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Abstract

The Flathead grey mulle¥jugil cephaluds the most globally-distributed Mugilidae spediesl its
migrations and movement patterns have been stgttéally but not in-depth in the Mediterranean
region. Thus, the present study aimed: (1) to iflentigratory patterns throughout the life-histafy
theMugil cephalusn different Spanish Mediterranean wetlands, &)dd study the presence of
potential fish stocks of the species in the redigmeans of otolith microchemistry. Specimens (n =
43) were obtained in three wetlands: Parque Nae#h de I'Ebro (DE), a stratified estuary; Parque
Natural de I'Albufera de Valencia (AV), a Meditenean lake; and Parque Natural Salinas de Santa
Pola (SP), a coastal salt marsh. Otolith microck&mivas studied using LA-ICP-MS (chronological
variation of Sr:Ca and Ba:Ca ratios). The analgéigfetime profiles revealed four behavioral
patterns: Type |: most frequent use of estuarivr@mments (estuarine resident); Type IlI: freshwate
behaviour during early life history, moving thouggtuarine to marine waters at the end of theirlprof
(freshwater migrant); Type lll: estuarine water irsearly life stages moving then towards sea gater
(estuarine migrant); and Type IV: sea/high salimter habitat use during their entire lifetime
(seawater resident). A Canonical Discriminant Asalyusing Sr:Ca and Ba:Ca ratios from core and
edge as variables, assigned individuals to thectitgpatterns with high accuracy (Type | > 95%;
Type Il and Type Il > 83%; and Type IV > 88%). Mawver, two potential fish stocks were identified
by the analysis of Sr:Ca otoliths-edge ratios: iortbe Valencian Gulf, DE-AV areas presented



similar ratios, and the other in the southern locatSP (higher Sr:Ca value$jugil cephalus

presented diverse life patterns on the Valenciami@onity Mediterranean coast. Different strategies
could be identified by the used methodology: somgiqular to an area (Type IV-SP); others shared
among areas, changing environments in differegestaf their life. The presence of different fish
stocks could be influenced by a mesoscale curfegn@menon observed in the region associated with

the Balearic front.
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Introduction

The study of migratory history in diadromous fishvery important to understand habitat use and
preferences so as to generate proper managemaeisdtiegs for the selected fish areas (Beck et al.
2001; Payne Wynne et al. 2015). Different methaisetheen used to study movements and habitat
selection of fish such as mark-recapture and théysis of otolith features such as morphometry and
chemical composition (Sturrock et al. 2012; Aviglieet al 2014; Clément et al. 2014). The latter
methodology has facilitated not only the studyisififmovements and migrations but also the stock
identification of important commercial species (&iders 2005; Tracey et al. 2006; Tabouret et al.
2010; Avigliano et al. 2014, 2015). The use of itiatlemental signatures throughout fish growth
serves as a sensitive natural tag and can be aisetk the entire life history of fish, reconstiing

their environmental migratory patterns and hahitz (Campana et al. 2000; Wang et al. 2010).
Elemental deposition in the otolith is influencedpghysiological and environmental factors, most
particularly by the concentration of elements ia sluirrounding water (Wang et al. 2010). The
chemicals deposited represent a permanent recding @hvironmental conditions experienced by the
fish at a particular time (Campana et al. 2000tétiterg et al. 2005). Sr:Ca and Ba:Ca otolith satio
have been simultaneously used by some authorsoitk and migration studies as well as for
indicators of habitat (Schuchert et al. 2010; Tabbat al. 2010; Avigliano et al. 2015). The raifo
these elements varies between freshwater and sraavat is of value to understand the migratory
behaviour of diadromous fish (Milton et al. 200&r@pana et al. 2009; Wang et al. 2010).

The Flathead grey mulldugil cephalusgs the most worldwide distributed species of thegMdae
family, it can be found in all the major oceansjmhabetween latitudes 42° N and 42° S (Whitfietd e
al. 2012). This euryhaline species is thought sspoffshore and its larvae to migrate from thetsea
estuarine or freshwater areas until reaching sexaslrity (Whitfield et al. 2012). It has been saai

in great depth because of its important economligevas a commercial species and in aquaculture, for
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their roe (Chang et al. 2004#).situas well as laboratory studies have been perfotmbétter

understand its biology and ecology (Whitfield et212).

Migrations and movement patternshdigil cephalushave been studied in Caribbean (Ibafez et al.
2012), Pacific (Chang et al. 2004a; Lester et@DR2 Wang et al. 2010; Goérski et al. 2015) and
Atlantic waters (Bacheler et al. 2005), using taggparasites or otolith analysis techniques. This
species has diverse strategies for spawning arsgtryuarea use and different use of habitats (Cheang
al. 2004a; Wang et al. 2010; Ibafiez et al. 2012ski&t al. 2015). Moreover, Ibafez et al. (2012)
proposed that the euryhaline behaviour enablesrthgilid to search for the best environment notonl
for reproduction but also for survival and growttiey found a more diverse use of habitats in the
Caribbean than the catadromous behaviour previexggcted. The wide range of distribution, the
flexible physiology and the position at the bas¢hefaquatic food web, confer Kugil cephalughe
adaptability to tolerate a wide range of environtakoonditions, thus showing an extensive and
differing use of coastal environments (Whitfieldl3). Rearing experiments of this species revealed
that their otolith Sr:Ca ratios are positively adated with the salinity of ambient water (Changlet
2004b). For Barium, the relationships are yet radidated for this mullet but other fish have shaavn
negative correlation between otolith Ba:Ca ratiod salinity (ratios were higher in freshwater
environments) (Elsdon and Gillanders 2005).

In the Mediterranean Sé4 cephaluss the most abundant Mugilidae and representsgoritant
human food resource by being traditionally culturedoastal lagoons (Gisbert et al. 1995; Turan
2016). This region has an extensive variety of mmvhents that are used by this mullet. However,
studies on displacements, strategies of habitahngestock identification d¥l. cephalusn the
Mediterranean region are scarce. As such, the mregly has two main objectives using otolith
microchemistry: (1) to identify migratory patterthsoughout the life-history dflugil cephalusn
different Spanish Mediterranean wetlands with dieezcological features, and (2) to study the
presence of potential fish stocks of the specig¢kdmegion.

Materialsand M ethods
Study area

Three wetlands in the Spanish Mediterranean regiene selected: Parque Natural Delta de I'Ebro,
Parque Natural de I'Albufera de Valencia and Paldariral Salinas de Santa Pola; all situated in or
near the Valencian Community (Figure 1). All wetarare connected to the Mediterranean Sea either
permanently or by manually operated channels. Engue Natural Delta de I'Ebro (Deltebre) is a

stratified estuary that presents a river plume (Banet al. 2001). This area has a 350 km long



floodplain that forms one of the largest deltathef Mediterranean (Llorente et al. 1991). Its $iglin
ranges from 1.1 to 33.9 PSU. The Parque NaturBAtlmifera de Valencia (Albufera), the second
largest wetland on the Mediterranean coast (Benedlial. 2011), presents a lake - with low salsiti
throughout the year (around 1.5 PSU (Confederadidrolégica Jucar 2016)) - that is connected to

the sea by three artificial channels (flood-gatea) regulate water flow throughout the year (Setia

al. 2002). These gates are closed during May-JndéNavember-December for rice fields. Finally,

the Parque Natural Salinas de Santa Pola (Sara} iBa wetland system formed by canals, ponds and
dams highly modified by human activities. It isigthsalinity area (37.3 PSU) connected to the
Mediterranean Sea (Belda Antoli et al. 2008).

Sample collection

Adult individuals (n = 43) oMugil cephalusvere captured between April 2013 and April 201thwi
gill nets in artisanal catches of the local comrtiaai Samples were taken during non-reproductive
seasons in the estuary portion near the sea ithtee selected wetlands, always in months when all
areas were open to the sea. Collected individuats taken to the laboratory, their standard length
(SL in mm) was recorded and theagittal otoliths removed. After extraction otoliths wemged and

stored for posterior use.
Determination of Otolith microchemistry

Right otoliths of individuals captured in the thsgadied areas (Deltebre: n = 19; SL = 395 — 519 mm
Albufera: n = 11; SL = 355 — 577 mm; and Santa Aok 13; SL = 359 — 419 mm) were weighed to
the nearest 0.0001 mg and then embedded in cigstaiboxy resin (EC 141). Transversal sections
just above the core were made using a Buehler Islmwespeed saw. The core was then exposed
using sandpaper (4000 down to 500-grit) and iteasarsmoothed using a Im [correct at proof]
polishing cloth (©Buehler). Sections were sonicateililli-Q water for 5 min and dried under a
laminar flow for 24 h prior to the laser ablatid@R-MS analysis. An Agilent 7500ce (Tokyo, Japan)
inductively coupled plasma mass spectrometer (M, coupled to a 213nm Nd:YAG laser unit
(LA) LSX-213 (Cetac Technologies, Omaha, USA) wasdlin order to analyse the chronological
variation of**Sr, *®8a and®Ca in the otoliths. Sectioned samples were platéie ablation chamber
and a transect was ablated from core to edge (adéh: 50 pm) along the longest radius of the
otolith. The laser operated at a pulse rate of 20a-scan speed of 10 um/s and an energy output of
100% (5.6 mJ max.). LA-ICP-MS coupling was dailftiopized using a SRM NIST 612 silicate glass
standard (National Institute for Standards and meldgy-NIST, Gaithersburg, MD, USA) for high



sensitivity and low background intensity. Otoliflerent composition was obtained and element:Ca

ratios were calculated for statistical analysis #redprofile construction of each fish.
Statistical Analysis

To identify migratory patterns, chronological Sr:@afiles were obtained for each specimen and then
classified according to their environmental compaseMicrochemical thresholds previously
described by Chang et al. (2004a) were used tdifgemvironments: Sr:Ca ratios below 3 x*10
mmol/mol corresponded to freshwater habitats; satistween 3 to 7 x Fammol/mol represented
estuarine-brackish waters, and higher than 7-%nhol/mol were high-salinity water habitats.
Migratory patterns were identified and a Canoniziacriminant Analysis (CDA) was performed to
study the correct assignment of individuals toittemtified environmental patterns using InfoStat®
software. When analysing life-history profiles, thitee previously described environments
(freshwater, estuarine and marine water) were faarm used by fish at different extents. Henoe, th
microchemical variables chosen to execute the C2fevr:Ca and Ba:Ca ratios from the core and
edge of each profile, so as not to obscure anlyeoftigratory patterns observed. Moreover, these
microchemical variables were corrected, prior tp amalysis, using the common within-group slope
(Campana et al. 2000; Galley et al. 2006; Burka.2008) as a fish size effect was detected
(ANCOVA analysis: p < 0.01). The constants usedew8r:Ca-core, b = 0.001; Sr:Ca-edge, b = 0.01;
Ba/Ca-core, b = 0.00028, and Ba/Ca-edge: 0.0006;shccessfully removing the significant

correlation with fish length.

Finally, to analyse the presence of potential figltks in the studied region, averages of Sr:Ca and
Ba:Ca at otolith edges were calculated for eadhifisall sampled sites, given that this region aorg
the most recent deposited material. Then, elemama@os were compared among areas with a non-
parametric Kruskal-wallis test, given that the ahtées did not meet the assumptions of normality
(Shapiro-Wilk, p < 0.0001) and homogeneity of vacies (Levene, g 0.05).

Results

The analysis of the lifetime profiles revealed foigratory patterns. The most representative ofieac
recognized habitat use are shown in Figure 2,diz#@te differentiation. Pattern Type | correspotads
the most frequent use of estuarine environmentaggse resident) (Figure 2a); Type |l corresponds
to a freshwater behaviour during early life histarging estuarine waters during juvenile and adult
stages and moving at the end of their profile togba (freshwater migrant) (Figure 2b); Type llI

corresponds to estuarine water use in early lifgest and later moving towards sea/high salinity



waters (estuarine migrant) (Figure 2c); and Typediresponds to sea/high salinity water habitat use

during their entire lifetime (seawater residenij(ffe 2d).

The CDA correctly assigned the individuals to teeagnized patterns with high accuracy (Type | >
95%; Type Il and Type Il > 83%; and Type IV > 88¢%able 1). The plot shows a clear separation of
types | and Il towards positive values of the faahonical axis; and Type IV towards the negative
ones (Figure 3). Type lll individuals are distriedtin between the other recognized groups (Figure 3
along the mentioned canonical axis. The variakde lest explained this variation was Sr:Ca-edge
(discriminant coefficient: -0.70). Regarding themed canonical axis, there was not as clear a
separation as in the first, but Types Il and Ifided to be distributed towards the positive values
(Figure 3). The variables that best explained #msd canonical axis variation were Sr:Ca-core and
Sr.Ca-edge (discriminant coefficients: 0.87 an@4Qespectively). Variability explained by the firs
and second canonical axis was 96.2% (78.2% andr&8pectively).

The most common pattern among individuals was Tyable 2). Not all movement patterns were
identified in every studied area. Fish captureDdttebre showed Type | as their most usual behaviou
(78%), but also showed types Il and lll. Albufendividuals showed only Types | and I, with thesfir
as the most common one (64%). Santa Pola fish tlverenly ones that presented Type IV behaviour,

being this the most common one (70%), individuéde ahowed Type Il pattern (Table 2).

When analysing element:Ca ratios, Sr:Ca of ot@ithes revealed a similar ratio pattern for Albufera
and Deltebre (Figure 4) but a different one fort&8d@ola (Kruskal-Wallis p < 0.0001) allowing
discrimination of the most southern location frdre horthern ones because of this chemical feature.
Ba:Ca ratios of otolith edges did not reveal agyigicant differences among the analysed areas
(Kruskal-Wallis p = 0.34) (Figure 4).

Discussion

Our results show th&lugil cephaluspresents diverse migratory life patterns on then&h
Mediterranean coast of the Valencian Community. mieochemical analysis of otoliths showed two
different diadromous movement profiles and two tamispatterns with residency in estuarine or
marine waters. Otolith composition is highly influeed by habitat use (Chang and Geffen 2013),
reflecting population movements as well as preteh&bitats and their connectivity (Morales-Nin et
al. 2014). Our findings agree with those reportgdChang et al. (2004a), who strongly suggested that
Taiwanese specimens . cephalusould be divided into two groups, one that prestatéreshwater

component in their life cycle and another that ot



Even thoughM. cephaluss considered a marine estuarine-opportunist sp€€ibang and lizuka

2012; Potter et al. 2015), Sr:Ca ratios found afitht cores of some analysed specimens showed
concentrations corresponding to freshwater (Typerlestuarine waters (Types | and Ill). This has
also been reported for Australian individuals & fpecies that remained near shore during their
marine spawning (Smith and Deguara 2002; Fowlat.&016), and for Taiwanese ones that showed
freshwater or estuarine water residencies (Wamagd) 2010). Our results may indicate thMatcephalus
has more diverse spawning and nursery ground balravihan previously expected, or that there
could be a rapid migration from sea to lower safienvironments, not allowing the uptake of
elements into the otolith to reflect the environtnghere they were spawned. However, it is also
important to consider that the low number of fisldged per area could be masking other patterris tha
could have been found with a more abundant otséthple.

The studied Mediterranean region presents wetlafittisspecific ecological features (different saini
values, connection to the sea, hydrological regim@hich this widely commercialized mullet

showed adaptability to the conditions of the ateakaving different environmental strategies

reflected in its diverse habitat uses. ThJagil cephalusas well as other reported euryhaline species
such agCentropumus parallelusr Lysengraulis grossider($/ai et al. 2014; Daros et al. 2016),
presented high plasticity related to their hahitg and movements, and showed diverse displacement
patterns throughout their life history.

When analysing the presence of potential fish stoBl:Ca ratios of the otoliths edge did not reveal
differences among the sampled areas. Sr.Ca edgesvaln the other hand, showed differences among
individuals captured in Santa Pola with specimeosifthe northern sampled areas. When comparing
the latter, no significant differences were foustipwing the values of both areas (Deltebre and
Albufera) Sr:Ca associated to estuarine environsaésy previously mentioned, the incorporation of
elements depends on different factors such as tetype and salinity. Sr concentration in otoliths
correlates positively with the salinity found iretBurrounding water (Kraus and Secor 2004; Sturrock
et al. 2012), while Ba values correlate negativeth salinity or conductivity of the water massesd

by the fish (Elsdon and Gillanders 2005; Tabouret.e2010; Miller 2011). In this research, Sr.Ca
ratios, as seen in other studies, were usefuletify fish that used areas with high salinitié®Ilthe
Santa Pola region (Chang et al. 2004b; Chang aoHdi2012; Kerr and Campana 2014; Gorski et al.
2015). In contrast Ba was not useful in our stadyit did not reflect the environmental featureghef
areas, agreeing with findings of Fowler et al. @0ivho reported that this microchemical variable
had a very low utility in distinguishing estuariaed marine environments usedMwgil cephaluson

and off the Australian east coast.



The Mediterranean Sea presents a complex circalafioe study region is influenced by the
superficial current of the Atlantic Ocean (AW) ahé Levantine Intermediate Water current (LIW)
which moves water masses from east to west (Mi®9; Bergamasco and Malanotte-Rizzoli 2010;
Skliris 2014). Moreover, the area is particularffuenced by a mesoscale phenomenon: a superficial
current from the eastern Ligurian Sea to the GilMfalencia (from The Ebro Delta to the La Nao
Cape), following the shelf-slope front that mergéth the north Balearic front (Estrada 1996; Salat
1996; Pascual et al. 2002). This current dynamidccbe influencing stock displacementauiigil
cephalusrepresenting a geographical impediment in théhson end of the Valencian Gulf. This
agrees with the present results which found twemt@! fish stocks: one associated to areas nérth o
La Nao Cape (Deltebre-Albufera) and the other,tsofiit (Santa Pola) (Figure 1).

This broadens the knowledge of the environmentalirements of this cosmopolitan species in the
Mediterranean area and the different use of thdiedluvetlands during their lifetime. These resahes
necessary for the proper management of these pedtaceas and also for this and other species that
make vital use of them throughout their life cydlence ensuring their correct preservation.
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Figureand Table Titles and L egends

Fig. 1 Location of the three sampled wetlands (ParquerdbDelta de I'Ebro, Parque
Natural de I'Alfubera de Valencia and Parque Ndt8edinas de Santa Pola) in the

Mediterranean region (black stars).

Fig. 2 Otolith life history profiles of Sr/Ca ratios ftne 4 identified Type patterns bfugil
cephalusn the three sampled areas measured by LA-ICP4#I8 tore to edge. Letters refer
to identified groups: (a) Type I: estuarine residspecimen from Deltebre, LS = 413 mm);
(b) Type lI: freshwater migrant (specimen from Afdna, LS = 355 mm); (c) Type Il
estuarine migrant (specimen from Santa Pola, L85mMm); and (d) Type IV: seawater
resident (specimen from Santa Pola, LS = 418 mmitic&@l levels for the limits of the

environments concerning water salinity were takemfChang et al. (2004a).

Fig. 3 Canonical Discriminant Analysis of otolith micraahical variables for the four
identified migratory patterns (Type |, estuarinsident; Type I, freshwater migrant; Type I,

estuarine migrant; Type IV, seawater residentylagil cephalus

Fig. 4 Otolith edge Sr:Ca (a) and Ba:Ca (b) ratios ferttiree analysed sampling areas
(Deltebre: Parque Natural Delta de I'Ebro; AlbutdParque Natural de I'Alfubera de
Valencia; Santa Pola: Parque Natural Salinas dea$¥ia). Squares indicate median values
and bars indicate minimum and maximum ones. Diffeletters show significant statistical
differences (p < 0.01).

Table 1 Cross-classification matrix of the Canonical Distnant Analysis of otolith, core
and edge, microchemical variables (Sr:Ca; Ba:Cdjfterentiate migratory patterns: Type I,
estuarine resident; Type I, freshwater migranp@¥ll, estuarine migrant; Type IV, seawater

resident.

Table 2 Migratory patterns identified (Type |, estuariesident; Type Il, freshwater migrant;
Type lll, estuarine migrant; Type 1V, seawater desit) for individuals oMugil cephalusof

the studied areas on the Mediterranean coast.
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Table 1. Cross-classification matrix of the Canonical Discriminant Analysis of otolith, core

and edge, microchemical variables (Sr:Ca; Ba:Ca) to differentiate among migratory

patterns: Type |. estuarine resident; Type 1. freshwater migrant; Type I11. estuarine

migrant; Type V. seawater resident.

Typel Typell Typelll TypelV Totd sample size
Percentages of each Type
Typel  95.45(21) 4.55(1) 0 0 22
Typell 16.7(2) 83.3(5) 0 0
Typelll  16.7(1) 0 83.3(5) 0
Type IV 0 0 11.1(1) 88.9(8)




Table 2. Migratory patterns identified (Type |: estuarine resident; Type I1: freshwater migrant;

Type lll: estuarine migrant; Type IV: seawater resident) for individuals of Mugil cephalus of the

studied areas in Mediterranean coast.

Total individual

Typel Typell Typelll TypelV number
Deltebre 15 2 2 0 19
Albufera 7 4 0 0 11
Santa Pola 0 0 4 9 13
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