a function oHour of the DayA)with nocturnal periods
indicated in blugDay of the year (B), Sex (Cpwelling Index(D), Sea temperature (E). Values used for
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14.3202C; (EHOY = 21DOY = 28%ex = male, Ul = 489.27&3%ey shade areg®\, B, D, E) and black bars (C)
represent the 95% confidence interval.

The optimal model for the drivers of activity include individual identity as random effect and Hour of
the day, Day of the year, Sex, Ul and Temperature as fixedeffablel . Hour of the dayvasthe

main driver for differences in activitfFigure6), with individuals showing a cyclic pattern and moving
around 7 times faster around midnight (~0.022 m/s) than during midday (~0.063 Additionally,
individuals had lower activity in summer (~0.010 m/s), which is increasing towards auturare wh
from around day 260 (mi&eptember) individuals moved twice as fast compared to the beginning of
the study period (~0.020 m/s). The activityen stayed relatively stable until the end of the study
period. Activity levels differed between sex of indivls: male individuals being ~60% more active
(~0.018 m/s) than female individuals (~0.011 m/s). Both environmental variables, Ul and sea
temperature had a small, yet significant, positive effect on activity. Activity was 1.15 higher at strong
upwelling events (~0.02 m/s) compared to downwelling events (~0.017 m/s). Also, the effect of
temperature was in a similar size range, with activity bdirid times higher at higher temperatures
(17°C) compared to lower temperatures (12.5°C).
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Discussion

Using aoustic tracking over 6 months, we have been able to identify the main drivers of behaviour
and movements patterns d®. undulatan a coastal a&a in NW Spain. We found that movement and
behaviour ofR.undulatawere mainly driven by diel cycles and seasonal patterns, with oceanographic
factors being less important drivers of behaviour. While the presence in the study area and home range
size deceased from summer to autumn, activity peaked in fBSeptember and diffexd between
sexes. Our work represents an important contribution to the understanding of the ecology of this
endangered, yet commercially important skate in Europe.

As we inserted thacousticransmitters in the abdominal cavity of the skates, we probgiogvented
transmissionsrom beingdetected by our receiver array while the skates were buried in the &aldd

et al. 2012; Gandra et al. 2018; Grothues et al. 20t2prder to compensate for these potentially
missed detections, we interpolated positions using a decision tree based on time and distance between
relocations. The interpolation akes our results more comparable to behavioural studies of species
exhiliting longer periods ofimmobile behaviour, that however can be continuously tracked and
detected. Despite our efforts to include all important movement patterns in our activity medel,
might not have been able to detect very fast movemeshig to the wy we determined speed. Firstly,
fast movements are highly energy demandifidumphries et al. 2017and might thus occurat a
temporal scalesmaller than the transmission delaytbe acoustidags (40160sec). Seandly, even if
individuals move at high speddr alonger time,the siz of our study area (~80t diameter)limits

the possibility of their detection, as signal transmission would have to happen right at the moment
when individuals are at the edges ofetlstudy area in order to registéigh speeds In fact,only 22
relocations happened with a speed bigger than 2 m/s andhighest recorded speed w&s797 m/s
Thissuggests thaR.undulatais capable of swimming at higher speg#gichmight be relatedto
specific behaviowd patternsand finally affecting their vulnerability. These movements could not be
included in our analysis.

Seasonal patterns

We observed that the presence &. undulatain our coastal telemetry array decreased towards
winter, similar to Elliott et al.(2020) R. clavataand R. radiatahave shown similar behaviour in the
North Sea, where they moved to deeper waters during wir{&kjeeraasen & and Bergstad 2000;
Hunter et al. 2005and used shallower waters as nursery groufidanter et al. 2005)In northern
Portugal,R. undulatadevelop eggs between December and M&grraPereia et al. 2015)which are

laid shortly afteMoura et al. 2007; SerrRBereira et al. 2015)-urthermore, an asynchrony between

the occurrence period of reproductively active females (December to May) and males (whole year,
with peaks between July and January) has been repof(teiraPereira et al. 2015)Female
R.undulata as other skate specigeare able to store sperm in their oviducalmggSerra-Pereira et al.
2015) Thus,it is possiltle that mating occurs not only during the periashen females are
reproductively activéDecember to May), but the whole year around, including shortly after egg laying
in the early summer monthsYet, associting the observed aggregations d@&.undulata with
reproductive behaviour needs to be done with caution, as even though considering the observed local
differences between size at maturiferraPereira et al. 2015; Coelho & Erzini 2006; Moura et al.
2007)most of the fenale skates in our study are smaller than regairsizes at maturit{86.2+2.6 cm

total length in the North of PortugaterraPereira et al. 2015 The size of males individuals in our
study, however, suggests that more than half of the individuals have reached size at maturity (76.6
2.4 an total length;SerraPereira et al. 208). The differencem activity levels between sexesight

thus be linked to different maturity stagesrhere male behavioural patterns might be driven by

18



mating but also the observedietary differencedbetween sexes and different life stagddoura et al.
2008) These might beeflected in different foraging strategies and thus movement and behaviour
patterns.

Decreasing probability of presence amtR sizetowards the end of the yeasuggestthat the
importance ofour study area folR.undulatais decreasing in the second half of our study period
Activity levels shifed from lower speeds in late spring toigher speeds in autumnwhich might
indicate a behavioural shift from summer to autumn. This could be exmldiyea change in the
biological cycleas well as by a variation in prey availabilioura et al. (2008) found dietary
differences between seasons foR.undulatain Portuguese waters, where adult individuals feed
mainly onbrachyuran crahsparticularly Polybius henslowiiwhich is also highly abundant in the
Galician coast(Signa et al. 2008)Their abundance is strongly correlated with chlorophyll
concentration and thus local productivi@igna et al. 2008favourable upwelling conditions inducing
high productivity occur mainly during spring andrsuer (Torres 2003; Gomezesteira et al. 20067
difference in prey abundance nhigreflect a change of feeding behaviourR.undulata which could
explain the change in movement and behaviour patterns

Diel cycle

Foraging and predatgprey interaction might also be the main reason for the high nocturnal activity,
with a peak at midnigh and increased space use during the night. Although elasmobranchs are
assumed to show higher activities during the night, only &udies have investigated nocturnal
activity, especially for skat¢slammerschlag et al. 2016)hese studies found increased activity levels
during crepuscular perioddHammersclag et al. 2016)Athough dietary aspectsral feeding habits
have been studied faR.undulata(Moura etal. 2008)and other skate species analysihgir stomach
contents(Schmitt et al. 2015; Barbini et al. B, little is known about their diel foragg patterns
(Wearmouth & Sims 2009The daily activity pattern is furthermore characterised by strikingly low
levels of activity during some hours around midday. Being buried in the sand during the day when the
light conditions ad visibility are good, might be a strategy foegator avoidancéHeithaus & Vaudo
2012)while resting in order to restore energydouston & McNamara 2014Resting during these
daylight hours also explains tlsmaller HR sizduringthe dayand that its small circularcentre. This
suggests that individuals rest in the same place eachadaytherwise several circular centres would
be visible

Environmental drivers

We found little evidence to support a behawuial response of undulate ray to environmentaiveirs

at the scale we conducted the studgimilar toElliott et al.(2020) who found a negative relationship
between chlorophyll a concentration anB.undulata presence, we found a negative effect of
upwelling on the presence &.undukta in the study arealt mightseem counterintuitive that skates

are less present during strong upwelling events, which indicate favourable conditions for primary
production andconsequently food availabilitfPérez et al. 2000)et, it is important to consider that

the Upweling Indexcorresponds to a larger area (Rias Baixas) and skates might be feeding outside of
our study area. Interpreting the Ul as an indicator for food availability, howegedsito be done with
caution, as there is a time shift of several days betwapwelling events and biomass production
(Nogueira et al. 1997Wwhich has not been taken into account in our analysis. Thus, the Ul could also
reflect the meteorological and hydrological factors that ungethe primary production dynamics
(Pérez et al. 200@nd as such drivR.undulatapresence and mament.
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Although temperature has been shown to play an important role in elasmobranch movement and
behaviour (Bernal et al. 2012)few studies have identifietemperature-driven movement patterns

for skates. Even if it has been shownttteanperature increases metabolic rates for soskatespecies

in laboratory experiment§Schwieterman et al. 2019 otemperaturemediatedmovements could be
identified in the wild (Humphries et al. 2016nd some skates havgeenshown to occupy avide
temperature ranggFarrugia et al. 2016)n our study, we did not find an effect of temperature on the
presence and space uséR.undulataand the positive effect on activity levelg@her small, postbly
driven by hydrodynamic processes. As we did not find an effect of temperature on presence, it is
unlikely that the effect of temperature is connected to variatithmough the seasong~urthemore,
higher activity at higher temperatures contradi@é rrelation with diurnal cycles, where we found
higher activity during the nightlowever it isalsopossible that the temperature that we measured at
one location on e bottom in our study site is not the temperature that the skates are actually
experiercing In our studywe did not take into accourgotential vertical movements along the water
column where temperature might be more variableés it has been observed rfother skates
(Humphries et al. 2007; Wearmouth & Sims 20Q9)

Finally, we did not find an effect of body size on the behaviourrandement ofR.undulata Body

size has been shown to be an important fagtothe distibution of R.undulata(Ellis et al. 2012vith
juveniles being found in shallower waters closer to the c@iéifott et 4. 2020; SerrdPereira et al.
2015) Furthermore ontogenetic dietary shifts haves@lbeen observed iR.undulata(Moura et al.
2008)which could potentially impact foraginglated movemat patterns. That we did not find an
effect of body size in our study, might be explained by the fact that only rather large individuals were
tagged and that our telemetry array covered a relatively small and shallow area. Further studies
including smalleindividuals and maturity statutes andight give further insight into differences in
movement related to life stages of the species.

Implications for management and conservation

The identified drivers of the movement patterns and behaviduundulata and the underlying
biological cycles anealuable indications for efficient management and conservation meagG@ressin

et al. 2017) R.undulatahas been shown to spend long periods of time in our gtacka occupying
rather small HR300000 m?), which indicates that a relatively small MPA could potentially be an
efficient conservation measuremeiiKramer & Chapman 199%specially if the studyrea can be
confirmed as a breeding gnad for the speciegAbecasis et al. 2015However, this needs to be
confirmed by longerm studies inorder to investigate if the observeddh presence of individuals in

late spring and summer isracurringprocess. Furthermore temporal closures for fisheries that take
into account activity levels and space use could be an effective management meastuf@uen et

al. 2011) As such, during periods when individuals are present in the study area, commercial fishing
could be restricted during the night, when with activity peaks also the probability of encountering
static fishig gear increasg®udstam et al. 1984)nd recreational fisheries such as spearfishing during
the day, when aggregations Bfundulataare easily encountered and targeted (pers. obs.). During our
studyperiod males have shown higher adiievels compared to females, which might increase their
catchability and result in a change in the demographic composition of the population as has been
shown for Raja clavatadn the Adriatic SedKi (i dzf 2 A0 AATYSNI SiG & Hnndo
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Conclusion

Seasonal patterns and diel cycles could be identified to be the main drivers for movement and
behaviour oR.undulatain a coastal area in the NW of Spain. Environmeihiskrs have been shown

to have a smaller impact on movement and behaviour but cbelcomepotentially more important

in the context of a rapidly changing marine environment. Based on the identified drivers, we were able
to build further hypothess aboutthe underlying biological traits. Yetrther studies are needed to
assess the hyddynamic conditions and productivity, i.e. food availability, in the study area and to
relate movement with important behavioural patterns, such as foraging and matingpdromore, the
possible importance of our study site as mating and nursery groundsiieeloe investigated in order

to fully understand the vulnerability of the aggregations found at this site and consequently also assess
the efficiency of the MPA in plac®©ur findings indicate that the MPA might be an efficient
conservation tool at leagturing late spring and summer months, but a more extended monitoring
system is necessary to evaluate the efficiency of the whole MPA. Considering the hifithesitte
during summertheir migratory behaviour in autumn and the possible underlying biokigdigcles, a
combination of spatial and temporal management measurements has been identified to be a
promising strategy for the conservation and protection of the endaedeskateR.undulata

21



Acknowledgements

Upon the decision tavrite this thesis, nevewould | have imagined to write and finishiglwork under
suchchallenging conditions.

All the more | want to express my gratitude to my two supervisors, Alexandrastlé-ernandez and
David VillegaRios, whaiot only continuously supported me with ngroject, but also made sure we
would overcome these challenging times with a sane nliadch sincerely thankful fgrourdedication
constant assistance and encourageme@tadias for the support, the challenges and the laughs!

| also want to thank, Migel Gil Goto, who patiently helped me this with the analysis and interpretation
of the environmental data.

| want to thank the whole TAC team, Gonzalo Mucienkanuel E.Garcia BlangoJosé Irisarri and
IAaki for the support during tagging, the filmingdatihe enjoyable time at the sea and in the water.

| want to say thank you to all thgreat people of the Fisheries Ecology Group-T8ICespecially
Rebeca, Cris, PauMarie and Paco, who esite andremotely made me feel at home.

| am thankfulto all the wonderfulpeople 6 K2 | O02Y LI YyASR YS RdzZNAy3a (KA
made this world a little bit smaller and a lo¢tter.

A special thank you also to the inhabitanfsRayalandia, who accompanied me through all the ups
anddowns made me laugh andere patient with me.

Finally, to mydearestfriends and family who never doubtddcould make it and are my anchor, no
matter how rough the sea.

This thesis wassupported ly a JA Intro 1QJ scholarship granted by the Spanish Mini of Science

Innovation and University It was part of the TACproject in cdlaboration with the Fundacién
Biodivergdad and theSpanishMinistry for Ecologicd Trangtion and Demographic Challeng&ough

the PleamaProgranme, whichwas cefinanaed by the European Maritime and Fisheries Fund (EMFF)

This project hasallsoNBE OSA @SR Fdzy RAy3I FTNRBY GKS 9dz2NRPLISIHYy |y
innovation programme under the Marie SklodowsRarie grant agrement No 793627 (BEMAR)

22



References

Abecasis, D.; Afonso, P.; Erzini, K. (2015): Changes in movements of white seabream (Diplodus sargus)
during the reproductive seasorn Estuarine, Coastal and Shelf Scieh6&, pp.499503. DOI:
10.1016/j.ecss.2015.10.032.

Afonso, P.; Fontes, J.; Holland, K.; Santos, R. (2008): Social status determines behaviour and habitat
usage in a temperate parrotfish: implications for marinesrgs designln Mar. Ecol. Prog. Se359,
p.227.

AlonseFernandez, A.; Otero, J.; Bafion, R.; Campelos, J. M.; Quintero, F.; Rib&2DE)alnferring
abundance trends of key species from a highly developed swal fishery off NE Atlantic. In
Fisheries Resear@09, pp.101¢116. DOI: 10.1016/j.fishse2018.09.011.

Alos, J.; Cabanellieboredo, M.; LowerrBarbieri, S. (2012): Diel behaviour and habitat utilisation
by the pearly razorfish during the spawning seasoméan. Ecol. Prog. Se460, pp.207¢220. DOI:
10.3354/meps09755.

AlvarezFernandez).; Freire, J.; Sanch€arnero, N. (2020): Leguality management of Marine
Protected Areas in the NortBast Atlantic. In Marine Policy 117, p.103922. DOI:
10.1016/j.marpol.2020.103922.

AMIRIX Sgtems Inc. (2013): VEMCO Positioning System QAASS Diasheet (472204). Available
online at https://vemco.com/wpcontent/uploads/2014/01/vps.pdf, checked on 5/23/2020.

Barbini, S. A.; Scenna, L. B.; Figueroa, D. E.; Cousseau, M. B.; Diaz de JA3ar(@810): Feeding
habits of the Magellan skate: effexbf sex, maturity stage, and body size on dieHydrobiologia
641 (1), pp275¢286. DOI: 10.1007/s1075mM.0-00905.

Bernal, D.; Carlson, J. K.; Goldman, K. J.; Lowe, C. G. (2012): Energeticdisiie and Endothermy
in Sharks and Rays. In JeffreyC@arrier, John A. Musick, Michael. R. Heithaus (Eds.): Biology of
sharks and their relatives. 2. ed. Boca Raton, Fla.: CRC Press (Marine biol@Jyl;337.

Bindoff, N. L.; W.W.L. Cheung; J.GrKd. Aristegui; V.A. Guinder; R. Hallberg et al. (2@#¥nging
Ocean, Marine Ecosystems, and Dependent Communities. -. Rdrtner, D.C. Roberts, V.
MassonDelmotte, P. Zhai, M. Tignor, E. Poloczanska et al. (Eds.): IPCC Special Report on the Ocean
and Cryosphere in a Changing Climate. In press.

Calenge/ ® oHnncoOY ¢KS LI O1F3AS GFRSKIFIOAGIFGE F2N GKS
habitat use by animals. InEcological Modelling 197 (34), pp.516¢519. DOI:
10.1016/j.ecolmodel.2006.0317.

Cardinale, M.; Bartolino, V.; Llope, M.; Maiorano,3kéld, M.; Hagberg, J. (2011): Historical spatial
baselines in conservation and management of marine resourcdssinFisi2 (3), pp289298.
DOI: 10.1111/j.1462979.2010.00393.x.

Coelho, R.Erzini, K. (2006): Reproductive aspects of the undukateRaja undulata, from the south
coast of Portugaln Fisheries Resear&i (1), pp80¢85. DOI: 10.1016/j.fishres.2006.05.017.

Conselleira de Medio Ambiente, Territorio y Vivienda (12/27/2018CRETO 177/2018, de 27 de
diciembre, por el que se apruels Plan rector de uso y gestion del Parque Nacional Maritimo
Terrestre de las Islas Atlanticas de GalicBRECRETO 177/2018. Available online at
https://www.xunta.gal/dog/Publicados/2019/20190218MincioG0532801190002_es.html,
checked on 5/23/2020.

23



Crassin, G. T.; Heupel, M. R.; Holbrook, C. M.; Hussey, N. E.; L®&adpieri, S. K.; Nguyen, V. M. et
al. (2017): Acoustic telemetry and fisheries managemeriEdological applications : a publigat
of the Ecological Society of Amer&a(4), ppl1031¢1049. DOI: 10.1002/eap.1533.

Dulvy, N. K.; Fowler, S. L.; Musick, J. A.; Cavanagh, R. D.; Kyne, P. M.; Harrison, L. R. et al. (2014):
Extinction risk and conservation of the world's sharks and rayseLife 3, e00590. DOI:
10.7554/eLife.00590.

Dulvy, N. K Sadovy, Y.; Reynolds, J(2D03): Extinction vulnerability in marine populationsFish
Fish4 (1), pp25¢64. DOI: 10.1046/].1462979.2003.00105.X.

Dunn, D. C.; Boustany, A. M.; Halpin, P. N. (2011): Spatjmoral management of fisheries to reck
by-catch and increase fighg selectivity. InFish Fisil2 (1), pp110¢119. DOI: 10.1111/j.1467
2979.2010.00388.x.

Ebert, D. A.; Stehmann, M. (2013): Sharks, batoids and chimaeras of the North Atlantic. Rome: Food
and Agriculture Organization of the Ited Nations (FAO species aligue for fishery purposes, no.
7).

Edzer J. Pebesma; Roger S. Bivand (2005): Classes and methods for spatial dat kelRn(2),
pp. 9¢13. Available online at https://CRANpRbject.org/doc/Rnews/.

Elliott, S. A.M.; &pentier, A.; Feunteun, ETrancart, T. (2020): Distribution and life history trait
models indicate vulnerability of skates. Frogress in Oceanographiy8l, p.102256. DOI:
10.1016/j.pocean.2019.102256.

Ellis, J. R.; McCully, S.; Walls, R.H.L. (204/)uRdulata. The IUCN Redtlof Threatened Species
2015: e.T161425A48909382, checked on 4/29/2020.

Ellis, J. R.; McCully, S. R.; Brown, M. J. (2012): An overview of the biology and status of undulate ray
Raja undulata in the nortkast Atlantic OceannUournal of fish biolog§0 (5), pp.1057%1074. DOI:
10.1111/j.10958649.2011.03211.x.

Ellis, J. R.; Morel, G.; Burt, G.; Bossy, S. (2011): Preliminary observations on the life history and
movements of skates (Rajidae) around the Island of Jersey, wdatglish Channel. th Mar.Biol.
Ass91 (6), ppl1851192. DOI: 10.1017/S0025315410001906.

Farrugia, T. J.; Goldman, K. J.; Tribuzio, C.; Seitz, A. C. (2016): First use of satellite tags to examine
movement and habitat use of big skates Beringraja titeta in the Gulf of Alaskén Mar. Ecol.
Prog. Sers56, pp.209¢221. DOI: 10.3354/meps11842.

Figueiredo, I.; Maia, C.; Carvalho, L. (2020): Spatial distribution and abundance ot#ietbhgoastal
elasmobranch Raja undulata : Managing a fishery afteratorium. InFish Manag EcolDOI:
10.1111/fme.12426.

Fraga, F. (1981): Upwelling off the G#&a Coast, northwest Spain. In Francis A. Richards (Ed.): Coastal
Upwelling, vol. 1. Washington, D. C.: American Geophysical Union (Coastal and Estusates)Scie
pp.176c182.

Gandra, M.; Erzini, K.; Abecasis, D. (2018): Diel and seasonal changepati#ibehaviour of a scft
sediment fish (Solea senegalensis) inside a marine reseriarine environmental researct5,
pp.82¢92. DOI: 10.1016/j.maremnes.2018.01.015.

GomezGesteira, M.; Moreira, C.; Alvarez, |.; deCastro, M. (2006): Ekman traaspay the Galician
coast (northwest Spain) calculated from forecasted windsl.IGeophys. Re$11 (C10). DOI:
10.1029/2005JC003331.

24



GonzaleaNuevo, G.; @go, J.; Cabanas, J. M. (2014): Upwelling index: a powerful tool for marine
research in the NW #yian upwelling system. lBournal of Operational Oceanographyl), pp47¢
57. DOI: 10.1080/1755876X.2014.11020152.

Grothues, T. M.; Able, K. W.; Pravatirdeil. (2012): Winter flounder (Pseudopleuronectes americanus
Walbaum) burial in estuaries: Acdigs telemetry triumph and tribulation. InJournal of
Experimental Marine Biology and Ecold@g, pp.125¢136. DOI: 10.1016/j.jembe.2012.09.006.

Halpern, B. SSelkoe, K. A.; Micheli, F.; Kappel, C. V. (2007): Evaluating and ranking the vulnerability
of gobal marine ecosystems to anthropogenic threatsCbomservation biology : the journal of the
Society for Conservation Biology (5), pp1301¢1315.DOI: 101111/j.15231739.2007.00752.x.

Hammerschlag, N.; Skubel, R. A.; Calich, H.; Nelson, E. R.aishBins.; Wester, J. et §016):
Nocturnal and crepuscular behavior in elasmobranchs: a review of movement, habitat use,
foraging, and reproduction in theéark. INnBMS93 (2), pp355¢374. DOI: 10.5343/bms.2016.1046.

Heithaus, M. R.; Vaudo, J. J. (20B¥edatofPrey Interactions. In Jeffrey C. Carrier, John A. Musick,
Michael. R. Heithaus (Eds.): Biology of sharks and their relatives. 2. ed. Boca Rat@REIPress
(Marine biology), pp505¢546.

Houston, A. |.; McNamara, J. M. (2014): Foragingenaies, metabolism and behavioural routines. In
The Journal of animal ecolo8$ (1), pp30¢40. DOI: 10.1111/1368656.12096.

Humphries, N. E.; Simpson, $Sims, D. W. (2017): Diel vertical migration and central place foraging
in benthic predators.n Mar. Ecol. Prog. Sé882, pp.163¢180. DOI: 10.3354/meps12324.

| dzYLIKNRASEAZ bd 9T {AYLAZ2YZ {® WOT 2SI Nderaei:K>Z =+ &
fine-scale habitat partitioning by depth among sympatric species of marine mesopretiakdar.
Ecol. Prog. Seb61, pp.173¢187. DOI: 10.3354/meps11937.

Hunter, E.; Buckley, A.; stewart, c.; Metcalfe, J. (2005): Migratory behaviour of timb&uoi ray, Raja
clavata, in the southern North sea. Jn Mar. Biol. As85 (5), pp10951105.Available online at
https://uaccess.univie.ac.at/login?url=https://search.proquest.com/docview/224129331?account
id=14682.

Jacolien van Rij (2016): Testing faignificance. Available online at https://cran.r
project.org/web/packages/itsadug/vignettes/tesitml, checked on May 2020.

Kaplan, D. M.; Planes, S.; Fauvelot, C.; Brochier, T.; Lett, C.; Bodin, N. et al. (2010): New tools for the
spatial management ofMing marine resources. lBurrent Opinion in Environmental Sustainability
2 (1-2), pp.88¢93. DA 10.1016/j.cosust.2010.02.002.

Kramer, D. L.; Chapman, M. R. (1999): Implications of fish home range size and relocation for marine
reserve function. In Envionmental Biology of Fishes55 (1/2), pp65¢79. DOI:
10.1023/A:1007481206399.

YNREGdZ 2P0 AANHAEGKHE bPT S5FRAGTI +®T Lal a2t 20X L T
changes in distribution and demographic composition of thornback raja Blavata, in the
northern and central Adriatic Sea. ldournal of Applied Ichthyolog25, pp.40¢46. DOI:
10.1111/j.14390426.2008.01204.x.

Li, Z.; Wood, S. N. (2020): Faster model matrix crossproducts for large generalized linear models with
discretizedcovariates. Irstat CompuB0 (1), ppl19¢25. DOI: 10.1007/s1122219-098642.

March, D.; PalmenM.; Al6s, J.; Grau, A.; Cardona, F. (2010): $&ort residence, home range size
and diel patterns of the painted comber Serranus scriba in a temperatenenagserve. IrMar.
Ecol. Prog. Sef00, pp.195¢206. DOI: 10.3354/meps08410.

25



Meyer, C.; HollanK.; Papastamatiou, Y. (2007): Seasonal and diel movements of giant trevally Caranx
ignobilis at remote Hawaiian atolls: implications for the design of M&pirmeected Areas. IMar.
Ecol. Prog. Ser. 333, pp.13¢25. Available online at
http://search.proquest.com/docview/20682443/.

Morfin, M.; Simon, J.; Morandeau, F.; Baulier, L.; Méhault, S.; Kopp, D. (2019): Using acoustic telemetry
to estimate postreleasesurvival of undulate ray Raja undulata (Rajidae) in northeast Altdntic.
Ocean & Coastal Managent178, p.104848. DOI: 10.1016/j.ocecoaman.2019.104848.

Moura, T.; Figueiredo, |.; Farias, |.; S&eseira, B.; Coelho, R.; Erzini, K. €28l07): Thaise of caudal
thorns for ageing Raja undulata from the Portuguese continental shelf, with consmantts
reproductive cycle. IMar. Freshwater Re88 (11), p983. DOI: 10.1071/MF07042.

Moura, T.; Figueiredo, |.; Farias, |.; Sétegieira, B.; Neves, ;AGordo, L. (2008): Ontogenetic dietary
shift and feeding strategy of Raja undulata Lacepede?21@hondrichthyes: Rajidae) on the
Portuguese continental shelf. Bcientia Marina (Barcelon@®, p.318.

Nathan, R.; Getz, W. M.; Revilla, E.; Holyoak,Kddmon, R.; Saltz, D.; Smouse, P. E. (2008): A
movement ecology paradigm for unifying organismmdvement research. IRroceedings of the
National Academy of Sciences of the United States of AmEIEH49), ppl9052;19059. DOI:
10.1073/pnas.0800375105.

Neat, F.; Pinto, C.; Burrett, I.; Cowie, L.; Travis, J.; Thorburn, J. et al. (2015): Sytesinteiital and
conservation options for the threatened flapper skate (Dipturus cf. intermedi&)qlmtic Conserv:
Mar. Freshw. Ecosys5 (1), pp6¢20. DO: 10.1002/aqc.2472.

Nogueira, E.; Pérez, F. FER A. F. (1997): Modelling Thermohaline Fmigs in an Estuarine
Upwelling Ecosystem BRde Vigo: NW Spain) Using Bleakins Transfer Function Models. In
Estuarine, Coastal and Shelf Sciet®€6),pp. 685 702. DOI: 10.1006/ecss.1996.0143.

Payne, N. L.; Gillanders, B. M.; Webber, D. M.; SermndeM. (2010): Interpreting diel activity patterns
from acoustic telemetry: the need for controls. Miar. Ecol. Prog. Se419, pp.295301. DOI:
10.3354/meps08864.

Pérez, F. F.; Alvar&algado, X. A.; Roson, G. (2000): Stoichiometry of the net eewsysttabolism
in a coastal inlet affected by upwelling. TH& Re Arousa (NW Spain).Marine Chemistr$9 (3
4), pp.217¢236. DOI: 10.1016/S038¥203(99)00103.

R Core Team (2020): R: A language and environment for statistical computing. R Foufodation
Statistical Computing. Vienna, Austria. Available online at https://wwyrdiect.org/.

Rudstam, L. G.; Magnuson, J. J.; Tonn, W. M. (1984): Size Selectivity of Passive Fishing Gear: A
Correction for Encounter Probability Applied to Gill Net€adn.J. Fish. Aquat. Sdil (8), pp1252;
1255. DOI: 10.1139/f8451.

Schlaff, A. M.; Heupel, NR.; Simpfendorfer, C. A. (2014): Influence of environmental factors on shark
and ray movement, behaviour and habitat use: a revieviRém Fish Biol Fisheraé @), pp.108%
1103. DOI: 10.1007/s11161014-9364-8.

Schmitt, J. D.; Gedamke, T.; DuPaul, WMBDsick, J. A. (2015): Ontogenetic and-Sp&cific Shifts in
the Feeding Habits of the Barndoor SkateMiarine and Coastal Fisheriég1), pp409%418. DOI:
10.1080/19425120.2015.1063553.

Schwieterman, G. D.; Crear, D. P.; Anderson, B. N.; LavBie,Sulikowski, J. A.; Bushnell, P. G.; Brill,
R. W. (2019): Combined Effects of Acute Temperature Change and Elevated pCO2 on the Metabolic
Rates and Hypoxia Todmces of Clearnose Skate (Rostaraja eglanteria), Summer Flounder

26



(Paralichthys dentatus), nd Thorny Skate (Amblyraja radiata). Biology 8 (3). DOI:
10.3390/biology8030056.

SerraPereira, B.; Erzini, K.; Figueiredo, I. (2015): Using biological vaaadlesproductive strategy
of the undulate ray Raja undulata to evaluate productivity ansceptibility to exploitation. In
Journal of fish biolog§6 (5), pp1471¢1490. DOI: 10.1111/jfb.12653.

Signa, G.; Cartes, J. E.; Solé, M.; Serrano, A.; San¢Besgalr. Trophic ecology of the swimming crab
Polybius henslowii Leach, 1820 in Galician@adtabrian Seas: Influences of natural variability and
the Prestige oil spill. InContinental Shelf Researc28 (19), pp265%2667. DOI:
10.1016/j.csr.2008.08.008

Simpson, S. J.; Humphries, N. E.; Sims, D. W. (2020): The spatial ecology of Rajuasgdrecapture
tagging and its implications for assessing fishery interactions and efficacy of Marine Protected
Areas. IrFisheries Resear@28, p.105569. DOI: 1@016/j.fishres.2020.1055609.

Siskey, M. R.; Shipley, O. N.; Frisk, M. G. (2019): Skatingkdny A OSY LRSy A Fe Ay 3
specific data and defined migration ecology of Rajidae sppiskm Fist20 (2), pp286¢302. DOI:
10.1111/faf.12340.

Skgeraasen, J.; and Bergstad, O. A. (2000): Distribution and feeding ecology of Raja ratliata in
northeastern North Sea and Skagerrak (Norwegian DeepJHS Journal of Marine Sciebcg4),
pp.12491260. DOI: 10.1006/jmsc.2000.0811.

Smith, F. (2013)Jnderstanding HPE in the VEMCO Positioning System (VPS).

Sousa, |.; Baeyaert, J.; Gongalde$). S.; Erzini, K. (2019): Preliminary insights into the spatial ecology
and movement patterns of a regionally critically endangered skate (Rostroraja albac)atexs
with a marine protected area. IMarine and Freshwater Behaviour and PhysioB2)¥6), pp.283¢
299. DOI: 10.1080/10236244.2019.1705805.

Sousa, |.; Gongalves, J. M. S.; Claudet, J.; Coelho, R.; Gongalves, E. J.; Erzini, K.-(ats) f&dfes
and spatial protection. Findings from a temperate marine protected areRebrB, e4653 DOI:
10.7717/peerj.4653.

Thieurmel, B.; ElImarhraoui, A. (2019): suncalc: Compute Sun Paosition, Sunlight Phases, Moon Position
and Lunar Phase. R package version5.00 Available online at https://CRAN.R
project.org/package=suncalc.

Tilman, D.; Kareiva, PL998): Spatial Ecology. Princeton: Princeton University Press.

Torres, R. (2003): Spatial patterns of wind and sea surface temperature in the Galician upwelling
region. InJ. Geophys. ReH)8 (C4). DOI: 10.1029/2002JC001361.

VillegasRios, D.; Alés,; March, D.; Palmer, M.; Mucientes, G.; Saboitlry, F. (2013): Home range
and diel behavior of the ballan wrasse, Labrus bergylta, determined by acoustic telerretr
Journal of Sea Resear@d, pp.61¢71. DOI: 10.1016/j.seares.2013.02.009.

Wearmouth, V J.; Sims, D. W. (2009): Movement and behaviour patterns of the critically endangered
common skate Dipturus batis revealed by electronic taggingotnmnal of Exgrimental Marine
Biology and Ecolod380 (12), pp.77¢87. DOI: 10.1016/j.jembe.2009.07.035.

Wiegand, J.; Hunter, E.; Dulvy, N. K. (2011): Are spatial closures better than size limits for halting the
decline of the North Sea thornback ray, Raja clavatd®dn Freshwater Re$2 (6), p-722. DOI:
10.1071/MF10141.

Wolf, M.; Weissing, F. J. (20138nimal personalities: consequences for ecology and evolution. In
Trends in ecology & evoluti@7 (8), pp452¢461. DOI: 10.1016/j.tree.2012.05.001.

27



Wood, S. N.2017a): Generalized Additive Models. An Introduction with R, Second Edition. Portland:
CRC #fess (Chapman & Hall / CRC Texts in Statistical Science). Available online at
https://ebookcentral.proquest.com/lib/gbv/detail.action?docID=4862399.

Wood, S. N.; Gale, Y.; Shaw, S. (2015): Generalized additive models for large data SetR. Btat.
Sa. 64 (1), ppl39%155. DOI: 10.1111/rssc.12068.

Wood, S. N.; Li, Z.; Shaddick, G.; Augustin, N. H. (2017b): Generalized Additive Models for Gigadata:
Modeling tre U.K. Black Smoke Network Daily DataJdarnal of the American Statistical
Associatiorl12 (519), pp11991210. DOI: 10.1080/01621459.2016.1195744.

Zamora, L.; Morenédmich, R. (2002): Quantifying the activity and movement of perch in a temperate
lake by integrating acoustic telemetry and a geographic information systefdytitobiologia483
(1/3), pp.209;218. DOI: 10.1023/A:1021396016424.

28



Supplementary Material

S1.Range tesand tagging
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Figure 3. Range test of Transmitter V13 (A) and VIB). Variation of Percentage of thef deteced
transmissiongDetection %) witldistanceof receiverdrom the test transmitter tags.

Link S1.Video illustrating receiver deploymeand tagging procedureof TAC Project (Telemetria Acustica de
comportamento) of the IIMCSIGin Spanish)

https://www.youtube.com/watch?v=-XloYXQ_faQ
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TableSL. Overview table of tagged individuals including biometric parameters (sex, total leliggtlength) and tagging information (date, time, time on board, location, Hept
transmitter type)

Total Length  DiscLength . Time on board

ID Sex Tl il Date Time (i} Lat Lon Depth [m] Transmitter Type
TAGCRUN19-01 male 84 41 24/05/2019  18:45 0:11 42.21169 -8.89925 12 V164x
TACRUN19-02 male 88 47 24/05/2019  19:07 0:08 42.21169 -8.89925 12 V164x
TAGRUN19-03" male 89 44 24/05/2019  19:23 0:09 42.21169 -8.89925 12 V164x
TAGRUN19-04 male 77 41 24/05/2019 19:36 0:05 42.21169 -8.89925 12 V164x
TAGRUN19-05 male 70 36 24/05/2019  19:49 0:05 42.21169 -8.89925 12 V131x
TAGRUN19-06 male 59 31 24/05/2019 20:01 0:06 42.21169 -8.89925 12 V131x
TACRUN19-07 female 68 37 24/05/2019 20:11 0:07 42.21169 -8.89925 12 V131x
TAGRUN19-08 female 82 47 24/05/2019  20:48 0:05 42.21169 -8.89925 12 V164x
TAGRUN19-09 male 67 41 24/05/2019  20:54 0:05 42.21169 -8.89925 12 V164x
TAGRUN19-10 male 83 46 24/05/2019  21:03 0:04 42.21169 -8.89925 12 V164x
TACRUN19-11 male 82 47 24/05/2019  21:08 0:05 42.21169 -8.89925 12 V164x
TAGRUN19-12? female 86 46 24/05/2019 21:14 0:06 42.21169 -8.89925 12 V164x
TAGRUN19-13 male 80 43 24/05/2019  21:23 0:06 42.21169 -8.89925 12 V164x
TAGRUN19-14 female 80 44 31/05/2019 9:53 0:06 42.21169 -8.89962 11 V131x
TACRUN19-15 male 70 38 31/05/2019 10:04 0:05 42.21169 -8.89962 11 V131x

110/03/2020 fishedon the Northern tip of the Cies Islands, Tag recovered at the Lonxa de Cangas
204/09/2019 found dead by divers in a ghost fishing net
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Total Length  DiscLength . Time on board

ID Sex [om] [erm] Date Time [min] Lat Lon Depth [m]  Transmitter Type
TACRUN19-16 male 80 45 31/05/2019  10:12 0:05 42.21169 -8.89962 11 V131x
TAGRUN19-17 male 69 39 31/05/2019 10:21 0:03 42.21169 -8.89962 11 V131x
TAGRUN19-18 male 60 35 31/05/2019  10:27 0:04 42.21169 -8.89962 11 V131x
TAGCRUN19-19 female 78 44 31/05/2019  10:33 0:05 42.21169 -8.89962 11 V131x
TACGRUN19-20 female 82 47 31/05/2019  10:40 0:05 42.21169 -8.89962 11 V131x
TAGRUN19-21 male 84 46 31/05/2019  10:49 0:04 42.21169 -8.89962 11 V13PR1x
TAGRUN19-22 female 65 38 31/05/2019 10:54 0:04 42.21169 -8.89962 11 V13PR1x
TAGRUN19-23 male 69 40 31/05/2019  10:59 0:04 42.21169 -8.89962 11 V13R1x
TACGRUN19-24 female 79 45 31/05/2019  11:53 0:04 42.21169 -8.89962 11 V13R1x
TAGRUN19-25° male 73 38 31/05/2019  11:59 0:03 42.21169 -8.89962 11 V13PR1x
TAGRUN19-26*  female 80 43 31/05/2019 12:04 0:04 42.21169 -8.89962 11 V13PR1x
TAGRUN19-27 female 78 42 31/05/2019 12:11 0:04 42.21169 -8.89962 11 V13R1x
TAGRUN19-28 male 89 48 31/05/2019 12:17 0:05 42.21169 -8.89962 11 V13R1x
TACGRUN19-29 female 63 38 31/05/2019 12:24 0:04 42.21169 -8.89962 11 V13R1x
TAGRUN19-30 female 65 36 31/05/2019  12:30 0:05 42.21169 -8.89962 11 V13PR1x
TAGRUN19-31 female 75 41 10/06/2019  12:39 0:05 42.21153 -8.90005 12 V13R1x
TACRUN19-32 female 57 31 10/06/2019  12:47 0:05 42.21153 -8.90005 12 V13R1x

311/10/2019 faund alive in Rayalandia during tagging campaign
426/02/2020 fished close to Monte Ferro (ca. 7.5 km SE of study site), Tag recovered at the Lonxa de Cangas
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ID

TAGRUN19-33
TAGRUN19-34
TAGRUN19-35
TAGCRUN19-36
TAGRUN19-37
TAGRUN19-38
TAGRUN19-39
TAGRUN19-40
TAGRUN19-41
TAGRUN19-42
TAGRUN19-43

TAGCRUN19-44

Sex

female
male
female
male
female
male
female
female
male
female
female

male

Total Length
[cm]

69
86
71
73
75
90
65
48
81
70
84

81

DiscLength
[cm]

38
45
41
38
41
48
35
26
45
39
46

44

Date

11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019

Time

11:04
11:19
11:30
11:38
11:45
11:55
12:06
12:13
13:46
13:55
14:02

14:09

32

Time on board
[min]

0:07
0:08
0:06
0:05
0:08
0:09
0:05
0:05
0:07
0:05
0:05

0:05

Lat

42.21139
42.21139
42.2113

42.21139
42.21139
42.21139
42.21139
42.21139
42.21139
42.21139
42.21139

42.21139

Lon

-8.89923
-8.89923
-8.89923
-8.89923
-8.89923
-8.89923
-8.89923
-8.89923
-8.89923
-8.89923
-8.89923

-8.89923

Depth [m]

12
12
12
12
12
12
12
12
12
12
12

12

Transmitter Type

V13R1x
V13R1x
V13R1x
V13R1x
V13R1x
V13R1x
V13R1x
V13R1x
V13R1x
V13R1x
V13R1x

V13R1x



. Data processing
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Figure 2. Mean HEror [m] and Mean HPE vs. % of retained dat@umulative mean error (HRBlue) and
cumulative mean HPE (black) were calculated over 100 bins. In tHebitDthe mean error (m) is drastically
increasing. In order to be conservative, the upper limihef@d" bin was chosen as filter criteria for HPE.
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FigureS3. Distribution of VPS positionssedfor analysis The graph shows the distribution of urdted (red)
and interpolated (blue) positions per hours of the day.
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S3. Behavioural metriggecapures and HR plots

Table 2. Summary table of behavioural metrics for all individwgalD ¢ individual fish 1D DL¢ disclength (cm), #0;; number of detections, #VRShumber of VPS positions
before filtering and interpolation steps, #VPS tatalumberof VPS positions used for analysis,q2@tected days, TRtotal tracked days, R] residence index, HR totatotal
HRarea (m?), HR dag HR area (m?) during the day, HR nighiiR area (m?2) during the night, v ngminimum speed observed (m/s), \art maximum speed observed (m/s),
v mean¢ mean speed observed (m/s)

ID Sex DL Releasdate #D #VPS ?(Xapls DD TD RI HRtotal HRday HRnight v min vmax vmean
TACGRUN19-01 male 41  24/05/2019 39652 3538 4882 115 193 0.60 346462.5 331387.5 327250 5.86e-04 1.409 0.112
TACGRUN19-02 male 47  24/05/2019 158955 18250 39831 108 193 0.56 3449125 239037.5 410200 0 2.055 0.038
TACGRUN19-03 male 44  24/05/2019 83190 9580 23825 104 193 0.54 228400 128687.5 368262.5 0 1.026  0.027
TACGRUN19-04 male 41  24/05/2019 130513 13263 23306 152 193 0.79 298400 252400 321562.5 0 4,105 0.058
TAGCRUN19-05 male 36  24/05/2019 94279 11071 28385 125 193 0.65 198300 183937.5 222962.5 0 0.560 0.014
TAGCRUN19-06 male 31 24/05/2019 141161 16449 33960 155 193 0.80 326325 268000 336000 0 0.736  0.021
TAGRUN19-07 female 37  24/05/2019 34117 4270 10710 54 193 0.28 202475 167237.5 296225 0 0.565 0.015
TAGCRUN19-08 female 47  24/05/2019 105588 11286 19748 147 193 0.76 338850 276675 347762.5 0 5.797 0.056
TAGRUN19-09 male 41 24/05/2019 323817 36636 89799 173 193 0.90 261050 196775 362000 0 5.095 0.030
TAGRUN19-10 male 46  24/05/2019 41716 3856 5970 75 193 0.39 346687.5 308137.5 323387.5 0 1.438 0.065
TAGRUN19-11 male 47  24/05/2019 93316 7339 12073 143 193 0.74 3536125 2686875 393687.5 1.56e04 1.363 0.059
TAGRUN19-125 female 46  24/05/2019 214759 25407 52722 95 193 - - - - - - -
TAGRUN19-13 male 43  24/05/2019 57484 4687 7281 118 193 0.61 373825 227775 426075 0 1.359 0.063
TAGRUN19-14 female 44  31/05/2019 114361 13382 27882 134 186 0.72 213325 195925 215937.5 0 0.969 0.026
TACRUN19-15 male 38 31/05/2019 230220 26665 54161 165 186 0.89 320725 280387.5 332037.5 0 3.326 0.021
TACRUN19-16 male 45  31/05/2019 51103 5535 10352 137 186 0.74 284187.5 240950 301862.5 0 0.552 0.042
TAGRUN19-17 male 39 31/05/2019 128873 14910 31709 176 186 0.95 261787.5 166150 304025 0 2.064 0.024
TACRUN19-18 male 35 31/05/2019 62535 7218 16580 55 186 0.30 228562.5 179000 259087.5 0 0.446  0.015
TAGRUN19-19 female 44  31/05/2019 20892 2104 3810 78 186 0.42 247037.5 2212125 229325 1.74e04 0.430 0.023
TAGRUN19-20 female 47 31/05/2019 116116 13164 22881 150 186 0.81 317225 289700 332462.5 0 0.701  0.038
TAGRUN19-21 male 46  31/05/2019 12176 1060 2431 125 186 0.67 311937.5 209387.5 347487.5 1.04e04 0.328 0.019
TACRUN19-22 female 38 31/05/2019 35455 3611 16601 106 186 0.57 212800 172725 243237.5 0 0.852  0.007

5 Excluded from analysisrfbehavioural metrics and models
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ID

TACRUN19-23
TACRUN19-24
TACRUN19-25
TACRUN19-26
TACRUN19-27
TACRUN19-28
TACRUN19-29
TACRUN19-30
TACRUN19-31
TACRUN19-32
TACRUN19-33
TACRUN19-34
TACRUN19-35
TACRUN19-36
TACRUN19-37
TACRUN19-38
TACGRUN19-39
TACRUN19-40
TACRUN19-41
TACGRUN19-42
TACGRUN19-43
TACRUN19-44

Sex

male
female
male
female
female
male
female
female
female
female
female
male
female
male
female
male
female
female
male
female
female
male

DL

40
45
38
43
42
48
38
36
41
31
38
45
41
38
41
48
35
26
45
39
46
44

Releasdate

31/05/2019
31/05/2019
31/05/2019
31/05/2019
31/05/2019
31/05/2019
31/05/2019
31/05/2019
10/06/2019
10/06/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019
11/10/2019

#D

76902
68778
89048

133795
17922
19702
18760
56083
85482
63092
15917

4964
3448
57228
21176
2842
21196
42936
34031
6013
25299
6318

#VPS

9989
7861
10964
16818
1829
2251
2059
5681
1040
7238
1832
464
396
7471
2103
292
2553
5237
4118
344
2921
714

#VPS
total
27400
30239
48656
54467
3889
11211
3726
13184
31891
25440
5577
665
1325
21590
7601
1269
8120
16153
10045
825
7739
1530

DD

168
147
179
168
87
71
51
148
149
112
25
14
12
52
38
21
31
48
53
41
26
30

35

TD

186
186
186
186
186
186
186
186
176
176
53
53
53
53
53
53
53
53
53
53
53
53

RI

0.90
0.79
0.96
0.90
0.47
0.38
0.27
0.80
0.85
0.64
0.47
0.26
0.23
0.98
0.72
0.40
0.58
0.91
1.00
0.77
0.49
0.57

HRtotal

99450
214100
139237.5
147300
366037.5
146212.5
256612.5
307687.5
177750
188250
159337.5
280812.5
139750
129687.5
166200
181750
153737.5
220675
163775
205500
170500
193200

HRday

89262.5
204837.5
93262.5
134200
258500
64862.5
248675
296312.5
148050
133500
126300
197575
88825
102200
128937.5
143737.5
129837.5
207862.5
87575
132900
158112.5
125287.5

HRnight

104050
221900
216312.5
152762.5
334537.5
315687.5
215600
278362.5
201625
194612.5
171987.5
253387.5
166275
150575
203700
244850
160437.5
229425
207750
224375
167125
215350

vmin

0

0

0

0
3.04e05

0
3.05e04
6.06e05

0

0

0
1.12e04
1.34e04

0

0
1.61e04

0

0

0
1.28e04

0

0

vV max

0.434
0.753
0.580
0.584
0.293
0.369
0.424
0.836
0.731
3.093
0.439
0.325
0.247
0.492
0.284
0.339
0.250
0.512
0.470
0.396
0.618
0.676

vmean

0.014
0.009
0.006
0.011
0.016
0.006
0.023
0.017
0.013
0.011
0.013
0.103
0.011
0.012
0.009
0.014
0.011
0.009
0.023
0.018
0.019
0.025



Figure 4. Map ofrecaptured individualsPositions of their recaptures by fishing vessels in relation to our
area. One individal was recaptured in February 2020 at the Northern tip of the Cies Islands (ca. 4 km N
study site) and a second one in March 202Rlante Ferro (ca. 7.5 km SE of study sid markers are recaptt
locations, yellow highlighted area is our dyuarea.
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Figure Sa. Total, day and night HR areas fall individuals Red dots represent the acoustic telem
receiver locations and the shaded area Hie (KUD95 = kernel utilization distribution based on 95%
positions); %KUD = kernel utitina distribution based on x% of the position
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