i Sy
Universitat

de Girona
——

CLIMATE CHANGE AND THE EXPANSION OF
THERMOPHILIC FISHES IN THE
NORTHWESTERN MEDITERRANEAN:
THE IMPORTANCE OF STUDYING CONDITION
AND REPRODUCTION TO UNDERSTAND THE
INCREASE IN THEIR ABUNDANCE

Harold O. VILLEGAS HERNANDEZ

Diposit legal: Gi. 2064-2015
http://hdl.handle.net/10803/327033

OMON

http://creativecommons.org/licenses/by/4.0/deed.ca

Aquesta obra esta subjecta a una llicéncia Creative Commons Reconeixement
Esta obra esté bajo una licencia Creative Commons Reconocimiento

This work is licensed under a Creative Commons Attribution licence




N
Universitat

de Girona
S

DOCTORAL THESIS

Climate change and the expansion of thermophilic fishes in the
northwestern Mediterranean: the importance of studying condition

and reproduction to understand the increase in their abundance

Harold O. Villegas Hernandez

2015






N
Universitat

de Girona
S

DOCTORAL THESIS

Climate change and the expansion of thermophilic fishes in the
northwestern Mediterranean: the importance of studying condition and

reproduction to understand the increase in their abundance

Harold O. Villegas Hernandez
2015
Supervised by:

Dr. Josep Lloret Romafach

Dra. Marta Mufioz Frigola

Doctorate Programme in Experimental Sciences and Sustainability

This manuscript has been presented to opt for the doctoral degree from the University of Girona






et
Universitat de Girona

Departament de Ciéncies Ambientals
[——

El Dr. Josep Lloret Romafiach i la Dra. Marta Mufioz Frigola, del Departament de Ciéncies Ambientals

de la Universitat de Girona,

DECLAREM:

Que el treball, titulat “Climate change and the expansion of thermophilic fishes in the northwestern
Mediterranean: the importance of studying condition and reproduction to understand the increase in
their abundance”, que presenta Harold O. Villegas Hernandez per 'obtenci6 del titol de doctor, ha

estat realitzat sota la nostra direccio.

I, perque aixi consti i tingui els efectes oportuns, signem aquest document,

Dr. Josep Lloret Romanach Dra. Marta Mufioz Frigola
Professor Visitant d'Universitat Professora Titular d’Universitat
Departament de Ciencies Ambientals Departament de Ciéncies Ambientals
Facultat de Ciencies, Universitat de Girona Facultat de Ciencies, Universitat de Girona

Girona, Marg¢ de 2015



AGRAIMENTS/AGRADECIMIENTOS

Primer de tot, donar el meu sincer agraiment als meus directors de tesis, en Josep Lloret i Marta
Mufioz, per donar-me I'oportunitat de treballar amb ells. Tot va a comengar amb un correu electronic
que he enviat des de Mexic i fins ara amb la tesi doctoral (i espero que no sigui I'tltim projecte!).
Moltes gracies por la vostra confianga, per donar-me anims, pels vostres consells, per la vostra
rapidesa i eficiencia en les correccions tant en els articles com en la tesi, per la vostra exigencia i

sobretot pel bon rotllo que hi hagut sempre entre tots tres.

Fer extensius els meus agraiments a tos els companys de ’Area de Zoologia de la Universitat de
Girona, moltissimes gracies a tots els meus companys de doctorat, especialment a Dolors Ferrer,
Lidia Sarra i Ekaterini Dimitriatis, que han passat pel laboratori i despatx 240 per fer les hores de
treball més amenes i per oferir-me consell cientific i recolzament en tots aquests anys. Sempre me’'n
recordaré de la seva ajuda per prendre decisions que han ser molt importants per al

desenvolupament de la meva tesi doctoral.

A l'area de Departament d'Agricultura, Ramaderia, Pesca, Alimentacié i Medi Natural de la
Generalitat de Catalunya per la seva informaci6 facilitada i per compartir el coneixement sobre les
abundancies de peixos en els ports pesquers de la costa catalana, que ha estat essencial per la

realitzacid d’aquesta tesi.

Agradezco al Consejo Nacional de Ciencia y Tecnologia (CONACYT-México) la beca (Ref.
215050) que me permiti6 llevar a término los estudios de doctorado que culminan con el presente
trabajo. Asimismo cabe destacar que parte de los datos utilizados en el estudio fueron recogidos
durante el transcurso del proyecto 'Impacte del canvi climatic Sobre les reservas marines I'exemple

del cap de Creus' de la Fundaciéon Abertis (Ref. 1018-100305-00) lo cual se agradece enormemente.

Finalmente, y no menos importante, quiero agradecer a toda mi familia. A mi madre, Flor
Hernandez Acereto, y mi padre Wilbert Villegas Casares, por haberme dado la vida y la oportunidad
de estudiar y crecer profesionalmente. A mi linda y amada esposa, Lorena Camargo Novelo, por su
apoyo y compaifiia durante estos casi cuatro increibles afios que hemos vivido juntos aunque muy
lejos de casa (al otro lado del charco) muy felices. Muchas gracias por darme animos para ver hacia
adelante en cada momento de la tesis como en aquellas largas campafias de muestreo y, en general,
de la vida. Muchas gracias familia, todos ustedes me han impulsado a cumplir un suefio mas, no tengo

palabras para agradecerles todo su amor y apoyo incondicional.

Moltes gracies a tothom! Muchas gracias a todos!



“As human beings, we are vulnerable to confusing the unprecedented with the improbable. In our
everyday experience, if something has never happened before, we are generally safe in assuming it is not

going to happen in the future, but the exceptions can kill you and climate change is one of those

exceptions”

Albert Arnold "Al" Gore Jr.






STRUCTURE OF THE THESIS

This PhD thesis has a format of compendium of scientific articles by chapters and thus the
manuscript derived from this thesis dissertation has been structured into seven chapters. The first
one (Chp. I) describes the frame in which this research lay and includes a brief description of the
study area where the field work was conducted, the study species, the hypothesis, objectives and
methodologies of the dissertation. Next, results are presented in five chapters (II-VI), each of them
with its own introduction, methodology, results and discussions. It follows a general discussion and
conclusions (Chp. VII) considering all the topics that have been tackled in this thesis. Finally, the

reference list and appendixes are shown at the end of this manuscript.

It is worth to mention that four chapters (I1II-VI) corresponded to the exact transcripts of the
articles that have been either accepted or still under review for publication in journals indexed by
the Journal Citation Reports of the ISI Web of Knowledge. Below is detailed in which editorial process
each of one of these articles are at present, along with the complete reference, impact factors (IF) and
journal rankings (JR) (last update of 2013) that justify that these studies have the quality required

for the submission of the thesis in this format.

1. Villegas-Herndndez H., Mufioz M., Lloret J. (2014) Life-history traits of temperate and
thermophilic barracudas (Teleostei: Sphyraenidae) in the context of sea warming in the
Mediterranean. Journal of Fish Biology, 84 (6): 1940-1957. DOI: 10.1111/jfb.12411. IF = 1.734;
JR = Fisheries (Q2: 16/50).

2. Villegas-Hernandez H., Lloret J., Mufioz M. (2015) Climate-driven changes in life-history traits
of the bastard grunt Pomadasys incisus (Teleostei: Haemulidae) in the North-western
Mediterranean. Mediterranean Marine Science 16 (1): 21-30. DOI: 10.12681/mms.951. IF =
1.734; JR = Marine and Freshwater Biology (Q2:43/102).

3. Villegas-Hernandez H., Lloret J., Mufioz M. (2015) Reproduction, condition and abundance of
the Mediterranean bluefish (Pomatomus saltatrix) in the context of sea warming. Fisheries

Oceanography 24(1), 42-56.DOI: 10.1111 /fog.12091. IF = 2.542; JR = Fisheries (Q1: 4/50).

4. Villegas-Hernandez H. Mufioz M, Lloret ]. (in peer reviewing process of submission)
Reproductive traits of the pompano Trachinotus ovatus (Linnaeus, 1758) in the north-western
Mediterranean. Journal of the Marine Biological Association of the United Kingdom. IF = 1.129; JR
= Marine and Freshwater Biology (Q3: 61/103).


http://onlinelibrary.wiley.com/doi/10.1111/jfb.12411/abstract
http://www.medit-mar-sc.net/index.php/marine/article/view/951
http://onlinelibrary.wiley.com/doi/10.1111/fog.12091/abstract




INDEXES

Contents
INDEXES
Page
INDEXES i
LIST OF FIGURES iv
LIST OF TABLES vii
LIST OF ABBREVIATIONS ix
SUMMARIES X
ENGLISH X
CATALA xii
CASTELLANO Xiv
CHAPTER I: General Introduction 1
1.1. Sea warming context 3
1.2. Mediterranean warming impacts on its living marine resources 4
1.3. Climate-driven alterations of the life-history traits of fish 7
1.4. Condition and reproduction of fish in the context of climate change...........cccouesseresessessanes 8
1.5. Case studies 9
1.5.1. Bluefish (Pomatomus saltatrix) 9
1.5.2. Bastard grunt (Pomadasys incisus) 11
1.5.3. European barracuda (Sphyraena sphyraena) and yellow-mouth barracuda (S.

viridensis) 12
1.5.4. Pompano (Trachinotus ovatus) 14
1.6. Hypothesis 15
1.7. Objectives 15
1.8. Study area 16
1.9. Materials and methods 18
1.9.1. Sea temperature data 18
1.9.2. Biological data 18
1.9.2.1. Abundance-sea water temperature relationships 18
1.9.2.2. Fish condition and reproduction evaluation 19
CHAPTER II: Spatio-temporal analyses of the sea water temperature of the study area.......... 23
2.1. Abstract 25
2.2. Introduction 26
2.3. Materials and methods 27
2.3.1. Data collection 27
2.3.2. SST anomalies and trends in the NW Mediterranean Sea 27
2.3.3. ARIMA approach to model seasonality of SSTs 27
2.4. Results 28
2.4.1. Anomalies and trends of the SSTs 28
2.4.2. Seasonality of the SSTs 31
2.5. Discussion 32

CHAPTER III: Reproduction, condition and abundance of the Mediterranean bluefish
(Pomatomus saltatrix) in the context of sea warming 35
3.1. Abstract 37




Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

3.2. Introduction 38
3.3. Materials and methods 39
3.3.1. Sampling locations 39
3.3.2. Fish condition and reproduction evaluation 39
3.3.3. Statistical analyses 41
3.3.4. Transfer functions between CPUE and SST. 43
3.4. Results 44
3.4.1. Fish condition and reproductive biology 44
3.4.2. Relationship between SST and bluefish CPUE 49
3.5. Discussion 51
CHAPTER 1V: Climate-driven changes in life-history traits of the bastard grunt
Pomadasys incisus (Teleostei: Haemulidae) in the North-western Mediterranean..........cocuese 57
4.1. Abstract 59
4.2. Introduction 60
4.3. Materials and methods 61
4.3.1. Sampling locations. 61
4.3.2. Fish Condition and Reproductive Biology 62
4.3.3. Statistical Analyses 64
4.4. Results 65
4.5. Discussion 70
CHAPTER V: Life-history traits of temperate and thermophilic barracudas (Teleostei:
Sphyraenidae) in the context of sea warming in the Mediterranean 73
5.1. Abstract 75
5.2. Introduction 76
5.3. Materials and methods 77
5.3.1. Fish condition and reproduction evaluation 77
5.3.2. Sea temperature and barracuda landings 80
5.3.3. Statistical analyses 80
5.4. Results 81
5.4.1. Fish condition and reproductive biology 81
5.4.2. Seasonality of SSTs and barracuda landings 86
5.5. Discussion 87
CHAPTER VI: Reproductive traits of the pompano, Trachinotus ovatus (Linnaeus, 1758),
in the north-western Mediterranean 91
6.1. Abstract 93
6.2. Introduction 94
6.3. Materials and methods 95
6.3.1. Study area and sample collection 95
6.3.2. Fish size distribution 95
6.3.3. Gonadal development, spawning season and size at 50% maturity 96
6.3.4. Oocyte size-frequency distribution and fecundity estimates 98
6.3.5. Egg quality and follicular atresia estimates 99
6.3.6. Statistical analysis 99
6.4. Results 100
6.4.1. Size distribution and size at 50% maturity. 100

6.4.2. Gonadal development and spawning season 101

ii



INDEXES

Contents

6.4.3. Oocyte development and fecundity 103
6.4.4. Egg quality and follicular atresia 104

6.5. Discussion 104
CHAPTER VII: General Discussion and Conclusions 109
7.1. Sea warming effects on life-history traits of thermophilic fish 112
7.1.1. Size at maturity 113
7.1.2. Spawning phenology 113

7.1.3. Spawning strategy 114

7.1.4. Condition 115

7.2. Impacts of sea warming on fish catches 116
7.3. Implications and perspectives for management 118
7.4. Final overview. 122
7.5. Recommendations in future researches 123
7.6. Conclusions 124
REFERENCES 125
APPENDIXES 146
Appendix 1: Box and Jenkins modelling strategy 146
Appendix 2: Gonad photomicrographs 147
Appendix 3: Front pages of the articles published for this PhD thesis.......cccuuummnencnenes 152

iii



Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

LIST OF FIGURES

Fig. 1.1 Flux diagram of the main global climate change-driven related factors influencing marine

organisms (-: affects). Diagram modified from Gambaiani et al. (2009). 5
Fig. 1.2 The bluefish, Pomatomus saltatrix. lllustration modified from Bariche (2012). ..cccwemmreeensnns 10
Fig. 1.3 The bastard grunt, Pomadasys incisus. lllustration modified from Bariche (2012). .....ccccee... 11
Fig. 1.4 The European barracuda, Sphyraena sphyraena (A), and the yellow-mouth barracuda,

Sphyraena viridensis (B). lllustrations modified from Bariche (2012). 13
Fig. 1.5 The pompano, Trachinotus ovatus. lllustration modified from Schneider (1990).....ccccuuvurunne 14

Fig. 1.6 Map of the north-western Mediterranean basin showing both study areas, the more
northerly Gulf of Roses and the more southerly Ebre Delta, along the Catalan coast. Principal
characteristics of the circulation of the region and 1000 m isobaths are also shown........cccccouuuceee. 17

Fig. 2.1 Annual SST anomalies per season (from January 1970 to December 2011) estimated
separately for the Gulf of Roses and the Ebre Delta. The overall mean SST for each season is
shown as A. 28

Fig. 2.2 Long-term variations of monthly mean SSTs (since January 1970 to December 2011) in
the Ebre Delta (A) and the Gulf of Roses (B). The Seasonal Kendall tests indicated significant a
monotonic trend for the Ebre Delta (0.027 + 0.016 °C yr-1,Z = 5.78, p < 0.01) as well for the
Gulf of Roses (0.024 + 0.013 °C yr-1, Z = 5.62, p < 0.01). The trends in the Gulf of Roses and
the Ebre Delta are illustrated as continuous and dashed lines, respectively.........reermsneeeenes 29

Fig. 2.3 Long-term variations of the mean SSTs per season in the Gulf of Roses (dark lines) and in
the Ebre Delta (grey lines). The mean rate of change of each season at the Gulf of Roses (dark)
and the Ebre Delta (grey) are given, and the trends in the Gulf of Roses (continuous lines) and
in the Ebre Delta (dashed lines) are illustrated. For each season, the Z-statistic of the Mann-
Kendall test and the significance level for the existence of a monotonic trend is indicated by
one or two asterisks (p< 0.05 and p< 0.01, respectively) or a dash (no monotonic trend at the
p< 0.05 level). 30

Fig. 2.4 Mean seasonal patterns (% above/below the annual mean) of the SST time series and the
actual SST variations per month in the Gulf of Roses and the Ebre Delta, over the period
1970-2011. 31

Fig. 2.5 Monthly time series (1970-2011) of SST seasonalities in the (A) Gulf of Roses and (B) the
Ebre Delta; o indicate the evolution of the May SST seasonality data at their respective
seasonal pattern. 32

Fig. 3.1 Map of the north-western Mediterranean basin showing the two study areas (Gulf of
Roses and Ebre Delta) and the location of fishing ports along the Catalan coast where
sampling of Pomatomus saltatrix was carried out during the 2010-2011-2012 period. The
upper panel shows the mean (+ std. dev.) monthly variation of sea surface temperatures (SST,
°C) during the study period (2010-2012) at the Gulf of Roses and the Ebre Delta.....c...couceervsrmeeeenes 40

Fig. 3.2 Box-whisker plots of the adjusted means of HSI and GSI (standardized based on GLMs for
sex and maturity) per sampling area. Interquartile box range (25-75%), mean (+), median
(B), whiskers (represented as Q1 and Q3 deviations from the smallest and largest
observation, respectively) are also given. 45

Fig. 3.3 Seasonal ovarian and testis development stages frequency (percent abundance) and
mean (* std. dev.) seasonal variation in the GSI of bluefish during the 2010-2012

iv



INDEXES
List of Figures and Tables

reproductive cycles in the Gulf of Roses (all years pooled) and the Ebre Delta (2012).
Development stages: early developing (EDEV), developing (DEV), spawning capable (SC),
actively spawning (AS), regressing (RGS) and regenerating (RGN). Sample number per season
(n) is also given in parentheses, n/s denotes periods in which none sample was caught............... 46

Fig. 3.4 Oocyte size-frequency distribution (per cent abundance per 20 pm diameter classes) in
an actively spawning bluefish female (with hydrated oocytes). 47

Fig. 3.5 Comparisons between the observed (actual) and the expected bluefish CPUE in two
fishing ports in the Gulf of Roses: (a) Roses and (b) L’Escala, and three fishing ports in the
Ebre Delta: (c) L’Ametlla de Mar, (d) L’Ampolla and (e) Sant Carles de la Rapita. The expected
CPUE values represent the contribution of the sea surface temperature (SST) to the bluefish
CPUE (kg vessel1). 50

Fig. 4.1 Map of the Catalan coast showing the two study areas (the Gulf of Roses and the Ebre
Delta), and the location of the fishing ports (Roses and Sant Carles de la Rapita) where
specimens of Pomadasys incisus were sampled. 61

Fig. 4.2 Mean (* std. dev.) monthly variation of the sea surface temperatures (SSTs) in the Gulf of
Roses (white circles) and the Ebre Delta (grey circles) during the study period (2010-2012)....62

Fig. 4.3 Size-frequency distributions (1 cm TL interval classes) for specimens of Pomadasys
incisus sampled for this study per sex at each sampling area: (A) Gulf of Roses and (B) Ebre
Delta. 65

Fig. 4.4 Monthly frequencies (percent abundance) of the ovarian and testis development stages,
and mean (+ std. dev.) variation in the gonadosomatic index (GSI) for specimens of
Pomadasys incisus sampled in the Gulf of Roses and the Ebre Delta. Development stages:
regenerating (RGN), early developing (EDEV), developing (DEV), spawning capable (SC),
actively spawning (AS), and regressing (RGS). Sample number per month (n) is also given.
N/S denotes periods in which no samples were caught. 67

Fig. 4.5 Fitted regression model based on the relationship of the batch fecundity to fish length for
specimens of Pomadasys incisus sampled in the Gulf of Roses (BF = 0.0036-TL#642, r2 = 0.623,
n = 41) and the Ebre Delta (BF = 0.0041-TL4749,r2= 0.635,n = 57) 68

Fig. 4.6 Mean relative batch fecundities (A) and mean dry weights of hydrated oocytes (B) for
Pomadasys incisus per sampling area are shown as interquartile box range (25-75%), with
mean (+) and median (H) whiskers (represented as Q1 and Q3 deviations from the smallest
and largest observation, respectively). 69

Fig. 4.7 Oocyte size-frequency distributions (per cent abundance per 25 pm diameter class) of a
‘standard’ 25 cm TL female of Pomadasys incisus through subsequent gonadal development
stages: (A) early developing (EDEV), (B) developing (DEV), (C) spawning capable (SC-
advanced vitellogenic), (D) spawning capable (SC-germinal vesicle migration), (E) actively
spawning (AS-hydration), and (F) regressing (RGS). Each distribution corresponds to an
individual fish. 70

Fig. 5.1 Map of the north-western Mediterranean basin showing the study area (Gulf of Roses

and adjacent waters) and the location of the fishing port of Roses (*) and the meteorological
station of L’Estartit (@). 78

Fig. 5.2 Fitted regression models based on total length (Lt) and (a) eviscerated mass (M)
relationships for Sphyraena sphyraena [©@; Me = 0.0105 L12688 (r2 = 0.954, n = 316)] and
Sphyraena viridensis [O; Mg = 0.0047 L2913 (r2 = 0.975, n = 204)] and (b) batch fecundity (Fs)

\'%



Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

for S. sphyraena [A; Fg = 0.00003 L154363 (r2 = 0.686, n = 74)] and S. viridensis [A; Fg =
0.000002 Lr56144 (r2 =0.677, n = 34)]. 82

Fig. 5.3 Monthly ovary and testis development stages frequency (per cent abundance) and mean
+ S.D. monthly variation in the gonadosomatic index (/c, ) and the hepatosomatic index
(ly, = = =) of mature males and females of (a) S. sphyraena and (b) S. viridensis.

Development stages: early developing [Ii EDEV), developing (E DEV), spawning capable (

Ii SC), actively spawning (ﬁ AS), regressing RGS) and regenerating (f RGN). Sample
number per month (n) is also given. N/S, periods in which no samples were caught. .......c.c.couueeeee. 84

Fig. 5.4 Logistic regression model to estimate the extent of the spawning seasons for females of
Sphyraena sphyraena (= = =) and Sphyraena viridensis (. ). Dates in between shaded
areas represent the time when >50% of the females were in spawning capable or actively
spawning stages at the (a) onset and (b) end of the spawning season. Spawning season
extends were estimated for c¢. 13 and 7 week seasons for S. sphyraena and S. viridensis,
respectively. 84

Fig. 5.5 (a) Oocyte size-frequency distributions (per cent abundance per 25 pm diameter classes)
and (b) mean diameters of oocytes per development stage in two typical actively spawning
females of S. sphyraena (D) and S. viridensis (D). Interquartile box range (25-75%), mean
(+), median (H) and whiskers (represented as Q1 and Q3 deviations from the smallest and
largest observation, respectively) are also given. 85

Fig. 5.6 Mean # std. dev. seasonal patterns (per cent above and below the annual mean) of
landings of Sphyraena spp. per month at the fishing port of Roses and the mean * std. dev.
monthly sea surface temperatures (A; SST) during the study period (2010-2012) at the
L’Estartit meteorological station. 87

Fig. 6.1 Map of the North-western Mediterranean basin showing the study area (Gulf of Roses
and adjacent waters) and the location of the fishing port of Roses. 96

Fig. 6.2 Photomicrographs of ovaries and testis of the pompano (Trachinotus ovatus) showing
the reproductive phases considered in this study: (a) immature, (b) developing, (c) spawning
capable, (d) regressing, and (e) regenerating. Oocyte developmental stages are also shown as
PG: primary growth, CA: cortical alveoli, Vtgl: early vitellogenic, Vtg2: mid-vitellogenic, Vtg3:
advanced vitellogenic, AT: atretic, POF: post-ovulatory follicles, OW: ovarian wall. Germinal
developmental stages are also shown as Sgl: primary spermatogonia, Sg2: secondary
spermatogonia, Sc: spermatocyte, St: spermatid, Sz: spermatozoa, Rsz: residual spermatozoa,
and Lu: lumen. 97

Fig. 6.3 Fitted regression models based on (A) length-weight relationships for males (SW =
0.0053-TL31201 r2 = 0.919, n =108) as well as for females (SW = 0.0043-TL31805 r2 = 0.935, n
=118), and (B) the relationship of the batch fecundity to fish length for females (BF = 0.0822
-TL3:3833, r2= 0.6475, n = 24), of T. ovatus. 100

Fig. 6.4 Logistic curves of relative frequency of reproductive females (n = 118) and males (n =
108) of T. ovatus as function of size class (total length). The size at 50% maturity (Lso) was
estimated at 30.5 (* 2.1) cm TL for females and 28.7 (* 1.5) cm TL for males......coeeermmmeeeerrenee 101

Fig. 6.5 Monthly gonadal development phases frequency (percent abundance), mean (+ std. dev.)
monthly variation in the gonadosomatic index (GSI) for males and females of T. ovatus, and
mean (+ std. dev.) monthly sea surface temperatures (SSTs) during the study period (2010-
2012). Development stages: regenerating (RGN), developing (DEV), spawning capable (SC),
and regressing (RGS). Sample number (n) per month is also given above bars........cccoumeeerrene 102

vi



INDEXES
List of Figures and Tables

Fig. 6.6 Oocyte size-frequency distributions (per cent abundance per 25 um diameter class) of
‘standard’ 35.0 cm TL females of Trachinotus ovatus through subsequent gonadal
development phases: (A) early developing, (B) developing, (C) advanced developing, (D)
spawning capable, (E) actively spawning, and (F) regressing. Each distribution corresponds
to an individual fish. The range of oocytes diameters at different stages of development is
also illustrated as follows: primary growth (PG, 50-75 pum), cortical alveoli (CA, 75-150 pm),
early vitellogenesis (Vtg-1, 150-250 um), mid vitellogenesis (Vtg-2, 250-350 um), advanced
vitellogenesis (Vtg-3, 350-450 pum), germinal vesicle migration (GVM, 450-550 um) and
hydration (H, 550-800 pm) 103

Fig. 7.1 Graphical representation of how warming oceans are reshaping fisheries in which
species from warmer waters are replacing those that are traditionally caught in fisheries
worldwide. Graphic by The Pew Charitable Trusts’ ocean science division presenting the
results and concepts from Cheung et al (2013). The thermometers are representative of
trends in ocean temperature over time and the fish are representative of trends in catch
composition over time. Available at www.pewenvironment.org/research-programs. 117

LIST OF TABLES

Table 1.1 Observed and predicted changes in sea surface temperatures (SST) of European Seas.
Modified from Philippart et al. (2011). 4

Table 1.2 Summary of the general sampling protocol showing the monthly sampling effort (n) of
specimens collected in each study case per species and sex. Size range (in cm total body
length) is also shown in parenthesis. All years pooled. 20

Table 1.3 Summary of the number of samples (n) available for the different analyses used in this
thesis for each source of variation examined in each study case: (a) the area (GR: Gulf of
Roses or ED: Ebre Delta) for the studies of P. saltatrix (Chp. III) and P. incisus (Chp. IV), (b) the
species (S. sphyraena or S. viridensis) for study of the barracudas (Chp. V), and (c) the year
(2010, 2011 or 2012) of the study of T. ovatus (Chp. VI). 22

Table 2.1 SST comparisons between the Gulf of Roses and the Ebre Delta. The mean * std. dev.
(°C) and the coefficient of variation (CV %) are given for each season. The ANOVA significance
for each comparison is given with the resulting F-ratio (degrees of freedom) and the p-value..31

Table 3.1 Analysis of deviance tables for generalized linear models fitted to HSI and GSI using as
categorical predictors the stage of maturity and sex. Significance are shown as *** for
p<0.001 and ** for p<0.05; d.f. = degrees of freedom. 42

Table 3.2 Summary of oocyte size distributions for each developmental stage in bluefish ovaries.
Size ranges are given for each stage. For CA, Vgt-1, Vgt-2, Vgt-3 and GVM oocyte
developmental stages, measurements were obtained directly from histological sections, and
for hydrated oocytes, previously selected by applying glycerin, image analysis was used. ........... 47

Table 3.3 Prevalence of atresia (Pa) and mean relative intensity of atresia (Ria) for each stage of
ovarian development for each season at each study area (NA denotes that no sign of a-atresia
was observed). 48

Table 3.4 Results of the ARIMA transfer functions between CPUE and SST. Arithmetic mean and
standard deviations of the CPUE are given; RSEU is the residual standard error of each

vii



Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

transfer function; RSE is the residual standard error of each coefficient; R2 is the variance
explained. Significant coefficients at a t-value >|2| (p<0.05) are shown in bold......cccumreeerrsrmeeeenes 49

Table 3.5 Results of the SST threshold analyses using the ARIMA transfer functions between
bluefish CPUEs and SSTs at different thresholds (SST13 + ... + SST27). Significant coefficients
from the time lag of ‘0 months’ at a t-value > |2| (p < 0.05) are shown in bold. The Akaike’s
Information Criterion (AIC) is also shown in parentheses. 51

Table 4.1 Summary of the mean values (+ std. dev.) for specimens of Pomadasys incisus and
comparison tests evaluating the effect of the sampling area, Ebre Delta (ED) vs. Gulf of Roses
(GR), on the following parameters: hepatosomatic index (HSI), gonadosomatic index (GSI),
length at maturity (Lso, sexes pooled, cm TL), oocyte diameter (um, for each developmental
stage), egg quality (mg per egg), spawning season (months and temperature range), mean
intensity of atresia (Rla, % vitellogenic oocytes in a-atretic state), batch fecundity (BF, eggs
per spawning batch), relative batch fecundity (RBF, eggs per gram of body mass). P-values
indicating significance are also shown where ** indicates p < 0.05; *** indicates p < 0.001,
and NS indicates no significant difference. 66

Table 5.1 Summary of the analysis of covariance (ANCOVA) results (using total length LT, as
covariate) and subsequent post hoc Bonferroni’'s multiple comparison test to compare
hepato-somatic (In) and gonado-somatic (/) indices between the two barracuda species
[Sphyraena sphyraena (S. sph) v. Sphyraena viridensis (S. vir)] for each stage of maturity, per
sex. Mean values of I and I are given for each stage and sex. 83

Table 6.1 Summary of the mean values (+ std. dev.) for specimens of T. ovatus and ANOVA tests
evaluating the effect of the inter-annual variation on the following parameters: the monthly
sea surface temperatures (SST, in °C), the gonadosomatic index (GSI), the oocyte diameter
(um, for each developmental stage), the egg quality (dry weight of hydrated oocytes in mg
per egg), the relative batch fecundity (RBF, eggs per gram of body mass). 102

Table 7.1 Summary of the main similarities and differences observed in each study case based
on the condition and reproductive traits, such as the gonadosomatic index (GSI), the
hepatosomatic index (HSI), the oocytes diameter, the egg quality (dry weight of hydrated
oocytes), the batch fecundity, the length at first maturity (Lso), the spawning season (period
and temperature threshold). Sources of variation were compared to each other (within each
chapter) and the overall results are presented here in a summarized way using the following

symbols: ‘+’ and ‘-‘ for more and less than, respectively; ‘ = ’ stands for similar; and NA
denotes ‘not available’ 112
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This section details the abbreviations and acronyms used in this thesis. It should also be noticed that
all names appearing in this thesis (cities, countries or regions) are written according to the language

of their territory.

SST: sea surface temperature (in °C)

COz2: carbon dioxide

ICOADS: International Comprehensive Ocean-Atmosphere Data Set
ANOVA: analysis of variance

ANCOVA: analysis of covariance

EDEV: early developing stage (gonad development stage)

DEV: developing stage (gonad development stage)

SC: spawning capable stage (gonad development stage)

AS: actively spawning stage (gonad development stage)

RGS: regressing stage (gonad development stage)

RGN: regenerating stage (gonad development stage)

GSI (or Ig): gonadosomatic index

HSI (or In): hepatosomatic index

TL (or Lt): total length (in cm)

Lso: length at which 50% of specimens sampled were already mature
SW (or ME): somatic or eviscerate weight (in g)

BF (or Fs): batch fecundity (eggs per spawning batch)

RBF (or Frg): relative batch fecundity (oocytes g-! of body mass eggs)
CA: cortical alveolar (oocyte developmental stage)

Vtg-1: early vitellogenesis (oocyte developmental stage)

Vtg-2: mid vitellogenesis (oocyte developmental stage)

Vtg-3: advanced vitellogenesis (oocyte developmental stage)

GVM: vesicle migration (oocyte developmental stage)

H: hydration (oocyte developmental stage

[PCC: Intergovernmental Panel on Climate Change

NPP: net primary production
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A direct consequence of sea warming in the Mediterranean is a simultaneous increase in the
abundance of thermo-tolerant species and the decline or disappearance of cold stenothermal species,
which may cause cascade effects on food webs and changes in the local fish supply. Moreover, the
decoupling temperature patterns caused by sea warming could lead to reproductive and recruitment
declines in certain temperate and cold-water species, meanwhile for warm-water species it could
lead to changes in seasonal phasing of reproduction and increases in species range. In this regard,
coupled with the sea temperature increasing trends over the last decades, several warm-water fish
species such as the yellow-mouth barracuda (Sphyraena viridensis), the bastard grunt (Pomadasys
incisus), the bluefish (Pomatomus saltatrix) and the pompano (Trachinotus ovatus), are expanding

northwards within the Mediterranean.

Here in this thesis, the spatio-temporal variations of the sea surface temperatures (SST) as well
as the condition and reproductive-based life-history traits of these fish species were analysed. First
of all, SSTs were retrieved and used to describe and compare the anomalies, trends, seasonalities and
spatio-temporal variations of two areas with different thermal regimes along the latitudinal gradient
of the northwestern Mediterranean Sea: the more northerly (colder) Gulf of Roses and the more
southerly (warmer) Ebre River Delta. Next, within these two study areas sampling of specimens was
carried out in order to evaluate the spatio-temporal variation and the influence of SSTs on the

condition, reproduction and abundance of the study species.

Firstly, the results showed that the annual increasing monotonic trends in the SSTs were found
similar in both study areas with alike annual rates of change (0.024-0.027°C yr-1) but with significant
monotonic trends only observed at spring and summer. Secondly, with regard of the studied species
several interesting findings were observed. For example in P. saltatrix, although sea water
temperature clearly influences its abundances and spawning phenology, its northward expansion
may have been facilitated not only by the physical conditions (currently favourable water
temperatures) but also by the higher productivity in the northernmost area, as evidenced by
increasing fish condition in these waters. On the other hand in the study of P. incisus, the population
inhabiting the colder waters was found to be in significantly poorer condition with some deviance in
their life-history traits compared to the populations in warmer environments indicating that the
plasticity of its life-history traits may contribute to its successful establishment into new habitats.
The study of the barracudas showed that the life-history traits of the temperate S. sphyraena are, at
present, better suited to the environmental conditions of the northern area compared to the more
physically restricted life-history traits of S. viridensis; however, the thermophilic S. viridensis has a
considerably higher reproductive potential which may favour its successful establishment within the
northern area, especially if the present-day sea warming continues in which case it is likely that

changes in spawning phenology would give S. viridensis an advantage. Finally, in the study of T.
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ovatus there were noticeable inter-annual variations in its reproductive traits, all of which might
correspond to changes in SST which in turn might indicate an important influence of the water

temperature on its reproduction.

The overall results of this thesis indicated that different thermal-related biological responses may
exist depending on the species, which in turn strengthens the claim that temperature plays a key role
in regulating the physiology of fishes, especially in those warm-water species spreading northwards.
Moreover, these results support the theory that climate change is at least partly responsible for the
northward spread and increasing abundance of warm-water species in the Mediterranean Sea, and
their physiological adaptations to the rising sea temperatures might indeed be playing an important
role in the establishment into areas these thermophilic fauna did not previously occupy. Such
physiological adaptations, including the changes in size-at-maturity, fecundity, spawning phenology
and condition, might improve their colonization capabilities in the coldermost areas coupled with the
sea warming trends. Notwithstanding, the biological response of fish to climate change might varies
pretty much from one species to another depending if they are able to tolerate environmental
changes through phenotypic plasticity by adapting their reproductive traits to the unusual temperate
temperatures in those new habitats, and to the food supply available in the new habitats where the
species is expanding, which could lead to gain in the energy reserves of the population in the new

habitats.

This PhD thesis highlights the importance that, beyond studying the increases in abundance and
biomass of warm-water species worldwide due to climate change, is actually necessary to carry out
also studies on life-history traits (including the condition and reproduction) of thermophilic species.
This later would help us to improve our understanding of the biological mechanisms of the observed
changes in the marine communities that models based on fish abundance and biomass alone often

fail to reveal.

Keywords: north-western Mediterranean, climate change, sea temperature, Pomatomus saltatrix,

Pomadasys incisus, Sphyraena viridensis, Trachinotus ovatus, fish condition, reproductive biology.
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Una conseqiiéncia directa de l'escalfament del mar Mediterrani és un augment simultani de
I'abundancia d'espeécies termotolerantes i la disminucié o desaparici6 d'espécies estenotérmicas
fredes, el que pot causar efectes en cascada sobre les xarxes trofiques i canvis en la subministrament
local de peixos. D'altra banda, els patrons desacoblats de temperatura causats per l'escalfament del
mar podrien conduir a disminucions reproductius i de reclutament de certes espécies d'aigiies
temperades i fredes, mentres que per espécies d'aigiies calides podria conduir a canvis en
I'estacionalitat de la temporada de reproduccié i augments en la distribuci6 de I'espécie. En aquest
sentit, conjuntament amb les tendéncies creixents de la temperatura del mar en les ultimes décades,
diverses espécies de peixos d'aigiies calides com la barracuda de boca groga (Sphyraena viridensis), el
roncador (Pomadasys incisus), el tallahams (Pomatomus saltatrix) i el sorell de penya (Trachinotus

ovatus), s'estan expandint cap al nord del Mediterrani.

En aquesta tesi, es van analitzar les variacions espacio-temporals de les temperatures de la
superficie del mar (SST), aixi com la condicié i els trets d'historia de vida basats en la reproducci6
d'aquestes especies de peixos. En primer lloc, les SSTS van ser recuperades i utilitzades per descriure
i comparar les anomalies, tendencies, estacionalitats i variacions espacio-temporals de dues zones
amb diferents regims termics al llarg del gradient latitudinal del nord-oest de la Mediterrania: la més
al nord (més freda) el golf de Roses i la més al sud (més calida) el delta del riu Ebre. A continuacio,
dins d'aquestes dues arees d'estudi la col-leccié de les mostres es va dur a terme per tal d'avaluar la
variacié espai-temporal i la influéncia de la SST en la condicié, la reproduccié i 'abundancia de les

espécies d'estudi.

En primer lloc, els resultats van mostrar que les tendéncies monotones creixents anuals en les
SST van ser similars en ambdues arees d'estudi amb taxes anuals de canvi (0.024-0.027°C per any)
perd amb tendéncies monotones significatives només observades a la primavera i a I'estiu. En segon
lloc, pel que fa a les especies d'estudi, diverses troballes interessants van ser observades. Per
exemple, en l'estudi de P. saltatrix, es va observar que encara que la temperatura de l'aigua de mar
influeix clarament en les seves abundancies i la fenologia de la posta, la seva expansié cap al nord pot
haver estat facilitada no només per les condicions fisiques (les temperatures de 1'aigua favorables
actualment), sin6 també per 1'augment de la productivitat a la zona més al nord, com ho demostra
I'augment de condicié dels peixos en aquestes aigiies. D'altra banda en l'estudi de P. incisus, la
poblacié que habita en les aigiies més fredes es va trobar en condicions significativament més pobres
mostrant una mica de desviacio en els seus trets d'historia de vida en comparaci6é amb les poblacions
d'ambients més calids indicant que aquest tipus de plasticitat dels seus trets d'historia de vida poden
contribuir al seu establiment amb éxit a nous habitats. L'estudi de les barracudes va mostrar que els
trets d'historia de vida de l'especie temperada S. sphyraena estan, actualment, més adequats a les
condicions ambientals de la zona nord en comparacié amb els trets d'historia de vida més restringits
fisicament de S. viridensis; pero, l'espécie termofila S. viridensis mostra un potencial reproductiu

considerablement més alt la qual cosa pot afavorir el seu establiment amb exit dins de la zona nord,
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especialment si I'escalfament del mar actual continua en aquest cas és probable que els canvis en la
fenologia de la posta donarien un avantatge a S. viridensis. Finalment, en 1'estudi de T. ovatus es va
observar que hi havia variacions interanuals notables en les seves caracteristiques reproductives, les
quals podrien correspondre als canvis en la SST el que indicaria una influéncia important de la

temperatura de 1'aigua en la seva reproducci6.

Els resultats generals d'aquesta tesi indiquen que poden existir diferents respostes bioldogiques
relacionades amb la temperatura depenent de l'especie, el que al seu torn reforca la idea que la
temperatura juga un paper clau en la regulaci6 de la fisiologia dels peixos, especialment en aquelles
especies d'aigua calides que s'estan expandint cap al nord. D'altra banda, aquests resultats recolzen
la teoria que el canvi climatic és almenys en part responsable de la propagacié cap al nord i
I'augment de I'abundancia d'especies d'aigiies calides al Mar Mediterrani, i que les seves adaptacions
fisiologiques a l'increment de la temperatura del mar podrien de fet estar jugant un paper important
en l'establiment d'aquesta fauna termofila en zones que no ocupen préviament. Aquestes
adaptacions fisiologiques, incloent els canvis en la talla de maduresa, fecunditat, fenologia de la posta
i condici6, poden millorar les seves capacitats de colonitzaci6 en les zones més fredes. No obstant
aixo, la resposta biologica dels peixos deguda a el canvi climatic podria variar bastant d'una espécie a
una altre, depenent si sdn capagos de tolerar els canvis ambientals a través de la plasticitat fenotipica
adaptant les seves caracteristiques reproductives a les temperatures temperades inusuals d'aquells
habitats nous, i a la disponibilitat d'aliment on I'espécie s'esta expandint, el que podria conduir a una

millora en les reserves energétiques de la poblaci6 en el nou habitat.

En aquesta tesi es destaca la importancia que, més enlla d'estudiar els augments en I'abundancia i
biomassa de les espeécies d'aiglies calides a tot el mén a causa del canvi climatic, és realment
necessari dur a terme també estudis de les trets d'historia de vida (com la condicié i la reproduccio)
d'espécies termofiles. Tot aix0 ajudaria a millorar la nostra comprensié dels mecanismes biologics
dels els canvis observats en les comunitats marines que els models basats en abundancies i

biomasses sovint no revelen per si sols.

Paraules clau: Mediterrania nord-occidental, canvi climatic, temperatura del mar, Pomatomus
saltatrix, Pomadasys incisus, Sphyraena viridensis, Trachinotus ovatus, condici6 dels peixos, biologia

reproductiva.
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Una consecuencia directa del calentamiento del mar Mediterraneo es un aumento simultaneo de
la abundancia de especies termotolerantes y la disminucién o desaparicién de especies
estenotérmicas frias, lo que puede causar efectos en cascada sobre las redes tréficas y cambios en la
suministro local de pescados. Por otra parte, los patrones desacoplados de temperatura causados por
el calentamiento del mar podrian conducir a disminuciones reproductivas y de reclutamiento de
ciertas especies de aguas templadas y frias, mientras que para especies de aguas cdlidas podria
conducir a cambios en la estacionalidad de la temporada de reproduccién y aumentos en la
distribucion de la especie. En este sentido, junto con las tendencias crecientes de la temperatura del
mar en las ultimas décadas, varias especies de peces de aguas calidas como la barracuda de boca
amarilla (Sphyraena viridensis), el roncador (Pomadasys incisus), el pez azul (Pomatomus saltatrix) y

el pAmpano (Trachinotus ovatus), se estan expandiendo hacia el norte del Mediterraneo.

En ésta tesis, se analizaron las variaciones espacio-temporales de las temperaturas de la
superficie del mar (SST), asi como la condicién y los rasgos de historia de vida basados en la
reproduccion de estas especies de peces. En primer lugar, las SSTs fueron recuperadas y utilizadas
para describir y comparar las anomalias, tendencias, estacionalidades y variaciones espacio-
temporales de dos zonas con diferentes regimenes térmicos a lo largo del gradiente latitudinal del
noroeste del Mediterraneo: la mas al norte (mas fria) en el Golfo de Rosas y la mas al sur (mas calida)
en el delta del rio Ebro. A continuacién, dentro de estas dos areas de estudio la coleccién de las
muestras se llevo a cabo con el fin de evaluar la variacién espacio-temporal y la influencia de la SST

en la condicién, la reproduccién y la abundancia de la especies de estudio.

En primer lugar, los resultados mostraron que las crecientes tendencias monétonas anuales en
las SST fueron similares en ambas areas de estudio con tasas anuales de cambio (0.024 -0.027°C por
afio) pero con tendencias monoténicas significativas s6lo observadas en la primavera y el verano. En
segundo lugar, con respecto a las especies de estudio varios hallazgos interesantes fueron
observados. Por ejemplo, en el estudio de P. saltatrix, se observo que aunque la temperatura del agua
de mar influye claramente en sus abundancias y la fenologia del desove, su expansién hacia el norte
puede haber sido facilitado no sélo por las condiciones fisicas (las temperaturas del agua favorables
actualmente), sino también por el aumento de la productividad en la zona mas al norte, como lo
demuestra el aumento de condicidn de los peces en estas aguas. Por otra parte en el estudio de P.
incisus, la poblacién que habita en las aguas mas frias se encontré en condiciones significativamente
mas pobres mostrando algo de desviacion en sus rasgos de historia de vida en comparacion con las
poblaciones de ambientes mas calidos indicando que este tipo de plasticidad de sus rasgos de
historia de vida pueden contribuir a su establecimiento con éxito en nuevos. El estudio de las
barracudas mostré que los rasgos de historia de vida de la especie templada S. sphyraena estan, en la
actualidad, mas adecuados a las condiciones ambientales de la zona norte en comparacién con los
rasgos de historia de vida mas restringidos fisicamente de S. viridensis; sin embargo, la especie

termofila S. viridensis muestra un potencial reproductivo considerablemente mas alto lo cual puede
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favorecer su establecimiento con éxito dentro de la zona norte, especialmente si el calentamiento del
mar actual contintia en cuyo caso es probable que los cambios en la fenologia del desove darian una
ventaja a S. viridensis. Por dltimo, en el estudio de T. ovatus se observé que habia variaciones
interanuales notables en sus caracteristicas reproductivas, los cuales podrian corresponder a los

cambios en la SST lo que indicaria una influencia importante en su reproduccién.

Los resultados generales de esta tesis indican que pueden existir diferentes respuestas bioldgicas
relacionadas con la temperatura dependiendo de la especie, lo que a su vez refuerza la idea de que la
temperatura juega un papel clave en la regulacion de la fisiologia de los peces, especialmente en
aquellas especies de agua cdlidas que se estdn expandiendo hacia el norte. Por otra parte, estos
resultados apoyan la teoria de que el cambio climatico es al menos en parte responsable de la
propagacion hacia el norte y el aumento de la abundancia de especies de aguas calidas en el Mar
Mediterraneo, y que sus adaptaciones fisioldgicas al incremento de la temperatura del mar podrian
de hecho estar jugando un papel importante en el establecimiento de ésta fauna terméfila en zonas
que no ocupan previamente. Tales adaptaciones fisiolégicas, incluyendo los cambios en la talla de
madurez, fecundidad, fenologia del desove y condicién, pueden mejorar sus capacidades de
colonizacién en las zonas mas frias. No obstante, la respuesta bioldgica de los peces a el cambio
climatico podria variar de una especie a otra, dependiendo si son capaces de tolerar los cambios
ambientales a través de la plasticidad fenotipica adaptando sus caracteristicas reproductivas a las
temperaturas templadas inusuales de aquellos habitats nuevos, y a la disponibilidad de alimento
donde la especie se esta expandiendo, lo que podria conducir a una mejora en las reservas

energéticas de la poblacién en el nuevo habitat.

En ésta tesis se destaca la importancia de que, mas alld de estudiar los aumentos en la
abundancia y biomasa de las especies de aguas célidas en todo el mundo debido al cambio climatico,
es realmente necesario llevar a cabo también estudios de los rasgos de historia de vida (como la
condiciéon y la reproducciéon) de especies termdfilas. Todo esto ayudaria a mejorar nuestra
comprensién de los mecanismos biolégicos de los cambios observados en las comunidades marinas

que los modelos basados en abundancias y biomasas a menudo no revelan por si solos.

Palabras clave: Mediterraneo noroccidental, cambio climatico, temperatura del mar, Pomatomus
saltatrix, Pomadasys incisus, Sphyraena viridensis, Trachinotus ovatus, condicion de los peces, biologia

reproductiva.

XV



Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

xvi



Chapter I
General Introduction

CHAPTERI: General Introduction

The general introduction provides the overall approach of the investigation project
developed in this PhD, presenting the scope of the study and describing the main

objectives and purposes that have been pursed.
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Chapter I
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CHAPTERI

General Introduction

1.1. Sea warming context

During the last three decades, sea water temperatures have changed at unprecedented rates
worldwide as a result of global warming. This sea water temperature rise has triggered serious
events such as the rapid disappearance of sea ice cover in the Arctic, the reduction in volume of
Antarctic ice sheets, a rise in sea levels, increases in storm frequency and rainfall, an increase in
number and intensity of storms, and early onset of spring (Solomon et al. 2007; Hoegh-Guldberg &
Bruno 2010; Philippart et al. 2011; IPCC 2013). Although a primary concern is the rapid global rate of
change currently observed, regional changes are often more relevant than global averages (Walther
et al. 2002; Root et al. 2003; Belkin 2009) because warming trends are thought to be more
pronounced at the poles than at the equator (Macdonald et al. 2005). For example, European seas are
disproportionately affected by climate change, and some of them may experience changes from fast
(0.030-0.049°C year-1) to super-fast (20.050°C year-1) warming trends (Table 1.1). The observed and
predicted temperature increases due to climate change are generally higher in northern than in
southern European seas and higher in enclosed than in open systems (Belkin 2009; Philippart et al.
2011). Noticeably, enclosed seas appear to have undergone far more dramatic changes than more

open seas during recent decades (Table 1.1).

The semi-enclosed Mediterranean basin is a miniature ocean where sea warming is likely to
become apparent earlier and to be more pronounced than in other, more open oceans (Astraldi et al.
1995; Bethoux et al. 1999; Walther et al. 2002; Coll et al. 2010). The region has been identified as a
“hotspot” for climate change and is expected to experience environmental impacts that are
considerably greater than those in many other places around the world (Nykjaer 2009; Durrieu de
Madron et al. 2011); climatic models predict that the Mediterranean basin will be one of the regions
most affected by the ongoing warming trend and by an increase in extreme events (Parry 2000). In
fact, it has been suggested that the Mediterranean is already one of the most impacted seas in the
world, since climate change interacts synergistically with many other disturbances (Lejeusne et al.

2010).

Nykjaer (2009) observed warming trends in the Mediterranean Sea, inferred from satellite
observations between 1985 and 2006: in the last 2 decades, the temperature in the upper layer of the
Mediterranean Sea has been increasing at an average rate of 0.03°C (std. dev. + 0.008) year-! for the
western Mediterranean basin and 0.05+0.009 °C year-! for eastern Mediterranean basin (Table 1.1).

Diaz-Almela et al. (2007) have observed a rapid warming of surface water masses 0.04+0.01 °C year-!
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in NW Mediterranean in recent decades. In the same area, Salat & Pascual (2002) also observed a rise
in water temperatures: since 1970, the average annual temperature has increased by 1.1°C (0.04°C
year-1) at sea surface and 0.7°C (0.025°C year-1) at 80 meters depth. Similar data was observed by
Calvo et al. (2011) on the same northern Catalan coast: over 35 years, from 1974-2009, the
temperature increased in the upper-most waters (0-50 m) by around 1.1°C and at depths of 80 m by

around 0.7°C .

Table 1.1 Observed and predicted changes in sea surface temperatures (SST) of European Seas.
Modified from Philippart et al. (2011).

European Sea

ASST observation/prediction

Reference

Arctic Ocean

ASST observed ca.+0.2 °C per decade (1965-'95) (Steele et al. 2008)

ASST predicted +4to 7 °C (1990s-2090s) (ACIA 2005; IPCC 2013)
Barents Sea

ASST observed +0.12 °C (1982-2006) (Belkin 2009)

ASST predicted +1to 2 °C (1990s-2080s) (Furevik et al. 2002)
Nordic Seas

ASST observed +0.85°C (1982-2006) (Belkin 2009)

ASST predicted +1to 2 °C (1990s-2080s) (Furevik et al. 2002)
NE Atlantic

ASST observed +1°C (1975-2005) (Philippart et al. 2007)

ASST predicted +2°C (1990s-2090s) (Philippart et al. 2011)
North Sea

ASST observed +1.31°C (1982-2006) (Belkin 2009)

ASST predicted +0.8 °C (1990s-20405s) (Clark et al. 2003)
Baltic Sea

ASST observed +1.35°C (1982-2006) (Belkin 2009)

ASST predicted +2to 4 °C (1990s-2090s) (Graham et al. 2008)
Celtic-Biscay Shel,

ASST observed +0.72 °C (1982-2006) (Belkin 2009)

ASST predicted +1.5t0 5°C (1990s-2090s) (Philippart et al. 2011)
Iberian upwelling

ASST observed +0.68 °C (1982-2006) (Belkin 2009)

ASST predicted  +1.4 to 2.4 °C (1960/1990-2070/2100) (Philippart et al. 2011)
Mediterranean

ASST observed +0.71°C (1982-2006) (Belkin 2009)

+1.1°C (1974-2001) (Salat & Pascual 2002)

ASST predicted
Black Sea

ASST observed

ASST predicted

+1.1°C (1974-2009)
+0.88 °C (1968-2005)
+2.6°C (1961/1990-2070/2099)

+0.96 °C (1982-2006)

(Calvo etal 2011)
(Diaz-Almela et al. 2007)
(Somot et al. 2008)

(Belkin 2009)

1.2. Mediterranean warming impacts on its living marine resources

Evidence has shown that climate variation and changes in ecosystem properties are related and
that global warming may affect many marine species worldwide (Bombace 2001; Roessig et al. 2004;
Perry et al. 2005; Dulvy et al. 2008; Brander 2010; Philippart et al. 2011; Wernberg et al. 2011).
Global warming-induced alterations, such as precipitation, temperature, CO2 concentration and wind

patterns will result in a cascade of physical changes (e.g. vertical stability of the water column,
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upwelling regimes, water mass formation and circulation, current patterns) and chemical changes
(e.g. seawater pH, salinity, nutrient ratios) in the marine environment, which in turn may impact on
the marine ecosystems, either directly (on physiology, behavior, growth, reproductive capacity,
mortality and distribution) or indirectly (on productivity, structure and composition of marine
ecosystems in the which fish depend for food). Subsequently, the living marine resources shall be

affected (Fig. 1.1).

| Increase of CO; emissions li
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\l/ J and direction
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i_?\_ Physical hydrological process g v
| Sealevel rise

— e.g. water masses formation, mixing, circulation, current | ==
Eutrophication and patterns, upwelling regimes, water column stratification, .

algal bloom events frontal and convergence zones

v v

Marine organisms

e.g. effects on growth, abundance, breeding, spawning phenology, recruitment, survival, physiology,
behaviour, biodiversity, productivity, community structure and composition

Fig. 1.1 Flux diagram of the main global climate change-driven related factors influencing marine
organisms (—: affects). Diagram modified from Gambaiani et al. (2009).

It is known that climate variability affects abundance and biogeography of marine fish due to the
thermal threshold of their physiological tolerance (Genner et al. 2009). In other words, the thermal
structure of sea water masses determines the extent of the habitat of certain species since each
species has adapted to certain ranges of temperature distribution (Murawski 1993). Therefore, the
most notable ecological impact of global warming is the changes in distribution of fish, with some
species heading to higher latitudes according to their thermal preferences (Walther et al 2002;
Parmesan & Yohe 2003; Daufresne et al. 2009; Portner & Peck 2010). In regions that have
experienced a temperature increase, there may be patterns that appear to be "positive", e.g.
increased abundance of warm-water species in colder regions, while there may also be "negative"
patterns e.g, decreased numbers of cold-water species (Walther et al. 2002). Thus, a direct
consequence of warming is a simultaneous increase in the abundance of thermo-tolerant species and

the disappearance or rarefaction of ‘cold’ stenothermal species (Lejeusne et al. 2010).

The Mediterranean Sea is characterized by a latitudinal gradient with well-defined seasonality,

with relatively cold winters in the north and long hot summers in the south (Lejeusne et al. 2010;
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Calvo et al. 2011; Durrieu de Madron et al. 2011). This determines the species distribution in this
semi-enclosed sea where subtropical species are mainly found in the warmer eastern and southern
basins, meanwhile cold-temperate species inhabit the colder northern areas (Salat 1996; Bianchi &
Morri 2000; Coll et al. 2010). These features make the Mediterranean Sea a very sensitive area to
climate change (Bethoux et al. 1999). Over the past three decades, sea warming in the Mediterranean
has led warm-water species to shift their ranges northwards and settle in the more northern waters
where they were formerly rare or absent (Francour et al. 1994; Astraldi et al. 1995; Morri & Bianchi
2001; Bodilis et al. 2013). An increase in alien species can cause endemic species to decline in
abundance and be displaced, which in turn can also alter the infra-littoral communities and induce
ecological impacts such as local population decline and extirpation; reduction of genetic diversity in
native species; food-web alterations; loss of habitat functions, processes and structure; increase in

the risk of extinction and biotic homogenization (Ricciardi 2004; Galil 2007a; b).

Thermophilic species, like the grey triggerfish (Balistes carolinensis), Mediterranean parrotfish
(Sparisoma cretense), round sardine (Sardinella aurita), bluefish (Pomatomus saltatrix), Senegalese
sole (Solea senegalensis), dusky grouper (Epinephelus marginatus), bastard grunt (Pomadasys
incisus), ornate wrasse (Thalassoma pavo), slackskin blaasop (Sphoeroides pachygaster), yellow-
mouth barracuda (Sphyraena viridensis), white grouper (Epinephelus aeneus), and dusky grouper
(Epinephelus marginatus) have been recorded in various studies amongst the ‘cold biota’ of the
northern Mediterranean in sufficient numbers to suggest a northward expansion of these warm-
water species that correlates to the warming of Mediterranean waters (Bianchi & Morri 1994;
Francour et al. 1994; Relini & Orsi-Relini 1997; Dul¢i¢ & Grbec 2000; Bombace 2001; Morri & Bianchi
2001; Galil & Zenetos 2002; Golani et al. 2002, 2007; Psomadakis et al. 2006; Dulci¢ et al. 2009;
Lloret et al. 2015b). The northward migration of these warm-water species will induce species
competition for the existing niches of cold-water species (IPCC 2001; Hiscock et al. 2004; Galil
2007a). In addition to northward migration, evidence suggests that bathymetric displacements are
occurring among populations of invasive and endemic species such as in the case of the indigenous
red mullet (Mullus barbatus) and hake (Merluccius merluccius) with both moving into deeper and
cooler waters due to their respective warm-water competitors, the gold band goatfish (Upeneus
moluccensis) and brush-tooth lizardfish (Saurida undosquamis) (Galil & Zenetos 2002; Gambaiani et
al. 2009). Similarly, sea warming can also modify species’ migration periods, such as in the case for
the amberjack (Seriola dumerilii) and bluefin tuna (Thunnnus thynnus) which in the last few decades
appear to stay longer (until mid-winter instead of autumn) in the northern and central

Mediterranean before migrating toward their winter territories (Bombace 2001).

As stated before, one of the major ecological threats of the northward migrations of warm-water
species in the Mediterranean is that several of these thermophilic species are top carnivores and
among the bigger coastal fish species, so their successful colonization is likely to affect the endemic

species and influence local, traditional fisheries. Thus, not only would marine biodiversity be
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seriously affected by climate changes, but fisheries may also be affect directly by alterations to fish
stocks and the overall supply of fish for consumption, or indirectly by influencing fish prices or the
cost of goods and services required by fishers (Mieszkowska et al. 2009). This would then impact
commercial fishing, causing instability in the overall value of fish catches due to changes in the
abundance of the species caught, since future climate change impacts on fisheries are likely to be
greater for temperate endemics than for tropical species and damage coastal and demersal fisheries
more than pelagic and deep-sea fisheries (IPCC 2001). Moreover the replacing traditional, cold-water
fauna with unfamiliar warm-water species can be unpopular with consumers of the thermophilic
species, despite the fact that some of these alien marine species may constitute a good food source

(Lloret et al. 2015a).

1.3. Climate-driven alterations of the life-history traits of fish

As well as the impacts on abundances of marine populations, the physiology of individual
organisms may also be severely affected. In certain areas, some organisms survive under specific
temperature conditions and cannot adapt or move away when the environmental conditions change;
these dispersal limitations in some marine animals, such as benthic organisms, are unable to
successfully migrate (due to distance or strong currents, for example) toward more suitable
environments (Hiscock et al. 2004). In addition, by affecting the physiology of marine organisms, sea
warming can impact the performance and survival of those organisms that live close to the limits of
their thermal tolerance, for example, at the northern or southernmost limit of their distribution
(Somero 2002; Poulard & Blanchard 2005). In this sense, sea warming also affects the fish condition,
a measure of energy reserves and a particularly important attribute in fish population dynamics as it
has great influence on growth and reproduction. Individuals in good condition are usually found in
environments where optimal physiological conditions prevail, whereas those in poor condition are
found in adverse environments and where food is scarce. Specimens in poor condition have low
available energy reserves which can have important consequences on population such as reduced
reproductive success as well as reduced chances of survival (Lambert & Dutil 1997; Shulman & Love

1999; Lloret et al. 2002; Ratz & Lloret 2003).

It is also known that water temperature is one of the main environmental factors that influence
the reproductive system of fish and even small changes in temperature (1-2°C) may affect gonadal
function (Bromage et al. 2001; Pankhurst & Porter 2003), and because of this fish hatcheries are
usually linked to particular times of year in order to maximize the reproductive capability, growth
and survival of the offspring (Munday et al. 2008). In this sense, the uncoupling of temperature
patterns caused by sea warming and associated asymmetric thermal fluctuations could lead to
spawning taking place in seasons or at temperatures that are probably unsuitable for development
and growth of larvae (Soria et al. 2008). Indeed, the length of the spawning season (affecting the

number of successive spawnings in multiple batch spawners) - and consequently the total annual
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fecundity of females - has recently been observed to be linked with the duration of favorable

environmental conditions (Striissmann et al. 2010).

Although sea warming may have major consequences for the reproduction of fish populations it
is likely that any such consequences will mainly depend on various synergic factors such as specific
physiological tolerances, capacity for acclimation and adaptation, scope for behavioural avoidance,
capacity to extend or shift ranges, and the timing of thermal challenges with respect to the
reproductive cycle (Pankhurst & Munday 2011). For certain temperate water species, climate change
could lead to complete reproductive and recruitment failure; on the other hand, for warm-water
species, it could lead to changes in seasonal phasing of reproduction and possible increases in
species range (Munday et al. 2008; Pankhurst & Munday 2011). In this sense it is likely that the
present-day sea warming trends and the associated changes in spawning phenology would give the
thermophilic fish species an advantage and favour their successful establishment into new habitats
in the northernmost areas of the Mediterranean Sea. On the other hand, for native temperate fish
species, small increases in sea temperature during spawning seasons can dramatically increase egg
mortality and decrease survivorship to hatching since the egg stage is one of the most thermally
sensitive life stages in fish (Rombough 1997; Gagliano et al. 2007). Therefore, small increases in
temperature might tend to favour recruitment of some species (especially at higher latitudes) but
larger temperature increases could lead to recruitment failures (especially at low latitudes) and at

times or places where food supply is limited (Munday et al. 2008; Pankhurst & Munday 2011).

1.4. Condition and reproduction of fish in the context of climate change

To our knowledge most of the studies which have investigated the impact of climate change on
fish have focused mainly on the changes in abundance and biomass of the fish communities and their
ecological assemblages based on complex models (Brander 2003, 2007; Perry et al. 2005; Lehodey et
al. 2006; Collie et al. 2008; Dulvy et al. 2008; Graham & Harrod 2009; Jennings & Brander 2010;
Cheung et al. 2013; Hollowed et al. 2013; Gamito et al. 2015). However, there is a growing need to
summarize the ecological complexity of climate impacts not only by comparing the climate-driven
changes in species distributions and abundances over long time series but also by investigating the
physiology and bioenergetics of these warm-water species in order to get a more detailed view of the
biological and physiological mechanisms and processes which are making possible their northward

expansion and successful establishment within the northernmost areas of the Mediterranean Sea.

Besides the work presented in this PhD thesis, the relationship between fish biology and climate
change has also been investigated in a recently published study by Lloret et al. (2015b). These
authors used a multidisciplinary approach based on fishery and reproductive data (histological
gonad analyses and ichthyoplankton surveys) as well as the local fishermen’s traditional ecological
knowledge, and found that in the NW Mediterranean, changes in the abundance of fish have followed

a particular spatio-temporal sequence, with three different phases of colonization in the case of
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warm-water species (occasional occurrence, common presence and establishment), and three phases
of regression (abundance reduction, range contraction and disappearance from the catch) in the case
of cold-water species. This later study has proved that this kind of research approach, focused on fish
biology as well as abundances analyses, is very useful in enhancing our understanding on how fish
are adapting to rising sea temperatures. It also provides new insight into the observed changes in

fish diversity and abundance in relation to climate change in the NW Mediterranean.

It is worth mentioning that other parameters related to fish biology - such as growth (Nunn et al.
2010; Baudron et al. 2011, 2014), mortality (Stige et al. 2006), behaviour (Rijnsdorp et al. 2009) and
physiological thermotolerance (Elliott & Elliott 1995; Sorte et al. 2011) - might also be affected by
climate change. However, the study presented here in this thesis will focus on condition and
reproduction because they represent the two key factors in the population viability of a species; and
both factors can explain the changes in abundance and biomass within a certain area (Engelhard &

Heino 2006; Pankhurst & Munday 2011; Petitgas et al. 2013).

1.5. Case studies

Several authors have suggested that changes in biodiversity patterns in the Mediterranean are
related to this increasing trend in water temperature, and that those species from warmer waters
south of the Mediterranean are extending their range into northern colder regions of the
Mediterranean (Francour et al. 1994; Astraldi et al. 1995; Bianchi & Morri 2000). This could well be
true in the case of the following fish species: the bluefish (Pomatomus saltatrix), the yellow-mouth
barracuda (Sphyraena viridensis), the bastard grunt (Pomadasys incisus) or the pompano
(Trachinotus ovatus), all of which are increasing in abundance particularly in the NW Mediterranean
Sea, including the waters off the Gulf of Roses. These species could be considered biological
indicators of the sea warming in Mediterranean Sea since their origin is tropical and their actual
regional proliferation is within the NW Mediterranean Sea. In fact, Lloret et al. (2015b) have
documented that all four (P. saltatrix, P. incisus, S. viridensis and T. ovatus) are warm-water species
that are currently in the ‘establishment’ phase of colonization within the NW Mediterranean
according to their spatio-temporal sequence patterns of occupation in relation to sea warming. These
phases are ‘occasional occurrence’ (with unusual, vagrant specimens that are sporadically recorded),
then ‘common presence’ (specimens have become more frequent, but no reproduction is observed in
the populations, which can only be restored by immigration), and finally ‘establishment’ (with

indications of reproductive success in the area) (Lloret et al. 2015b).

1.5.1. Bluefish (Pomatomus saltatrix)

Bluefish (Pomatomus saltatrix, Linnaeus 1766), the only living representative of its genus and
family (Pomatomidae), is an oblong, laterally compressed and streamlined predatory species that

grows to a maximum total length (TL) of 130 cm (commonly 60 cm) and to a maximum weight of
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14.4 kg (Kendall & Walford 1979) (Fig. 1.2). The head is large and compressed with the mouth set
obliquely. The maxilla extends to the rear of the eye. The lower jaw projects from the mouth and has
a row of long, unequal teeth on each side. Body color is bluish to greenish dorsally, fading to silver
ventrally. Ctenoid scales cover the opercule, cheek, and body, but not the top of the head or a ridge
that runs above the cheeks. Ninety-five scales run along the lateral line. Two dorsal fins, the first
short and low with 7 or 8 relatively weak spines connected by a membrane, the second long, with 1
spine and 23 to 28 soft rays; anal fin a little shorter than soft dorsal fin, with 2 spines and 23 to 27
soft rays; caudal fin moderately forked; pectoral fins short, not reaching origin of soft dorsal fin

(Collette 2002).

visible strong teeth

base of pectoral fin black

Fig. 1.2 The bluefish, Pomatomus saltatrix. lllustration modified from Bariche (2012).

Bluefish are coastal migratory pelagic predators that tend to segregate into schools of similarly
sized individuals (Wilk 1977) and are distributed over continental shelves and in estuaries of
temperate waters throughout most of the world, with the exception of the northern and mid-Pacific
Ocean (Juanes et al. 1996). Its distribution in the Indian Ocean includes the east coast of southern
Africa, Madagascar, the Malay Peninsula, Tasmania, and the southern and western coasts of Australia.
In the eastern Atlantic Ocean, distribution ranges from Portugal to Senegal, including the Azores, the
Mediterranean and Black seas, and from Angola to South Africa. In the Western Atlantic, its known
range includes the Gulf of Mexico and the eastern coasts of North and South America, encompassing
regularly the region northward from Florida to Cape Cod and occasionally to Nova Scotia, and
southward to Brazil and Argentina (Briggs 1960; Juanes et al. 1996; Salerno et al. 2001). Particularly
in the Mediterranean, although bluefish are more abundant in the southern and eastern warm waters
(Tortonese 1986), unusual records of this species have been reported in the northern Adriatic Sea
(Dul¢i¢ et al. 2005) and increasing abundances have been reported in the NW Mediterranean

(Sabatés et al. 2012).

The life cycle, distribution, seasonal migration, and spawning of P. saltatrix are closely regulated
by water temperature. The species is usually found at temperatures from 14-16 to 30°C (Fahay et al.
1999). Specific temperature ranges have been reported for seasonal migration linked to
reproduction depending on the geographic area, and 20-26°C has been found to be the preferential

surface temperature range for spawning (Wilk 1977; Kendall & Walford 1979; Ditty & Shaw 1995;
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Juanes et al 1996). The migration patterns along its distributions range share common
characteristics: bluefish spends the colder months in warm-water areas and, when the surface
temperature reaches a certain value, migrates towards colder waters where the species spawns once
a threshold temperature has been attained (Juanes et al 1996). Within the Mediterranean,
reproduction-related migrations have been described to take place in the eastern basin, from the
Aegean Sea to the Black Sea in spring where spawning takes place, returning in autumn (Gordina &

Klimova 1996).

During annual migrations along continental shelves, adults spawn large numbers of small eggs,
once as larvae they are typically advected along-shore to juvenile nursery habitats; while juveniles
recruit to inshore habitats at a similar size, and there they grow rapidly and are mainly piscivorous,
feeding primarily on atherinids and engraulids (Juanes et al. 1996). Larvae transform into pelagic
juveniles at about 18 to 25 days and 10-12 mm stantard length (Hare & Cowen 1993, 1994), then
juveniles remain oceanic for an additional 15 to 45 days before recruiting to nearshore habitats at
40-80 mm fork length (Hare & Cowen 1996). Furthermore, bluefish usually live approximately 9-11
years and males and females grow at approximately the same rates (Richards 1976), and mature
sexually during the second year upon reaching approximately 35-45 cm fork length (FL) (Wilk 1977).
In the Northeast coast of the U.S., the von Bertalanffy growth parameters for both sexes of this
species were Lo = 87.2 £ 1.6 cm, k = 0.26 £ 0.01 and to = -0.93 + 0.03 (12 = 0.985); the size (FL) at
maturity (Lso) was 33.9 cm for males and 33.4 cm for females and the age at maturity (Aso) was 1.2

and 1.1 years for males and females, respectively (Salerno et al. 2001).

1.5.2. Bastard grunt (Pomadasys incisus)

The bastard grunt (Pomadasys incisus, Bowdich 1825) has a compressed oblong body and with a
small head and mouth. Its dorsal fin has a soft notch between hard and soft rays, which are 12 and 16
in number respectively, and the anal fin has 3 soft rays and 12-13 hard rays. It is gray on the back,

with a bright golden and silvery white belly, yellow fins, and a black spot on the opercule (Fig. 1.3).

12 or 13 soft rays
black opercle edge

fins yellowish

Fig. 1.3 The bastard grunt, Pomadasys incisus. lllustration modified from Bariche (2012).
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This species is a coastal demersal fish species inhabiting marine and brackish waters, usually
near sandy/muddy substrate or in rocky habitats and seagrass meadows, at depths from 10 to 100
m, but usually not deeper than 50 m (Golani et al. 2006; Kapiris et al. 2008). This species is
frequently found along the eastern central Atlantic coasts from the Straits of Gibraltar to Angola, and
also in the Canaries, Azores, and Cape Verde Islands (Pajuelo et al. 2003a; b). Several references have
recorded this species in the Mediterranean Sea, in Greece (Kaspiris 1970) and recently in the
Ligurian, Tyrrhenian and Egyptian Seas (Gavagnin et al. 1994; Serena & Silvestri 1996; El Mor et al.
2002), in the Gulf of Tunis (Fehri-bedoui & Gharbi 2008) and on the French-Catalan coast (Pastor et
al. 2008).

Information on the biological aspects of this species is very scarce along its distribution range
and virtually non-existent in the Mediterranean. Its life-history traits, such as age, growth and
reproduction, have been investigated in the Canarian archipelago waters (Northwest Africa) (Pajuelo
et al. 2003a; b) indicating that P. incisus is a fast growing and moderately short-lived species (ages up
to seven years) as well as being a gonochoric species with no evidence of sexual dimorphism, which
reaches first maturity at the end of the second year of life when the median size at maturity (Lso) is
18.3 cm TL and whose spawning takes place throughout the year. Regarding the Mediterranean Sea,
the only available information on the reproductive biology of the bastard grunt relates to specimens
inhabiting the coastal waters off the Gulf of Tunis (Chakroun-Marzouk & Ktari 2006; Fehri-bedoui &
Gharbi 2008) where sexual activity extended from June to September and Lsp was estimated at

15.33-16.13 cm TL.

1.5.3. European barracuda (Sphyraena sphyraena) and yellow-mouth barracuda (8. viridensis)

Like all barracudas, the yellow-mouth barracuda (Sphyraena viridensis, Cuvier 1829), like the
European barracuda (Sphyraena sphyraena, Linnaeus 1758), have a slender fusiform body with a
conical, hydrodynamical snout and their mouth, which is long, has low protractile capacity and a
prognatic lower jaw, with two rows of long canine-like teeth (Barreiros et al. 2002) (Fig. 1.4). The
body of both species is darkish grey to bluish dorsally and silvery ventrally and the upper half of the
body has numerous vertical dark bands that extend below the lateral line in the anterior part of the
flanks, although juveniles are usually more greenish to dark yellow. Size (total length, TL) is
remarkably different between these barracuda species as adults, with S. viridensis being considerably
larger (commonly from 100 to 120 cm TL but sometimes it can reach 150 to 160 cm TL) than S.
sphyraena, whose average size is usually between 30 and 50 cm TL (Golani et al. 2006; Bariche 2012;
Kalogirou et al. 2012a). Three main morphological characteristics have been suggested to avoid
misidentification between these two barracuda species (Relini & Orsi-Relini 1997; Kozul et al. 2005):
preoperculum scale pattern (entirely scaled in S. sphyraena but not in S. viridensis), pectoral fin rays
(13 in S. sphyraena, 15 in S. viridensis) and scales above the lateral line (15-17 in S. sphyraena, 21-22
in S. viridensis) (Fig. 1.4).
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(A) Sphyraena sphyraenc

preopercle entirely scaled

pelvic fin mserted behind tip of pectoral fin

(B) Splvraena viridensis

preopercle partially scaled

visible dark blotches

pelvic fin inserted behind tip of pectoral fin

Fig. 1.4 The European barracuda, Sphyraena sphyraena (A), and the yellow-mouth barracuda,
Sphyraena viridensis (B). lllustrations modified from Bariche (2012).

Sphyraena viridensis usually inhabits the pelagic zone of the water column, with smaller
individuals in shallow waters, and occurs in Eastern Central Atlantic at Madeira, Cape Verde and
Canaries Islands, and in the Mediterranean along the Italian shores as well as in the Balearic and
Sardinian waters (Ben-Tuvia 1986; Relini & Orsi-Relini 1997) and the Azores Archipelago (Santos et
al. 1997; Barreiros et al. 2002). However, its geographical range is probably wider because this
species is often confused with S. sphyraena which has a wider distribution in the Eastern Atlantic:

Bay of Biscay to Mossamedes (Angola), including the Mediterranean and Black Sea, Canary Islands,
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and Azores. However, recently unusual Sphyraena viridensis records have been reported in the
northern Adriatic Sea (Dulc¢i¢ & Soldo 2004; Kozul et al. 2005; Dul¢i¢ et al. 2009), in the Balearic
Islands (Massuti et al. 2001) and French Mediterranean (Seytre & Francour 2009).

The biology of both barracuda species has been treated in only a few scientific publications. The
growth (Allam et al 2004a) and reproduction (Allam et al 2004b) of both species have been
investigated in the Egyptian Mediterranean waters. The feeding ecology of both species have been
also analyzed in the Eastern Mediterranean (Rhodes Island) (Kalogirou et al. 2012a); and the food
habits, schooling and predatory behaviour of S. viridensis in the Azores Archipelago has been also
reported (Barreiros et al. 2002). However, the information regarding this two barracuda species in

the NW Mediterranean has not yet been described in any detail.

1.5.4. Pompano (Trachinotus ovatus)

The pompano (Trachinotus ovatus, Linnaeus 1758) is a slender-bodied compressed fish,
characterized by 3-5 lateral oval blotches and two black spots on the dorsal and anal fins (Fig. 1.5).
The pompano is a pelagic coastal and schooling species, member of the family Carangidae, that
occurs primarily in brackish environments (especially young) and as adults are moderately common
in shallow waters in areas of surge, over sand or mud bottoms where they are commonly caught
commercially with trawls, purse seines, traps, and hook-and-lines (Smith-Vaniz 1986; Schneider

1990).

black spot

3-5 oval blotches

e R
\g;, O Q:’«‘&‘ black spot

Fig. 1.5 The pompano, Trachinotus ovatus. lllustration modified from Schneider (1990).

It is distributed in the Mediterranean (except the Black Sea), the eastern Atlantic northward to
the Gulf of Biscay and is a rare vagrant in British and Scandinavian waters (Schneider 1990; Tutman
et al. 2004). It is also common along the African coast, including the offshore islands, southwards to
southern Angola (Smith-Vaniz 1986). Apparently it has become more frequent in the Gulf of Roses
and adjacent waters (southern Gulf of Lyon) (Lloret et al. 2015b). Unfortunately, records of the

abundance of this species within the area are virtually non-existent because, to date, the pompano is
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caught unintentionally while targeting other species, and thus considered as a bycatch species among
the fisheries of the NW Mediterranean Sea. For this reason, the commercial value of the pompano is

minor.

The scientific information regarding its biology is considerably sparse, but include the
biochemical aspects of the reproduction in female pompano in Egyptian waters (Assem et al. 2005);
the diet and diel feeding activity of juvenile pompanos from the southern Adriatic Sea (Batistic¢ et al.
2005); the feeding and growth of wild-caught pompano reared under captivity in Croatia coastal
waters (Tutman et al. 2004) and the length-weight relationships for specimens cultured in floating
sea cages in South China Sea (Guo et al. 2014) as well as for wild populations from the Azores Islands
(Morato et al. 2001) and from the western Mediterranean (Morey et al. 2003). Meanwhile, other
reproductive traits that may indicate the breeding season, sexual maturation and spawning in both
sexes of this species is virtually non-existent in the NW Mediterranean and elsewhere along its

distribution range.

1.6. Hypothesis

I have hypothesized that the sea water temperature would influence the abundance of
thermophilic fish in the NW Mediterranean by exerting an effect on different aspects of their
condition and reproduction, including life-history traits such as condition, maturity, spawning
phenology, fecundity and egg quality. For this reason, I have assessed whether our understanding of
the observed changes in the spatio-temporal abundance of these four warm-water species -the
yellow-mouth barracuda (Sphyraena viridensis), the bastard grunt (Pomadasys incisus), the bluefish
(Pomatomus saltatrix) or the pompano (Trachinotus ovatus) - can be enhanced with a research
approach focused on the climate-driven spatio-temporal variations of their life-history traits. My aim
is to shed light on their physiological adaptations to the rising sea temperatures of the

Mediterranean.

1.7. Objectives

The general objective of this PhD thesis was to provide critical knowledge on the spatio-temporal
variations of the condition and reproductive-based life-history traits of these four warm-water
species, which are expanding northwards within the Catalan Sea (NW Mediterranean) in line with

the trends of increasing sea water temperatures over the last decades. The specific objectives were:

¢ to analyse and describe the temporal and spatial variations (anomalies, trends and seasonalities)
of the sea surface temperatures (SST) within the NW Mediterranean Sea over the last three
decades using data retrieved from two areas with different thermal regimes: the more northerly

Gulf of Roses and the more southerly Ebre Delta (Chapter II).
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o to evaluate the influence of SSTs on three important aspects of population dynamics of bluefish
(Pomatomus saltatrix) in the NW Mediterranean: condition, reproduction and abundance (as
reflected in catch per unit effort), by collecting specimens from two areas with different thermal

regimes and analyzing the spatial variability of the average parameters (Chapter III).

e to compare two key life-history traits, condition and reproduction, of the bastard grunt
(Pomadasys incisus) from two separate areas of the north-western Mediterranean with different
thermal regimes in order to assess whether or not the particular life history traits of this

thermophilic species may contribute to its expansion in the area (Chapter V).

e to explore and compare the most relevant life-history traits, condition and reproduction of the
temperate and thermophilic barracudas in order to investigate whether the recent S. viridensis

catches in the study area coupled to increased SSTs in the north-west Mediterranean Sea could be

explained (Chapter V).

o to explore the reproductive traits of the pompano (T. ovatus) and discuss the results in light of
the expansion and establishment of this species in the colder waters of the NW Mediterranean
along with the temporal variations of the SSTs in order to investigate whether we could explain if

its seasonal arrival and/or reproductive traits are triggered by the physical conditions of the

study area (Chapter VI).

1.8. Study area

This study was conducted in the north-western (NW) Mediterranean Sea which is located
between the Ebre River Delta and the area of Marseille, Toulon, and occupies approximately a sea
area of 108,000 km?, including the Catalan Sea which is 400 km long (from the Ebre Delta to the Cap
de Creus) and the Gulf of Lions which is located between the north of Cap de Creus and the islands of
Hyeres (France) (Salat 1996; Salat & Pascual 2002). Within the NW Mediterranean, two particular
study areas were selected as case studies: the more northerly Gulf of Roses and the more southerly

Ebre Delta which are known to have different thermal regimes (Fig. 1.6).

The main characteristic of the marine circulation of the study area (Fig 1.6) is the presence of an
intense current, known as the Northern Current, which runs through the continental slope of the
Northwestern Mediterranean between isobars 1000 and 2000 m depth from northeast to the
southwest (Millot 1990). In the Gulf of Lion zone, the Northern Current is reinforced by the presence
of the continental slope front that separates the waters of the continental shelf. Therefore, when the
Northern Current passes through the Gulf of Lion and goes on to the Catalan Sea, it transports colder
and less salty surface water masses than those in the Gulf of Lion (Millot 1990). To the south, this

marine current flows following the continental slope in a southwesterly direction to the north of the
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Eivissa Channel, where it divides into two branches, one that goes on to the SW and another that

turns in cyclonic direction and returns to the NE as the Balearic Current.
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Fig. 1.6 Map of the north-western Mediterranean basin showing both study areas, the more
northerly Gulf of Roses and the more southerly Ebre Delta, along the Catalan coast. Principal
characteristics of the circulation of the region and 1000 m isobaths are also shown.

The continental shelf of the study area is very thin (less than 6 km width), except the zones of the
Gulf of Lion and the Ebre Delta where the continental shelf is 75 and 80 km wide (Fig 1.6),
respectively (Rodriguez 1982). The continental shelf width and the limited depth in those areas
allows the establishment of upwelling mechanisms linked with the wind action (Rodriguez 1982;
Salat et al. 2002). In both areas, there are also important hydrographic inputs, such as the Rhone
River and the Ebre River, which supply an important quantity of sediments, nutrients and organic
matter to the continental shelf in the Gulf of Lion and the Ebre Delta area, respectively (Margalef
1989; Salat 1996; Salat et al. 2002). All these meteorological, hydrographical and oceanographic
singularities make both the Gulf of Lion and the Ebre Delta highly productive areas compared to the
rest of the Mediterranean Sea. In fact, these areas have been considered as Essential Fish Habitats for
feeding, spawning and recruitment for a number of marine species of commercial interest (NMFS
1997).

In the NW Mediterranean Sea, several seasonal meteorological variations occur throughout the
year. During the winter, the dominant winds are mainly from a northeasterly direction, whereas in
summer, Eastern winds dominate in the area. Particularly, Northern and Northeastern dominant
winds, known in North Catalonia as the “tramuntana”, occur in the Cap de Creus zone and the Gulf of
Lion. The temperature seasonality is characterized by dry and hot summers with the development of

a well-defined thermocline that reaches 120 m depth and limits the vertical interchanges in the
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water column, and by the presence, in late winter (January-March), of other weaker winds, resulting
in temperate weather with moderate and rainy winters and dry and hot summers. Although the
water temperature is known to vary along the latitudinal gradient within the NW Mediterranean,
with significantly colder sea water temperatures in the northern zones compared to more southern
zones (Salat et al. 2002), in general, the water temperature usually has its maximum values during

August (mean 23-24°C) and minimum in January (mean 9-10°C) (Millot 1990; Salat 1996).

1.9. Materials and methods

As stated previously, the data for this study was retrieved from two areas with different thermal
regimes in the NW Mediterranean Sea: the more northerly Gulf of Roses and the more southerly Ebre
Delta. It is worth mentioning that, although the methodologies used in this thesis are summarized in
the following paragraphs, the specific materials and methods are presented for each study case (see

the Materials and Methods sections from Chapters II to VI for more details).

1.9.1. Sea temperature data

The data on sea surface temperature (SST, in °C) from both sampling areas was retrieved from
the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) (ds540.0-Release 2.5)
(Woodruff et al. 2011). This data comprised individual daily mean SST observations for 1° latitude x
1° longitude units, in which case the SSTs time series were set from two 1° squares: the Gulf of Roses
(42.0 to 43.0°N and 3.0 to 4.0° E) and the Ebre Delta (40.0 to 41.0°N and 0.0 to 1.0° E). The mean
monthly and seasonal values of SSTs were calculated by averaging daily temperatures and, once
averaged, these data time series were used to estimate the annual SST anomalies per season, the
seasonality and the monotonic trends of the annual, as well as seasonal, long-term variations in the
SSTs. Subsequently, in order to evaluate whether sea warming variations and trends in both study
areas were significantly different or not from each other, all these parameters were compared to test

the spatial variation of the SSTs.

1.9.2. Biological data

1.9.2.1. Abundance-sea water temperature relationships

Firstly, it is worth mentioning that the method described in this section was only used for the
case study of the bluefish (P. saltatrix) since it is currently the only species of our study whose total
catches (landings in kg) have actually been recorded on a monthly basis at the fishing ports along the
Catalan coast over a long and regular temporal scale. Therefore, the bluefish data - on total monthly
landings (recorded in kg) and nominal fishing effort (number of vessels) - was retrieved from the
fishery statistics of the Department of Agriculture and Fisheries of the Government of Catalonia

(www?20.gencat.cat/portal/site/DAR) using information available at two fishing ports from the Gulf
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of Roses and three from the Ebre Delta area. It should be noticed that the monthly number of active
vessels at each port was used as a proxy of fishing effort at each port, in order to estimate the time
series of the monthly catches per unit effort (CPUE), expressed as kg per vessels. Then, the analyses
focused on determining and quantifying the possible relationships between the monthly time series
of bluefish catch per unit effort (CPUE) and SST using bivariate ARIMA (autoregressive-integrated-

moving-average) transfer functions (Box & Jenkins 1976).

1.9.2.2. Fish condition and reproduction evaluation

Specimens for each study species were collected monthly from the commercial catch landed at
the port of Roses (Gulf of Roses) and at the port of Sant Carles de la Rapita (Ebre Delta) from 2010 up
to 2012, shortly after the small-scale and bottom-trawl fishing vessels had landed their catches. It
should be noticed that fishermen were asked for the approximate location and depth where the
specimens were caught in order to be sure that the origin of the samples was within the coastal

waters of each study area.

The sampling strategy was devised to collect specimens of each species across years, months,
seasons and sizes, always subject to availability during the sampling period (Table 1.2). However,
this biological information was organized, grouped and then compared in different ways; hence,
different biological data-sets were used to cope with the objectives of the study approaches applied
in each study case. The first study approach (namely thermal-related spatiotemporal variations) was
investigated in P. saltatrix (Chp. III) and P. incisus (Chp. IV) by selecting specimens from two areas
with different thermal regimes and analyzing the spatial variability of the biological parameters
between the more northerly Gulf of Roses and the more southerly Ebre Delta. The second study
approach (namely temperate vs thermophilic traits comparison) was considered in the case of the
barracudas (Chp. V), in which specimens of S. sphyraena and S. viridensis were retrieved only from
the Gulf of Roses and then their biological information was compared to each other. Finally, in the
third study approach (namely thermal-related reproductive traits) used in T. ovatus (Chp. VI), the
dataset was organized inter-annually in order to evaluate whether the temporal variation of its
reproductive traits were related to the temporal variations of the SSTs observed in the Gulf of Roses.
More details of the organization of the biological datasets and the way in which variables were

analysed can be found in in each specific chapter.
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Table 1.2 Summary of the general sampling protocol showing the monthly sampling effort (n) of
specimens collected in each study case per species and sex. Size range (in cm total body length) is

also shown in parenthesis. All years pooled.
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Once in the laboratory, we recorded the total length to the nearest 0.5 cm and total weight to the
nearest 1 mg. Subsequently, the specimens were dissected and eviscerated, and the somatic or
eviscerated body weight, the liver and the gonad weights were obtained to the nearest 1 mg. Finally,
the gonads were fixed in buffered formalin (4%) for further histological processing and fecundity
estimation. The annual reproductive cycle of each study species was also estimated by determining
sex and reproductive phase of each specimen using a histological analysis of the gonads to determine
the stages of development of their germ cells. The assignment of both female and male reproductive
gonadal phases was based on the histological maturity classification criteria from Brown-Peterson et
al. (2011), in which the developmental phases of the gonads are defined as immature (IMM),
developing (DEV), spawning capable (SC) and the corresponding sub-phases: actively spawning (AS),
regressing (RGS), and regenerating (RGN). In females, during all these phases of gonadal
development, the oocytes develop through two major stages, (1) primary growth (including the
chromatin nucleolar and the perinucleolar phases, where oocyte development is gonadotropin-
independent) and (2) secondary growth (including cortical alveoli, vitellogenesis and oocyte
maturation, where oocyte development is gonadotropin-dependent). Throughout secondary growth,
several important and visible changes occur within the oocyte and it is commonly subdivided into
the following stages: pre-vitellogenic (cortical alveolar CA), vitellogenic (early Vtg-1, mid Vtg-2, and
advanced vitellogenesis Vtg-3), maturation (germinal vesicle migration GVM, and hydration H). It
should be noticed that despite the fact that CA oocytes are not vitellogenic, the growth of CA and
vitellogenic oocytes are both gonadotropin-dependent and hence part of the secondary growth stage,
thus in line with Brown-Peterson et al. (2011), the presence of CA necessarily indicated that the
female has matured. On the other hand immature individuals were exclusively classified as immature
when they presented only oogonia and primary growth oocytes. Meanwhile, male specimens were
classified as immature by the presence of only primary spermatogonia (Sg 1) and no lumen in the
lobules of their testis. This maturity staging system was adopted for all study cases in this thesis.
More detailed information regarding the histological descriptions of the phases of gonadal

development can be found in Brown-Peterson et al. (2011).

For the fish condition and reproduction evaluation, the following parameters were used: the
length-weight relationships (LWR), the hepatosomatic index (HSI), the gonadosomatic index (GSI),
size at 50% maturity (body length at which 50% of the individuals were mature), the fecundity
(batch fecundity BF and relative batch fecundity RBF), the mean diameter of the oocytes at each
oocyte developmental stage, the oocyte size-frequency distribution, the egg quality (dry weight) and
atresia (prevalence and relative intensity). The number of samples made available for these analyses

(per study case and source of variation examined, i.e., area, species and year) are shown in Table 1.3.
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Table 1.3 Summary of the number of samples (n) available for the different analyses used in this

thesis for each source of variation examined in each study case: (a) the area (GR: Gulf of Roses or ED:
Ebre Delta) for the studies of P. saltatrix (Chp. 1II) and P. incisus (Chp. IV), (b) the species (S.
sphyraena or S. viridensis) for study of the barracudas (Chp. V), and (c) the year (2010, 2011 or 2012)
of the study of T. ovatus (Chp. VI).

Total number of samples (n) per study case

Analysis/Variation Sources | P.saltatrix | P.incisus Barracudas T. ovatus
GR  ED | GR | ED | S.sphy | S.vir | 2010 @ 2011 @ 2012
Hepatosomatic index 138 i 187 | 267 | 329 316 204 NA NA NA
Gonadosomatic index 138 | 187 | 267 | 329 316 204 55 58 113
Histology of the gonads 138 | 187 | 267 | 329 316 204 55 58 113
Length at 50% maturity 138 187 | 267 | 329 316 204 55 58 113
Fecundity 5 8 41 57 74 34 8 8 8
Oocyte diameter 200 | 200 | 200 . 200 200 200 150 150 150
Egg quality 20 0 20 | 20 @ 20 20 20 20 20 20
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CHAPTER II: Spatio-temporal analyses of the sea water temperature

of the study area

In this section the 1970-2011 sea surface temperatures of the study areas were
retrieved and then used to describe their anomalies, trends, seasonalities and spatio-

temporal variations.
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CHAPTERII

Spatio-temporal analyses of the sea water temperature of the study area

2.1. Abstract

In this study the sea surface temperatures (SST), over the 1970-2011 period, were retrieved from
the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) and used to describe and
compare the anomalies, trends, seasonalities and the spatio-temporal variations of two areas with
different thermal regimes along the latitudinal gradient of the northwestern Mediterranean Sea: the
more northerly Gulf of Roses and the more southerly Ebre Delta. The annual anomalies indicated two
SST regimes at each season: the period 1970-1984 mostly characterized by negative SST anomalies,
and the period 1985-2011 when positive SST anomalies were more frequently observed. Significant
annual increasing monotonic trends were observed in the SSTs either for the Ebre Delta (0.027°C yr-
1) and the Gulf of Roses (0.023°C yr-1). Although the SSTs in both study areas showed similar sea
warming seasonal trends significant monotonic trends were only observed in spring and summer
and not so during autumn and winter. Any significant difference was observed when SST increasing
trends were compared between study areas at each season indicating that the sea warming trends
are similar between these two areas. However, average SSTs were found significant different
between the Gulf of Roses and the Ebre Delta at each season indicating thus that the SSTs have been
significantly higher in the south than in the north. The SSTs in showed similar and clear seasonality
patterns in both areas: SSTs from June through October were warmer than the annual average when
seasonal values were up to 36% above the annual means. A slightly and progressive change in the
seasonality variation was observed from 1970 through 2011 in the seasonal values in the spring and
summer months might indicate that sea water in the NW Mediterranean nowadays is warming up

earlier in the year than 30 years ago.

Keywords: sea surface temperatures; sea warming; trends; anomalies; seasonalities; spatio-temporal

variations; north-west Mediterranean; Gulf of Roses; Ebre Delta
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2.2. Introduction

Although sea temperature variations are mainly controlled by variations in the air-sea heat flux
as well as in the vertical mixing and the horizontal advection of heat (Skliris et al. 2011), several
studies have shown that the temperature of the Mediterranean Sea surface water has increased
during the last decades. Nykjaer (2009) observed between 1985 and 2006 that the temperature in
the upper layer of the Mediterranean Sea has been increasing at an average rate of 0.03 = 0.008 °C
year! for the western Mediterranean basin, and 0.05 * 0.009 °C year! for eastern basin. In NW
Mediterranean, Diaz-Almela et al. (2007) observed over 24 years period a rapid warming of surface
water masses (0.04 £ 0.01 °C year-1). In the same area, Salat & Pascual (2002) observed that since
1970 the average annual temperature has increased by 1.1°C (0.04 °C year-1) at surface and 0.7 °C
(0.025 °C year-1) at 80 meters depth. Similarly, Calvo et al. (2011) observed that the sea temperature
has increased around 1.1 °C in the upper-most waters (0-50 m) and around 0.7 °C at 80 m over the

1974-2009 period.

Lelieveld et al. (2002), in a study covering the period 1930-2000, noticed that sea surface
temperature (SST) variability remained low for several decades after 1930 but cooling took place
during the early 1970s followed by an extensive warming period that began in approximately 1980.
A similar pattern was observed by Rixen et al. (2005) who noticed that cooling took place in the
upper 150 m layer of the Western Mediterranean until the mid-1980s, when warming started, while
the Eastern Mediterranean cooled between mid-1970 and the mid-1980s, then warmed slowly. Both
Lelieveld et al. (2002) and Rixen et al. (2005) reported an increase in temperature between 1980-
2000 to the order of 0.5 °C. A 30-year data set (1974-2005) from the Spanish Catalan coast first
demonstrated the warming of the littoral zone at four different depths from the surface to 80m
showing a clear trend at all depths, with an impressive warming of 1.4 °C at 20 m (Vargas-Yafiez et al.

2008; Coma et al. 2009).

The main objective of this study was to explore, analyse and describe the temporal and spatial
variations (anomalies, trends and seasonalities) of the SST within the northwestern Mediterranean
Sea over last three decades using data retrieved from two areas with different thermal regimes along
the latitudinal gradient: the more northerly Gulf of Roses and the more southerly Ebre Delta. It
should be noticed that in those very same study areas it was carried out the sampling of specimens of
Pomatomus saltatrix, Pomadasys incisus, Sphyraena sphyraena and Sphyraena viridensis that were

used in the other researches described in the following chapters.
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2.3. Materials and methods

2.3.1. Data collection

Sea surface temperature (SST, °C) data from both areas (the Gulf of Roses and the Ebre Delta)
was retrieved from the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) for the
period 1970-2011 (ds540.0-Release 2.5) (Woodruff et al. 2011). These data comprise individual
daily mean sea surface temperature observations for 1° latitude x 1° longitude units. In this study we
used time series from two 1° squares along the northwestern Mediterranean: the Gulf of Roses (42.0-
43.0°N, 3.0-4.0° E) and the Ebre Delta (40.0-41.0°N, 1.0-2.0° E). Mean seasonal and monthly values of
SSTs in both areas were calculated by averaging measured several daily temperatures per seasons
and per month. Seasons were defined as follows: winter (January, February, and March), spring
(April, May, and June), summer (July, August, and September) and autumn (October, November, and

December).

2.3.2. SST anomalies and trends in the NW Mediterranean Sea

In order to evaluate the season in which the sea warming was most pronounced, its
corresponding SST anomalies and trends were calculated at each season per study area. First, annual
SST anomalies per season were computed as deviations from the corresponding overall annual mean
per season. Then annual and seasonal long-term variations of mean SST were investigated separately
in the Gulf of Roses and the Ebre Delta, as well as the mean rate of change and the long-term linear
trends looking for significant existence of monotonic trends with the nonparametric Mann-Kendall
trend test (Mann 1945) using the Excel template application MAKESENS (Salmi et al. 2002).
Subsequently, an overall Seasonal Kendall (SK) test, which combines the individual mean monthly
SST into one overall test whether the SST changes in are still in a monotonic trend over time even
with seasonal trend in the data, was also carried out using the software developed by Helsel et al.
(2006). Finally, the slopes of linear regression models (SST increasing trends) of each area were
compared to each other using an ANOVA regression lines comparison test in order to evaluate
whether sea warming trends in both areas were significant different or not from each other. Spatial
variation of SSTs at each season was evaluated using ANOVAs to examine differences between the

Gulf of Roses and the Ebre Delta.

2.3.3. ARIMA approach to model seasonality of SSTs

The time series of SSTs were described by calculating the seasonal component using the
decomposition method ‘tramo-seats’ to build univariate ARIMA (autoregressive-integrated-moving-
average) models (Box & Jenkins 1976) with the statistical package ForeTESS developed by the
Polytechnic University of Catalonia (Prat et al. 2000). The SSTs were modelled on a monthly basis as

linear functions of past values of the series and/or previous random shocks (or errors) to estimate
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the seasonal component that shows the spectral peaks at seasonal frequencies (the seasonal value

for a given month is the percentage above/below the annual mean).

2.4. Results

2.4.1. Anomalies and trends of the SSTs

The long-term anomalies showed in general two SST regimes at each season either in the Gulf of
Roses and the Ebre Delta: the period 1970-1984 mostly characterized by negative SST anomalies,

and the period 1985-2011 when positive anomalies were more frequently observed (Fig. 2.1).
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Fig. 2.1 Annual SST anomalies per season (from January 1970 to December 2011) estimated
separately for the Gulf of Roses and the Ebre Delta. The overall mean SST for each season is shown as
A.

The results obtained by applying the Seasonal Kendall (SK) test showed a significant increasing
monotonic trend throughout the entire period 1970-2011 in the SSTs (Fig. 2.2) either for the Ebre
Delta (0.027 £ 0.016 °Cyr1,Z=5.78, p < 0.01) and the Gulf of Roses (0.024 + 0.013 °Cyr!,Z=5.62,p
< 0.01). Both SK tests showed similar Kendall’s tau correlation coefficient, Gulf of Roses (t = 0.301)

and Ebre Delta (t = 0.309), indicating increasing relationships of SST values over time.
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Fig. 2.2 Long-term variations of monthly mean SSTs (since January 1970 to December 2011) in the
Ebre Delta (A) and the Gulf of Roses (B). The Seasonal Kendall tests indicated significant a monotonic
trend for the Ebre Delta (0.027 + 0.016 °C yr-1, Z = 5.78, p < 0.01) as well for the Gulf of Roses (0.024
+0.013°Cyr-1,Z = 5.62, p < 0.01). The trends in the Gulf of Roses and the Ebre Delta are illustrated

as continuous and dashed lines, respectively.

Although the SSTs in both study areas showed similar sea warming seasonal trends significant

monotonic trends were only observed in spring and summer in both study areas and not so during

autumn and winter when none significant monotonic trend was observed (Fig. 2.3). The spring mean

rate of change was slightly higher in the Ebre Delta (0.047 °C yr-1) than in the Gulf of Roses (0.035 °C

yr-1), while the summer mean rate of change was slightly higher in the Gulf of Roses (0.033 °C yr-1)
than in the Ebre Delta (0.024 °C yr-1) (Fig. 2.3). Even though, the SST has been always higher at the

Ebre Delta area any significant difference was observed when trends were compared between study
areas at each season: winter (ANOVA, F1,3 = 0.03, p = 0.769), spring (ANOVA, F13 = 1.89, p = 0.174),
summer (ANOVA, F13 = 0.67, p = 0.415), autumn (ANOVA, F13 = 0.09, p = 0.759), which in turn

suggests that the sea warming trends are similar between these two areas of the northwestern

Mediterranean sea.
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Fig. 2.3 Long-term variations of the mean SSTs per season in the Gulf of Roses (dark lines) and in the
Ebre Delta (grey lines). The mean rate of change of each season at the Gulf of Roses (dark) and the
and the trends in the Gulf of Roses (continuous lines) and in the Ebre
Delta (dashed lines) are illustrated. For each season, the Z-statistic of the Mann-Kendall test and the
significance level for the existence of a monotonic trend is indicated by one or two asterisks (p< 0.05

Ebre Delta (grey) are given,

Year

and p< 0.01, respectively) or a dash (no monotonic trend at the p< 0.05 level).

Average SSTs were found significant different between the Gulf of Roses and the Ebre Delta at
each season (Table 2.1) indicating thus that the SSTs have been significantly higher in the south
(Ebre Delta) than in the north (Gulf of Roses) even though only approximately 300 km exists

between these two areas.
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Table 2.1 SST comparisons between the Gulf of Roses and the Ebre Delta. The mean * std. dev. (°C)
and the coefficient of variation (CV %) are given for each season. The ANOVA significance for each
comparison is given with the resulting F-ratio (degrees of freedom) and the p-value.

Mean # std. dev. °C (CV %)
Source ANOVA significance
Gulf of Roses Ebre Delta
Winter 13.2+0.3°C(2.67 %) 14.0 £+ 0.4 °C (2.51 %) F182 = 88.38; p<0.0001
Spring 16.5+ 0.7 °C (4.13 %) 17.9+ 0.7 °C (4.11 %) F182 = 87.78; p<0.0001
Summer 22.0+0.8°C(3.77 %) 248 +0.6°C(2.57 %) F182 =299.28; p<0.0001
Autumn 16.7 £ 0.7 °C (3.93 %) 18.4+ 0.8 °C (4.34 %) F182 =112.31; p<0.0001

2.4.2. Seasonality of the SSTs

The monthly average SSTs in both the Gulf of Roses and the Ebre Delta showed similar and clear
seasonality patterns (Fig. 2.4). In both areas, SSTs from June through October were warmer than the

annual average when seasonal values were up to 36% above the annual means.
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Fig. 2.4 Mean seasonal patterns (% above/below the annual mean) of the SST time series and the
actual SST variations per month in the Gulf of Roses and the Ebre Delta, over the period 1970-2011.

A slightly and progressive change in the seasonality variation is noticeable for example when May
seasonality values evolution was analyzed (Fig. 2.5). SST seasonal values at the beginning of the time
series (May 1970) were about 7.0% and 9.6% below the annual mean in the Gulf of Roses and the
Ebre Delta, respectively. And at the end of the time series (May 2011) were about 3.7% and 3.6%
below the annual mean in the Gulf of Roses and the Ebre Delta, respectively (Fig. 2.5). This slightly
increase from 1970 through 2011 in the seasonal values in this month (May) might indicate a

progressive change in the SST seasonality due to the sea warming progressive trend over time. This
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kind of seasonality change pattern is also observed in the other spring and summer months and
could indicate that sea water in the NW Mediterranean nowadays is warming up earlier in the year

than 30 years ago.
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Fig. 2.5 Monthly time series (1970-2011) of SST seasonalities in the (A) Gulf of Roses and (B) the
Ebre Delta; © indicate the evolution of the May SST seasonality data at their respective seasonal
pattern.

2.5. Discussion

The present study has described the anomalies, trends, seasonalities and the spatio-temporal
variations of the SST from January 1970 to December 2011 in two areas with different thermal
regimes along the latitudinal gradient of the northwestern Mediterranean Sea, the Gulf of Roses and

the Ebre Delta.

The annual anomalies indicated two SST regimes at each season: the period 1970-1984 mostly
characterized by negative SST anomalies, and the period 1985-2011 when positive SST anomalies
were more frequently observed. In contrast with the results presented in this study, Sabatés et al.
(2012) found analyzing the monthly SST time series (1974-2010) from the L’Estartit meteorological
station (located near the Gulf of Roses) three main periods: 1974-1981, characterized by a

decreasing trend with monthly values lower than the corresponding monthly means, followed by a
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transition period from 1982 to 1996, and a period of increasing trend over 1997-2009. Moreover,
these authors also detected two remarkable shifts in the sea water temperature: the first one in the

early 1980s and the second around 1997.

In this study significant annual increasing monotonic trends in the SSTs were found similar in the
Ebre Delta and the Gulf of Roses with alike annual rates of change (0.024-0.027°C yr-1). Similar
results have been found by Salat & Pascual, (2002) at the L’Estartit meteorological station, where the
linear tendency of the sea water temperatures at surface shows an increase of 1.1°C in 27 years
(0.04°C yr-1) and at 80 m depth the tendency shows an increase of 0.7°C in 27 years (0.025°C yr-1).
Furthermore, this kind of sea warming trends with around 0.02 °C yr-! order of magnitude have been
recorded in other coastal areas of the Mediterranean (Vargas-Yafiez et al. 2002, 2005, 2008). These
increase trends has not only been observed in the Mediterranean, but also in the nearby North
Atlantic (Vargas-Yafiez et al. 2004), in the Cantabric Sea (Gonzalez-Pola et al. 2005) and on a global
scale (Cabanes et al. 2001). In fact, the Working Group of the Intergovernmental on Climate Change
(IPCC) shows that, according to different scenarios, the average warming of the planet will be

between 1.8 and 4.0°C by 2100 (IPCC 2013).

It has also been suggested that sea warming trends are not a linear or constant processes, and
several-years lasting cycles can produce accelerations of the warming rates, as is the case of the 90s
decade, or a reduction of them, as was the case from 2001 to 2005, but in both cases these cycles
account for a fraction of the mean trend (Vargas-Yafiez et al. 2008, 2010). As stated previously in the
results section this SST increase is not constant throughout the year. In this study, significant
monotonic trends in both study areas were only observed at spring and summer, ranging from 0.024
to 0.047°C yr-1. This large seasonal variability in sea warming has been documented previously in the
western basin of the Mediterranean, in which spring display the highest warming rate (Sabatés et al.
2006; Nykjaer 2009; Skliris et al. 2011). Moreover, in this study it is actually in the spring and
summer months that the slightly but progressive change in the annual seasonality variation has been
detected from 1970 through 2011 which in turn might indicate that sea water in the NW

Mediterranean nowadays is warming up earlier in the year than 30 years ago.

Most numerical models show that the effect of global warming in the Mediterranean Sea during
the 21st century will be more pronounced in the upper layers (Marcos & Tsimplis 2008). It has been
argued that the observed rapid surface warming in the enclosed and semi-enclosed European Seas
such as the Mediterranean, surrounded by major industrial/population agglomerations, may have
resulted from the observed large terrestrial warming directly affecting the adjacent coastal seas,
whilst regions of freshwater influence seem to play a special role in modulating and exacerbating
global warming effects on the regional scale (Belkin 2009). The discussion about an anthropogenic-
induced climate change is still open but there is now a wide scientific consensus in favor of this

possibility with a growing number of facts supporting the hypothesis (Gonzalez-Pola et al. 2005;
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IPCC 2013). A strong correlation has been demonstrated along with other supporting evidence and it
is now generally accepted that greenhouse gas emissions are responsible for global warming (Tett et
al. 2002; IPCC 2013). Regardless the causes, the ocean as a whole also seems to be immersed in a
warming process, thus it is very important to continue the monitoring the physical properties of the
water masses within the study area in order to improve our knowledge about the processes and

changes undergoing in the NW Mediterranean Sea.
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Reproduction, condition and abundance of the Mediterranean bluefish (Pomatomus

saltatrix) in the context of sea warming

3.1. Abstract

This study evaluates the link between sea warming and three important aspects of the population
dynamics of bluefish, Pomatomus saltatrix, in the NW Mediterranean: condition (health measures),
reproduction and abundance (as reflected in catch per unit effort, CPUE). We compared the bluefish
populations from two areas with different thermal regimes: the Gulf of Roses and the Ebre Delta.
First, in order to compare the condition and reproduction parameters of the two populations,
specimens were collected from the commercial catch landed in two ports located in these areas.
Several indicators of fish condition and reproduction such as hepatosomatic index, gonadosomatic
index, maturation timing, length-at-first maturity, fecundity, egg quality and atresia (ovarian follicle
resorption) were analysed and compared between study areas. Secondly, time series analyses of sea
surface temperatures (SST) and monthly bluefish CPUEs in the two study areas were assessed using
Box-Jenkins transfer function models. Our results indicate that bluefish benefit from sea warming in
the NW Mediterranean, particularly in the northernmost zone, as evidenced by increasing fish
condition in these waters. Sea warming may favour the changes in spawning phenology and the
northward expansion of this species. This study provides evidence that a marine fish species that is
able to expand or it is forced to shift its distribution due to sea warming, may take advantage of other
environmental conditions of new habitats, contributing to the enhancement of the population’s

productivity in these areas.

Keywords: NW Mediterranean, sea surface temperature, Pomatomus saltatrix, fish condition,

reproductive biology, predator.
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3.2. Introduction

The Mediterranean Sea is a semi-enclosed basin where sea warming is likely to be more
pronounced and to become apparent sooner than in other more open oceans (Astraldi et al. 1995;
Bethoux et al. 1999; Walther et al 2002; Coll et al 2010). Climate models predict that the
Mediterranean basin will be one of the regions that is most affected by the ongoing warming trend
and by an increase in extreme events (Parry 2000; Lejeusne et al. 2010; Calvo et al. 2011; Durrieu de
Madron et al. 2011). Subtropical species are found mainly in the eastern basin and southern
Mediterranean, where water temperatures are higher, whereas cold-temperate species inhabit the

cooler northern areas (Salat 1996; Bianchi & Morri 2000; Coll et al. 2010).

A direct consequence of sea warming is a simultaneous increase in the abundance of thermo-
tolerant species and the decline or disappearance of ‘cold’ stenothermal species (Lejeusne et al
2010). In a semi-closed system such as the Mediterranean basin these changes may cause the
progressive homogenization of the marine biota, the dislocation of other species, the loss of endemic
species coupled with invasion by non-indigenous species and/or cascade effects on food webs

(Molinero et al. 2005).

Not only could marine biodiversity be seriously affected, but climate change may also affect
fisheries directly by influencing fish stocks and the global supply of fish for consumption.
Commercial fishing would also be affected by changes to the overall value of fish catches due to
changes in the abundance of the species caught. The value of the total catch may decrease as warm-
water species - which can be of lower commercial value - increase at the expense of other species of
greater commercial value, e.g. the increase of the thermophilic, low value Sardinella aurita (Sabatés
et al. 2006) vs. the decrease of the temperate, high value Engraulis encrasicolus and Sardina

pilchardus (Martin et al. 2011).

The bluefish, Pomatomus saltatrix, (Linnaeus 1766), is distributed over continental shelves and in
estuaries of temperate waters throughout most of the world, with the exception of the northern and
mid-Pacific Ocean (Juanes et al. 1996). Relatively little is known about the biology of this species in
the Mediterranean. Sabatés & Martin (1993) provided a number of observations regarding its
presence in certain areas, and its relative importance in terms of fishing activity as well as the
duration of spawning. They proposed the southern Catalan as the northernmost boundary of bluefish
distribution in the western Mediterranean Basin. However, more recently, Sabatés et al (2012)
found that the bluefish distribution range was expanding northwards due to the increasing water
temperatures allowing reproduction to take place in more northern areas, as revealed by the
presence of bluefish larvae in plankton. Furthermore, it has been suggested that shifts in the bluefish
distribution range could be the result of current climate change and that correct management of fish

communities required this issue to be assessed (Goodbred & Graves 1996; Juanes et al. 1996;
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Pardifias et al. 2010). This warm-water species appears to be a good candidate for investigating the

effects of sea warming.

The aim of this study was to evaluate the influence of sea temperature on three important aspects
of population dynamics of bluefish in the NW Mediterranean: condition, reproduction and abundance
(as reflected in catch per unit effort). The hypothesis behind this study is that the abundance,
condition and reproduction of bluefish in coastal waters off the north-western Mediterranean Sea
are all being influenced by sea warming, manifested through changes in fish condition and spawning

characteristics, which may have resulted in increased catches over time.

3.3. Materials and methods

3.3.1. Sampling locations

Samples were collected from two areas with different thermal regimes in the Northwest
Mediterranean Sea: the more northerly Gulf of Roses and the more southerly Ebre Delta (Fig. 3.1).
The Gulf of Roses and surrounding waters have lower mean water temperatures than the Ebre Delta

(Salat et al. 2002).

3.3.2. Fish condition and reproduction evaluation

In order to compare the condition and reproduction parameters of the bluefish between the two
study areas, samples of bluefish were collected monthly from the commercial catch landed at the
port of Roses (Gulf of Roses) from July 2010 to August 2012 and at the port of Sant Carles de la
Rapita (Ebre Delta) from May to August 2012, shortly after the small-scale and bottom-trawl fishing
vessels had landed their catches. In the laboratory, we recorded the total length (TL) to the nearest
0.5 cm and total weight (TW) to the nearest 1 mg. Subsequently, the bluefish specimens were
dissected and eviscerated, and the somatic or eviscerated body weight (SW), the liver weight (LW)
and the gonad weight (GW) were obtained to the nearest 1 mg. Finally, the gonads were fixed in

buffered formalin (4%) for further histological processing and fecundity estimation.

The hepatosomatic (HSI) and gonadosomatic (GSI) indices were calculated for each individual. All
indices were calculated based on SW in order to avoid possible variations arising from differences in
the contents of the digestive tract. The hepatosomatic index (HSI) was calculated as HSI = 100
(LW/SW), where LW and SW represent liver and somatic wet weights, respectively. The liver is the
main energy store of many fishes and therefore the HSI is expected to provide the best estimate of
bluefish condition. Finally, the gonadosomatic index (GSI) was estimated using the formula GSI =

100(GW/SW), where GW and SW represent gonad and somatic wet weights, respectively.
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Fig. 3.1 Map of the north-western Mediterranean basin showing the two study areas (Gulf of Roses
and Ebre Delta) and the location of fishing ports along the Catalan coast where sampling of
Pomatomus saltatrix was carried out during the 2010-2011-2012 period. The upper panel shows the
mean (* std. dev.) monthly variation of sea surface temperatures (SST, °C) during the study period
(2010-2012) at the Gulf of Roses and the Ebre Delta.

Although the sex and reproductive status of specimens were first macroscopically determined, a
histological analysis was also performed in order to provide a more accurate analysis of the
reproductive characteristics and the annual reproductive cycle of bluefish. Thus, a histological study
of the gonads of every single individual was carried out in order to determine the stages of
development of their germ cells. Central portions (transverse sections) of the fixed gonads were
dehydrated and embedded in paraffin, sectioned at between 3-8 pum, depending of their state of
maturity, and stained with haematoxylin-eosin and Mallory’s trichrome. The latter staining method
highlights the zona radiata and its continuity and facilitates the detection of atretic oocytes (Mufioz
et al. 2010). Maturation stages of the gonads were classified in line with Brown-Peterson et al.

(2011).

In order to define sexual maturation as a function of body length, the Lso (body length at which
50% of the individuals were mature) was estimated separately for samples taken from the Gulf of
Roses and from the Ebre Delta. To predict the probability that an individual was mature based on its
length, binary maturity observations (O=immature, 1=mature) and length (TL; cm) were fitted to
binary logistic models to construct maturity ogives based on logistic equations based on 1 cm length-
classes. Size at maturity was estimated from 75 and 103 females (length 26-91 cm TL) and from 63

and 84 males (length 26-79 cm TL) sampled at the Gulf of Roses and the Ebre Delta, respectively.
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The presence of hydrated oocytes and postovulatory follicles (POF) was determined to select
suitable specimens for the analysis of fecundity. The oocyte size-frequency distribution for each
spawning female was analysed in order to detect the batches of oocytes, since this may demonstrate
different maturation patterns and associated fecundities (Kjesbu et al. 1998). Thus, fecundity was
estimated for each specimen in ‘Spawning Capable’ (SC) or ‘Actively Spawning’ (AS) phases using the
Gravimetric Method combined with Image Analysis as explained by Murua et al. (2003). With this
aim, subsamples of about 150 mg were taken from the central area of the ovary; oocytes were
separated from connective tissue using a washing process (Lowerre-Barbieri & Barbieri 1993) and
sorted by size through several sieves (from 1000 to 100 pum), which facilitated the next steps of
counting and measuring oocytes using a computer-aided image analysis system (Image-Pro Plus 5.1;

www.mediacy.com). In order to explore the size distribution for each oocyte developmental stage,

the mean diameter of 200 oocytes from each stage were measured from the histological sections as
the average of major and minor axes. Due to their irregular shape the mean diameter of the hydrated

oocytes was estimated separately after adding glycerine, which facilitates their differentiation.

Estimations of fecundity were based on Batch Fecundity (BF) defined as the number of eggs
spawned per batch (Murua & Motos 2006; Dominguez-Petit & Saborido-Rey 2010). This was
estimated as BF = GW*(0/Sw), where GW is the gonad weight after fixation, O is the number of
hydrated oocytes in a weighted subsample of ovarian tissue, Sw is the subsample weight. The
Relative Batch Fecundity (RBF) was also calculated, as the value of batch fecundity per gram of

somatic weight of the fish.

The dry mass and diameter of hydrated oocytes were used to estimate the quality of the oocytes,
hence an approximation of the reproductive success (Brooks et al. 1997). Thus, mean dry weights

were estimated by drying (for 24 h at 110°C) two replicates per sample of the oocytes.

The prevalence of atresia, Pa (percentage of sexually mature females that have «-atretic
vitellogenic oocytes) and the relative intensity of atresia, Ria (percentage of a-atretic vitellogenic
oocytes in relation to the total number of vitellogenic oocytes) was estimated from observations at

three different focal planes of different histological slides of each specimen (Kurita et al. 2003).

3.3.3. Statistical analyses

Generalized linear models (GLMs) (McCullagh & Nelder 1989) were used to investigate the
variation of fish condition with sex, stage of maturity and size. GLMs were fitted to HSI and GSI as
response variables and using as categorical predictor variables the sex (females and males) and
maturity (immature, developing, spawning capable, regressing, regenerating) and as continuous
predictor variables the size (total length). All predictors and their first order interactions were
initially included in the GLM. Analysis of deviance to evaluate the significance (F-test) of the factors

in the model was performed by a stepwise procedure, and the most appropriate error models were
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chosen on the basis of residual plots. GLMs incorporating the sex and maturity as predictor variables
accounted significantly for 36.4% of the deviance of HSI and 43.4% of the variability in GSI (Table
3.1). Size did not significantly accounted for the deviance neither of HSI nor of GSI (p>0.05). Thus, we
used the GLM approach to standardize HSI and GSI data only for the effects of sex and maturity by
estimating the adjusted means of HSI and GSI as the means after adjusting for the variation of the

covariables (sex and maturity).

Table 3.1 Analysis of deviance tables for generalized linear models fitted to HSI and GSI using as
categorical predictors the stage of maturity and sex. Significance are shown as *** for p<0.001 and **
for p<0.05; d.f. = degrees of freedom.

. Residual Explained
Variable  Source d.f. deviance deviance (%) p-value

HSI Null 94.088
Sex 1 4.334 6.9 ok
Maturity 4 7.162 11.0 ok
Sex*Maturity 4 10.539 15.3 ok
Model 324 36.4

GSI Null 2005.451
Sex 1 73.046 6.2 ok
Maturity 4 771.885 41.2 ok
Sex*Maturity 4 36.573 3.2 x
Model 324 43.4

In order to carry out the comparative analyses between sampling areas, a sub-dataset of the Gulf
of Roses samples was created which matched the temporal scale of the Ebre Delta sampling period
(from May to August 2012) so that the spatial variation could be evaluated. This analysis indicated
that, even at this reduced temporal scale (2012), there were significant differences between
sampling areas in the condition and reproduction variables such as, for example, in GSI (ANOVA,
F1.238=4.67, p=0.032) or HSI (ANOVA, F1233=4.91, p=0.028). In contrast, there was an insignificant
interannual difference (2010, 2011 and 2012) in the Gulf of Roses, e.g. GSI (ANOVA, F2,137=2.05,
p=0.133) or HSI (ANOVA, F2,137=2.37, p=0.097). These results support the decision to group of all
three reproductive annual cycles in the Gulf of Roses in order to compare each variable with those of

the Ebre Delta.

Subsequently, for all aforementioned variables the Shapiro-Wilk test was used to test the
assumptions of normality and Levene’s test was used to test the homogeneity of variances (Zar
1996). Once assumptions were checked and met, ANOVA models were used to compare all indices
between sampling areas. A p-value of «=0.05 or less was considered to be statistically significant.
Moreover, if the ANOVA indicated significant differences Bonferroni’s multiple tests were applied for
post hoc comparisons of significant effects (Sokal & Rohlf 1995). Conversely, if the assumptions were
not met, the data were analysed with a non-parametric Mann-Whitney U test (Sokal & Rohlf 1995). A

p-value of a = 0.05 or less was considered to be statistically significant.
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Finally, the relationship between batch fecundity (BF) and the total length (TL) was estimated by
fitting power functions. Then, ANOVAs (for relative batch fecundity), ANCOVAs (for batch fecundity
using TL as covariate) and paired Student’s tests (for oocyte quality and relative intensity of atresia)
were also used to find out whether, on average, differences between sampling areas in the

aforementioned variables were statistically significant (Zar 1996).

3.3.4. Transfer functions between CPUE and SST

Trends in sea surface temperatures (SSTs) and bluefish landings in Catalan waters have already
been explored by Sabatés et al. (2012), who found that both parameters showed a tendency to
increase from 1997 to 2010 (particularly during spring months). They also explored the seasonality
of bluefish landings and observed a seasonal pattern, closely matching that of the SSTs, in the
monthly landings over the year in which landings were almost nil during the colder months but
began increasing at the time SSTs also began to increase; subsequently, landings decreased as SSTs
decreased. Thus, our analyses focuses on determining and quantifying the possible relationships
between the monthly time series of bluefish catch per unit effort (CPUE) and SST using bivariate

ARIMA (autoregressive-integrated-moving-average) transfer functions (Box & Jenkins 1976).

First, the data on sea surface temperature (SST, in °C) from both areas (the Gulf of Roses and the
Ebre Delta) was retrieved from the International Comprehensive Ocean-Atmosphere Data Set
(ICOADS) for the period 2000-2011 (ds540.0-Release 2.5) (Woodruff et al 2011). The data
comprised individual daily mean sea surface temperature observations for 1° latitude x 1° longitude
units. In this study, we used the time series from two 1° squares in the north-western Mediterranean:
the Gulf of Roses (42.0 to 43.0°N and 3.0 to 4.0° E) and the Ebre Delta (40.0 to 41.0°N and 0.0 to 1.0°
E). The mean monthly and seasonal values of SST in both areas were calculated by averaging daily
temperatures retrieved from the ICOADS data. The seasons were defined as follows: winter (January,
February, and March), spring (April, May, and June), summer (July, August, and September) and

autumn (October, November, and December).

Secondly, data was collected - on total monthly bluefish landings (recorded in kg) and nominal
fishing effort (number of vessels), from the fishing ports along the Catalan coast (Fig. 3.1) - from the
fishery statistics of the Department of Agriculture and Fisheries of the Government of Catalonia

(2000-2011) (www20.gencat.cat/portal/site/DAR). It should be noticed that bluefish landings

included only those catches landed by the small-scale fleets (devoted to artisanal fishing and whose
fishing grounds are located in the vicinity of the base port) because it is the more prevalent vessel
type that catches most of the bluefish landings (from 90 to 95%) in all ports. The occasional landings
recorded by the bottom trawler and purse-seine fleets were not included, which have been suggested
previously and used by Sabatés et al. (2012). Since there has been a considerable reduction in the
fishing effort in Catalan waters in recent years (Martin et al 2011; Catalonia Fisheries Statistics

2012; Sabatés et al. 2012), the monthly number of active vessels at each port was used as a proxy of

43|


http://www20.gencat.cat/portal/site/DAR

Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

fishing effort at each port. In this way, the time series of the monthly catches per unit effort (CPUE),
expressed as kg per vessels, were estimated for different periods (2000-2011) at two fishing ports
from the Gulf of Roses (Roses and L’Escala) and three from the Ebre Delta area (L’Ametlla de Mar,

L’Ampolla, and Sant Carles de la Rapita).

Finally, in order to determine and quantify the possible relationships between the time series of
bluefish CPUEs and SST, bivariate ARIMA transfer function models were constructed using the
statistical package ForeTESS (Prat et al. 2000). These models describe the time-lagged relationship
between the dependent (CPUE) and the independent (SST) variables while taking into account the

autocorrelation of the disturbance of the data (Box & Jenkins 1976).

In order to look at the temperature thresholds related to the timing of the arrival of bluefish in
both study areas as environmental conditions become favourable to this species, we repeated the
transfer function models but this time using only the values of those months when SST increased by a
factor of 1°C, from 13°C (minimum SST observed) to 27°C (maximum SST observed): SST13 + SST14 +
... +SST27, and only physical values from months when SST was higher than 13°C were included in the
transfer function models and the rest of the months when temperature was lower than 13°C were
replaced by zeroes, which meant ‘no influence on CPUE’ in our models. In this way, several transfer
function models were explored and applied to the 13-27°C SST range so that a minimum SST
threshold could be found for each time series. Models were compared using Akaike’s information

criterion (AIC) to determine which model offered the best fit for SST thresholds at each time series.

3.4. Results

A total of 138 bluefish (75 females and 63 males) were sampled in the Gulf of Roses, and 187
(103 females and 84 males) in the Ebre Delta. The fish length ranged from 26.0 to 91.0 cm TL.

3.4.1. Fish condition and reproductive biology

Since bluefish specimens were not significantly different between sampling areas in size (ANOVA,
F1324=2.86, p=0.092) or sexes (ANOVA, F1324=3.24, p=0.073), data were pooled (grouped into a single

dataset per sampling area).

HSI (standardized based on GLMs for sex and maturity) were significantly (ANOVA, F1,324=4.56,
p=0.034) higher in the Gulf of Roses (1.56+0.48) than in the Ebre Delta (1.26+0.31) indicating better
fish conditioning in the northern population (Fig. 3.2). Significant differences were also found in GSI
(ANOVA, F1,324=5.97, p=0.015), in which case specimens sampled at the Gulf of Roses showed higher
GSI (3.64+2.54) compared to specimens from the Ebre Delta (1.86%1.39) indicating that the

reproductive investment was much higher in the northern population (Fig. 3.2). In terms of the time
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of the year, in both sampling areas, the GSI was low during spring and then increased sharply,

peaking in the summer before declining again in autumn (Fig. 3.3).
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Fig. 3.2 Box-whisker plots of the adjusted means of HSI and GSI (standardized based on GLMs for sex
and maturity) per sampling area. Interquartile box range (25-75%), mean (+), median (), whiskers
(represented as Q1 and Q3 deviations from the smallest and largest observation, respectively) are
also given.

Differences in the timing of gonadal development were also observed between sampling areas
(Fig. 3.3). In females from the Gulf of Roses, the early stages of development were observed mainly
during the spring (April to June); then, during the summer (July to September) spawning activity
occurred; and subsequently, the rate of spawning activity declined in late summer (September) and
autumn (October to December) when all the females were in the regeneration stage (Fig. 3.3a).
Similarly, the spawning season of females from the Ebre Delta is mainly during the summer, although
‘Spawning Capable’ females were also observed earlier during the spring (which was not the case in
the Gulf of Roses) (Fig. 3.3b). In addition, later on in the summer, the proportion of ‘Regressing’
females from the Ebre Delta (28.9%) was higher than it was in the Gulf of Roses in the same season
(4.4%), indicating that not only did spawning activity begin earlier in the Ebre Delta but also that the
rate of spawning activity there declined earlier than it did in the Gulf of Roses. Similar differences
between the two sampling areas were observed in the timing of gonadal development of bluefish
males (Fig. 3.3). In the Gulf of Roses the early stages of development and ‘Spawning Capable’ males
were observed in the spring, but spawning activity did not peak until the summer, as revealed by the
presence of specimens in the samples that were in ‘Actively Spawning’ and ‘Regressing’ stages.
However, in the Ebre Delta, although the spawning season of males also takes place mainly in
summer, some ‘Actively Spawning’ males were already observed in spring (Fig. 3.3d), suggesting that
the spawning activity of males, as was the case with females, began earlier in the Ebre Delta than it

did in the Gulf of Roses.
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Fig. 3.3 Seasonal ovarian and testis development stages frequency (percent abundance) and mean (+
std. dev.) seasonal variation in the GSI of bluefish during the 2010-2012 reproductive cycles in the
Gulf of Roses (all years pooled) and the Ebre Delta (2012). Development stages: early developing
(EDEV), developing (DEV), spawning capable (SC), actively spawning (AS), regressing (RGS) and
regenerating (RGN). Sample number per season (n) is also given in parentheses, n/s denotes periods
in which none sample was caught.

The mean length at which 50% specimens were mature (Lso) was, for females, 37.5 cm TL in the
Gulf of Roses and 37.7 cm TL in the Ebre Delta. For males, the Lso in the Gulf of Roses was 36.5 cm TL
while in the Ebre Delta it was 36.2 cm TL. In both sampling areas all females and males were mature

at about 40 cm TL.

The oocyte size-frequency distribution in bluefish females showed a continuous size-frequency
development of oocytes except for ovaries in the ‘Actively Spawning’ phase, which had a separate
mode of very large (>600 um) hydrated oocytes (Fig. 3.4). Only when hydration occurred just before
ovulation, did hydrating oocytes outgrow the standing stock of vitellogenic oocytes and a separate
mode of mature hydrated oocytes developed. The presence of hydrated oocytes alongside the
standing stock of developing oocytes in individual ovaries, as well as the presence of post-ovulatory
follicles (POFs) in ovaries with advanced vitellogenic oocytes, indicates that asynchronic multiple

batch spawning occurs in this species.
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Fig. 3.4 Oocyte size-frequency distribution (per cent abundance per 20 pm diameter classes) in an
actively spawning bluefish female (with hydrated oocytes).

The specific size ranges for each stage of secondary oocyte development are shown in Table 3.2.
Significant differences (Mann-Whitney U test) in the median diameter of oocytes from the two
sampling areas were found at nearly all stages of development: at CA (U=4331.5, p<0.05), at Vtg-1
(U=8459.5, p<0.05), at Vtg-2 (U=4488.5, p<0.05), at Vtg-3 (U=4224.5, p<0.05), and at GVM
(U=4738.0, p<0.05), with Gulf of Roses oocytes being always slightly larger than Ebre Delta oocytes.
However no significant differences were observed in the median diameters of hydrated oocytes

(U=808.5, p=0.48).

Table 3.2 Summary of oocyte size distributions for each developmental stage in bluefish ovaries.
Size ranges are given for each stage. For CA, Vgt-1, Vgt-2, Vgt-3 and GVM oocyte developmental
stages, measurements were obtained directly from histological sections, and for hydrated oocytes,
previously selected by applying glycerin, image analysis was used.

Samples Sampling Mean Diameter Diameter
Oocyte Development Stage (n) Area (nm * Std. Dev.) Range (pum)
Pre-vitellogenic
. 200 Ebre Delta 144.1 (¢x25.3)
Cortical alveolar (CA) 200 Gulf of Roses  152.9 (£20.8) 100-200
Vitellogenic (yolked)
. . 200 Ebre Delta 2289 (x24.2
Early Vitellogenesis (Vtg-1) 200 Gulf of Roses 248.6 EiZS.S% 200 -300
— ) 200 Ebre Delta 334.5 (+27.6)
Mid Vitellogenesis (Vtg-2) 200 Gulf of Roses 345.6 (+29.2) 300 - 400
. . 200 Ebre Delta 427.9 (x30.3)
Advanced Vitellogenesis (Vtg-3) 200 Gulf of Roses 438.6 (+24.0) 400-500
Maturation
. . . . 200 Ebre Delta 529.2 (x24.4)
Germinal Vesicle Migration (GVM) 200 Gulf of Roses 539.9 (+26.7) 500-600
. 200 Ebre Delta 757.1 (56.9)
Hydration 200 Gulf of Roses  763.5 (+50.7) 600-1000

47 |



Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

Only 13 females (5 from the Gulf of Roses and 8 from the Ebre Delta) met the histological criteria
(actively spawning with hydrated oocytes and without POFs) for fecundity analysis. The batch
fecundity (BF) of bluefish ranged from 84009 to 259636 eggs per spawning batch in fish ranging
from 41.0 to 76.5 cm TL. The relationship between BF and TL was fitted to the following exponential
regression model: BF=832.45¢TL1275 (r2=0.652, n=13). Among sampling areas, the mean batch
fecundities were estimated at 166559(+62062) and 153653(+x42613) eggs per spawning batch for
the Gulf of Roses and the Ebre Delta, respectively; and the mean relative batch fecundities (RBF)
were estimated at 102.1(+32.5) and 92.6(+37.7) oocytes per gram of body mass for each area,
respectively. No significant differences were found between the Gulf of Roses and the Ebre Delta

either in BF (ANCOVA, F1,12=0.86, p=0.377) or in RBF (ANOVA, F1,12=0.22, p=0.649).

As a measure of egg quality, the mean dry mass of hydrated oocytes was estimated at
0.032(+0.011) and 0.036(+0.014) mg per egg for the Gulf of Roses and the Ebre Delta, respectively,
which meant there was no significant difference between the two areas (t=-0.8089, p=0.426, n=40).

The prevalence of atresia (Pa) increased in both areas from the ‘Spawning Capable’ phase to the
‘Regressing’ phase of the ovaries. No sign of a-atresia was observed in other development stages,
such as the ‘Developing’ or ‘Regenerating’ phases (Table 3.3). The Pa also varied and differed
seasonally between sampling areas, i.e. from spring to summer in the Ebre Delta, the Pa. decreased
while in the Gulf of Roses it increased. On the other hand, the mean relative intensity of atresia (Ria)
increased in relation to the season and the stage of ovarian development as the spawning period

advanced.

Table 3.3 Prevalence of atresia (Pa) and mean relative intensity of atresia (Ria) for each stage of
ovarian development for each season at each study area (NA denotes that no sign of a-atresia was
observed).

Pa (%) Mean Ria (% * std. dev.)
Variation source
Gulf of Roses Ebre Delta Gulf of Roses Ebre Delta
Maturity stage
Developing NA NA NA NA
Spawning Capable 23.7 17.2 9.9(%5.9) 4.4(x1.1)
Regressing 100.0 23.1 96.3(%2.0) 29.9(%£10.3)
Regenerating NA NA NA NA
Season

Spring 14.3 50.0 14.3(x0.1) 4.8(x0.1)
Summer 27.0 15.4 26.7(+£37.1) 17.0(£15.5)
Autumn NA NA NA NA
Winter NA NA NA NA
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3.4.2. Relationship between SST and bluefish CPUE

The transfer function models fitted to the CPUEs with SSTs as an independent variable explained
a considerable amount of the variability in CPUEs (Table 3.4). The amount of variability explained by
these models ranged from 71% for the time series of Sant Carles de la Rapita to 81% for the time
series from Roses. Fig. 3.5 compares the expected CPUE values (from the transfer function models)

with the observed (actual) bluefish CPUE for each time series.

Table 3.4 Results of the ARIMA transfer functions between CPUE and SST. Arithmetic mean and
standard deviations of the CPUE are given; RSEU is the residual standard error of each transfer
function; RSE is the residual standard error of each coefficient; R? is the variance explained.
Significant coefficients at a t-value >|2| (p<0.05) are shown in bold.

CPUE (kg vessel 1) RSEU Time lag Coeff. RSE
Port i 2 i i t-value
Mean Std. Dev. (kg vessel1) (months) (kg vessel'l) (kg vessel)
0 0.42 0.06 2.31
Roses 1.21 2.15 0.94 0.81 1 0.34 0.08 3.65
2 0.03 0.06 0.59
0 0.38 0.08 2.34
L’Escala 1.79 2.74 1.21 0.80 1 0.41 0.08 3.80
2 0.05 0.08 0.60
L’ Ametlla 0 1.93 0.97 2.36
de Mar 28.92 34.76 15.68 0.80 1 2.27 0.96 2.19
2 0.16 0.94 0.17
0 2.23 0.19 2.32
L’Ampolla 3.29 4.20 1.93 0.79 1 3.42 0.23 3.54
2 0.02 0.14 0.02
St. Carles 0 7.97 1.85 2.30
dela 63.71 53.05 28.62 0.71 1 3.84 1.95 2.85
Rapita 2 1.16 1.48 0.78

The transfer functions models showed that CPUE correlated positively with SSTs with a time lag
of between 0 and 1 months (significant at t-value>|2|=p<0.05) in almost all time series (Table 3.4).
For example, the transfer function model fitted to bluefish CPUE in Roses (Yt; output; kg vessel-1) and
the corresponding SST (Xt input; °C) at lags of 0 and 1 month (time lag 0: t-value=2.31, time lag 1: t-
value=3.65) is represented by the equation Y=f(Xt)=0.42-Xt-0+0.34-Xt-1+at. Thus, the model estimates
that an additional 1°C of SST leads to 0.42(* 0.06) kg vessel-! added to CPUE of this species during
the same month, and 0.34(x0.08) kg vessel! added to CPUE during the following month, giving a
total gain of 0.76 kg vessel-! for both months. The R2 value of the transfer function model was 0.81
(residual standard error of 0.94 kg vessel -1). Similar patterns were found in the transfer functions of

L’Escala, L’Ametlla de Mar, L’Ampolla and St. Carles de la Rapita (Table 3.4).
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Fig. 3.5 Comparisons between the observed (actual) and the expected bluefish CPUE in two fishing
ports in the Gulf of Roses: (a) Roses and (b) L’Escala, and three fishing ports in the Ebre Delta: (c)
L’Ametlla de Mar, (d) L’Ampolla and (e) Sant Carles de la Rapita. The expected CPUE values represent
the contribution of the sea surface temperature (SST) to the bluefish CPUE (kg vessel1).
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Finally, the temperature thresholds analysis applied to the transfer function models indicated
that the minimum SST that needs to be reached within each study area in order to enhance bluefish
CPUE significantly was around 17-18°C since significant t-values (>|2|, p<0.05) were only observed
from this threshold to higher SSTs at each fishing port (Table 3.5). The AIC value (for each time
series) decreased as the SST threshold increased, thereby indicating that the most parsimonious
models were those obtained at higher SSTs (Table 3.5), which in turn supports the idea that bluefish

CPUE have been closely linked to the sea surface temperatures.

Table 3.5 Results of the SST threshold analyses using the ARIMA transfer functions between bluefish
CPUEs and SSTs at different thresholds (SST13 + ... + SST27). Significant coefficients from the time lag
of ‘0 months’ at a t-value > |2| (p < 0.05) are shown in bold. The Akaike’s Information Criterion (AIC)
is also shown in parentheses.

Threshold Port
Roses L’Escala L’Ametlla de Mar L’Ampolla St. Carles de la Rapita
T3 0.28 (2492) 0.78 (2580) 0.52 (2635) 0.85 (2503) 0.61 (2751)
T14 0.39 (1971) 1.01 (1543) 0.68 (1321) 0.91 (1450) 1.64 (2630)
T1s 0.68 (1053) 1.13 (1413) 1.08 (1310) 0.87 (1398) 1.58 (1497)
T16 1.21 (845) 1.14 (1424) 1.32 (1003) 1.69 (928) 1.36 (1399)
T17 2.45(721)  2.09 (1387) 1.95 (991) 1.83 (812) 2.09 (967)
Tis 2.68 (760)  2.21(1326) 2.13 (945) 3.56 (820) 2.07 (841)
Tio 2.97 (612)  2.62 (955) 2.31(819) 4.45 (736) 2.16 (804)
T20 3.34 (694) 2.54 (838) 3.33 (809) 4.84 (735) 3.91 (629)
Ta1 3.28(657)  2.93(705) 2.41 (795) 3.96 (601) 3.93 (612)
T2z 3.56 (535) 3.12 (645) 3.01 (663) 3.01 (647) 3.75 (506)
T23 3.68 (501) 3.55(537) 3.93 (661) 3.23 (473) 3.83 (494)
T24 3.34 (589) 3.11 (525) 3.84 (607) 3.72 (414) 3.09 (337)
Tas 445 (423)  3.17 (424) 3.05 (541) 3.31 (415) 3.25 (345)
Tzs 4.98 (425) 4.33 (416) 3.64 (552) 3.48 (311) 3.22 (234)
T27 4.51 (422) 4.19 (313) 3.99 (501) 3.94 (398) 3.77 (293)

3.5. Discussion

Our analysis of different reproductive and condition indices shows that it is not only in terms of
reproduction that bluefish seem to benefit from actual environmental conditions in the north, but
they also appear to be in better condition. Moreover, oocytes of the females from the Gulf of Roses
were significantly larger than those of females from the Ebre Delta, suggesting they have higher
quality eggs. Apparently, despite the warmer environment that prevails in the Ebre Delta, bluefish
were in significantly better condition in the northern study area where the waters are colder. This
later may be due to ecological differences between northern and southern areas of the NW
Mediterranean. The Gulf of Lions is known to be affected by a permanent cyclonic circulation of
surface waters and intense vertical convections which promote intense algal blooms and elevated
primary production: Bosc et al. (2004) estimated a 4-year average annual primary production for the
Gulf of Lions basin (including the Gulf of Roses) of between 180 and 204 gC m-2 y -1. This was

relatively higher than their estimates for the Balearic basin (including the Ebre Delta area) which

51|



Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

ranged from 153 to 175 gC m2 y -1. Regarding the trophic structure and functioning of these two
marine ecosystems, the total biomass (excluding detritus) has been estimated for the Gulf of Lions at
68.9 t km -2 (Banaru et al. 2013) and for the Ebre Delta at 58.99 t km -2 (Coll et al. 2006). It is
noteworthy that the calculated total net primary production was noticeably different between these
two areas, being considerably higher in the Gulf of Lions, at 1042.4 t km -2 y -1 (Banaru et al. 2013),
than for the Ebre Delta, at 386.68 t km -2 y -1 (Coll et al. 2006). Thus, bluefish inhabiting the more

northern area appear to be taking advantage of the high productivity found there.

The results concerning the reproductive biology, such as the oocyte size-frequency distribution
and the seasonal relative intensity of atresia, provide evidence that bluefish are multiple batch
spawners with asynchronous oocyte development and indeterminate fecundity which is in
accordance with previous studies (Conand 1975; Robillard et al. 2008). Our estimates of batch
fecundities for bluefish in the two Mediterranean areas we sampled were very similar to each other,
but smaller than those estimated for the bluefish in U.S. East Coast (Robillard et al. 2008) or the West
African Coast (Conand 1975), which ranged 0.2-1.4 and 0.6-1.6 million oocytes, respectively. To date,
this study represents the first published work that estimates not only the fecundity, but also the size
at maturity of this species in the Mediterranean Sea. It should be noticed that the Lso values we
obtained for females 37.6 cm TL are much lower than those reported for areas in the Atlantic: 48.0
cm TL in the East Coast of the U.S (Robillard et al. 2008) and 43.0 cm TL in the West African Atlantic
Coast (Conand 1975). It is worth to mention that size at maturity was estimated from relatively
similar size ranges (TL): 23.0-97.5 cm (Robillard et al. 2008) and 26.0-91.1 cm (this study). It has
been suggested that maturation in fish populations usually might be closely related to total
population abundance over the life of a cohort, with cohorts maturing at an earlier age and smaller
size when population size is low (Morgan & Colbourne 1999). Besides the fact that bluefish mature at
smaller sizes in the Mediterranean and also that better fish conditioning was observed in the north
would somehow facilitate its capacity for expansion since some studies have shown that fish in
better condition may have more surplus energy to devote to reproduction (i.e. an increase number
and quality of eggs) which can have a direct impact on spawning biomass and growth of a population

(Kjesbu et al. 1991; Rideout et al. 2000; Morgan 2004).

Our results support the idea previously presented by Sabatés et al. (2012) that in the northern
areas of the NW Mediterranean the temperature conditions are gradually becoming more favourable
to the bluefish reproduction. Although, the spawning occurs mainly during the summer season in
both of our sampling areas the presence of ‘Spawning Capable’ females and ‘Actively Spawning’
males during spring in the Ebre Delta (but not in the Gulf of Roses) and a higher proportion of
‘Regressing’ females during the summer in the Ebre Delta further supported the thesis that spawning
activity starts and declines earlier in the more southern Ebre Delta. In addition, a higher prevalence

of atresia was found in females from the Ebre Delta earlier during spring and this was also found to

52|



Chapter III
Reproduction, condition and abundance of the Mediterranean bluefish

decrease earlier in summer. This indicates that active oocyte resorption takes place earlier in the

Ebre Delta than it does in the Gulf of Roses.

Sea temperature may influence the timing of various life processes such as the spawning date
(Kjesbu et al. 2010b; Morgan et al. 2013). Reproductively active fish from the Ebre Delta were caught
when SSTs were between 18.2 and 27.3°C from May to August, while in the Gulf of Roses they were
caught when SSTs were between 17.7 and 23.8°C from July to September. Spawning activity started
earlier in the Ebre Delta as SSTs rose over 18.0°C in May, in contrast to the Gulf of Roses where
spawning individuals were not landed until early summer (July) when SSTs attained similar
temperatures, in this case over 17.7°C. However, despite this two-month lag (from May to July),
spawning activity was found to begin in both areas at similar temperature thresholds (*18.0°C). This
indicates that, for both areas, temperature may trigger the initiation of spawning activity. In contrast,
Sabatés et al. (2012) reported that the threshold temperature for spawning was 21°C. The
discrepancies with our study may be related to differences in the approaches used to estimate the
timing of spawning. In our study, the timing of spawning was estimated by means of a histological
study of the gonads, whereas Sabatés et al. (2012) used larvae sampling surveys. Other studies have
reported that spawning of bluefish in the mid-Atlantic region occurs at temperatures between 17-
24°C (Norcross et al. 1974; Kendall & Walford 1979), while in the Marmara Sea (Turkey) it occurs
from early spring until August at SSTs between 20-26°C (Ceyhan et al. 2007).

The difference in the timing of spawning activity in the NW Mediterranean coast may be the
result of the seasonal migratory behaviour usually exhibited by this species. Although, to date, no
information is available regarding the migration of bluefish in the Mediterranean, this species is
known to have large distributions and show seasonal migratory behaviour, spending the colder
months in warm-water areas and, when the surface temperature reaches a certain value, migrating
towards cooler waters where the species spawns once a threshold temperature has been attained
(Juanes et al. 1996; Shepherd et al. 2006). We suspect the bluefish from the north move towards the
south, where the waters are warmer, but we do not have any clear evidence of this at present.
Sabatés et al. (2012) suggest that the actual sea warming trends and the changes in the seasonality of
the sea water temperature - particularly during spring months - may be causing changes in spawning
phenology and the timing of the seasonal arrival of bluefish into more northern areas favouring the
northward temperature-dependent expansion of this species. Similarly, the round sardinella
(Sardinella aurita) has expanded its northernmost limit of distribution in the NW Mediterranean

(Sabatés et al. 2006).

The influence of water temperature on bluefish fisheries is revealed in this study using CPUE and
transfer functions, and our findings support the results found by Sabatés et al. (2012) who used data
on landings and sequential ¢-test analysis to detect regime shifts (STARS method). The use of transfer

functions in the present study showed that CPUE correlated positively with SST indicating that an
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increase of temperature in a particular month is followed by an increase of CPUE in that month and
in the following month. Therefore, it seems that higher SSTs contribute to increasing bluefish
availability in the NW Mediterranean. Fluctuations in fish availability may be related to
environmental factors (Smith & Page 1996), i.e. increased or reduced availability may reflect the
temperatures that appear to be avoided or preferred by certain fish species (Swain et al. 2000;

Colbourne & Bowering 2001).

Bluefish show behavioural thermoregulation, that is to say they are able to avoid or select the
right environmental temperature (Olla & Studholme 1985). However, within certain thermal limits,
their distribution may be based on other ecological factors such as food availability (small pelagic
fish) (Juanes & Conover 1994). In this sense, both the Gulf of Roses and the Ebre Delta have been
recognized as important spawning grounds for small pelagic fish (Garcia & Palomera 1996; Olivar et
al. 2001; Palomera et al. 2007); however higher densities of anchovy has been observed in the
southern Gulf of Lyon than in the Ebre Delta (Bellido et al. 2008). Furthermore, bluefish individuals
seem to find an optimal foraging habitat around Mediterranean fish farms of the gilthead seabream
(Sparus aurata) and the European seabass (Dicentrarchus labrax) (Sanchez-Jerez et al. 2008;
Arechavala-Lopez et al. 2015). In open-sea fish farms over the south-eastern Spanish coast of the
Mediterranean, Arechavala-Lopez et al. (2014) found that tagged bluefish stayed close to fish cages
during spring and early summer and then disappeared during autumn when the sea water
temperature dropped. This interaction has been observed in the Gulf of Roses, where bluefish tend to
congregate during spring-summer time around the existing sea-cages or even break into the cages to
prey on the cultured seabass (sea-cage farm technician, pers. comm.). Although, the existence of
seabass cages in the Gulf of Roses and the Ebre Delta area may thus enhance the bluefish’s food
supply, it is not quite clear if the increase in bluefish is related to the culture of seabass in the Gulf of

Roses because the farm has been active since 20 years ago.

On the whole, we hypothesize that although sea water temperature clearly influences bluefish
availability as well as its spawning phenology in the NW Mediterranean, the expansion of bluefish in
the NW Mediterranean may have been facilitated not only by the physical conditions (currently
favourable water temperatures) but also by the higher productivity in the northernmost area, so that
this new habitat therefore may have become a more advantageous ecological niche for this species to

exploit.

The increasing abundance of bluefish in the northernmost parts of the western Mediterranean
may have important consequences for other coastal species that may be ecologically affected by
predation or competition. Bluefish is a top predator that feeds on small pelagic species such as, the
anchovy, the sardine, the round sardinella, the gilthead seabream or the Mediterranean horse

mackerel (Juanes & Conover 1994; Juanes et al. 1996; Sadnchez-Jerez et al. 2008). Therefore, bearing
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in mind the trophic level of bluefish and the fact that sea warming is impinging favourably on its

biology, the status of bluefish populations needs to be studied and monitored.

Sea temperatures can actually act as an oceanic barrier between fish populations by creating
temperature boundaries in their geographic ranges (Crow et al. 2007). Although the distribution of
bluefish coincides with sea surface temperatures of 18-27°C along the subtropical continental
shelves of the world (Juanes et al. 1996), it has been suggested by Goodbred & Graves (1996) that
shifts in the distribution ranges of bluefish and contact between isolated populations have resulted
from historical changes in water temperature. However, although no genetic studies have been
carried out yet on the bluefish within our study area, Pardifias et al. (2010) did report insignificant
genetic differentiation between eastern Atlantic Ocean (Cadiz and Canary Islands) and
Mediterranean Sea (Alicante) populations of this species. We can therefore hypothesize that there is
a homogenous bluefish population within the NW Mediterranean, where seasonal migrations take

place along a latitudinal gradient in response to changes in water temperature and food supply.

In summary, this study provides evidence that a marine fish species such as bluefish, which is
able to expand or it is forced to shift its distribution due to sea warming, may take advantage of other
environmental conditions - such as better food availability - in new habitats which will contribute to
increasing its energy reserves and reproductive potential and therefore contribute to enhancing the

population’s productivity in these areas.
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CHAPTER IV
Climate-driven changes in life-history traits of the bastard grunt Pomadasys incisus

(Teleostei: Haemulidae) in the North-western Mediterranean

4.1. Abstract

This study evaluates the influence of sea water temperature on the life-history traits of the
thermophilic bastard grunt Pomadasys incisus along the Catalan coast. We compared two key traits of
this species, condition and reproduction, from populations in two separate areas with different
thermal regimes: the Gulf of Roses (cold area) and the Ebre Delta (warm area). Specimens were
collected monthly from each area between 2010 and 2012. The results were also compared with
those given in the literature from sites where the species is more common, ie. the southern
Mediterranean and eastern Atlantic. Our findings indicate that, compared to the populations in
warmer environments, the population inhabiting the colder waters appears to be in significantly
poorer condition and there is some deviance in their life-history traits: egg size and quality being
traded-off for higher egg numbers; lower lengths at maturity and alterations to spawning phenology.
A certain degree of plasticity in life-history traits may favour the process of expansion and
establishment of this thermophilic species into newly available but colder habitats of the north-

western Mediterranean under a scenario of climate change.

Keywords: Pomadasys incisus; bastard grunt; condition; reproduction; sea warming.
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4.2. Introduction

Sea warming is allowing northward expansion of thermophilic species in the Mediterranean
(Francour et al. 1994; Molinero et al. 2005; Perry et al. 2005; Sabatés et al. 2006, 2012; Lloret et al.
2014). It has been observed, in this context, that invading species may dis- play deviant life-history
traits showing, for example, great plasticity in growth and fecundity - as compared to well-
established conspecific populations in other areas - which in periods of rapid population growth may
favour the processes of expansion and establishment of these invading species in new habitats
(Rosecchi et al. 2001; Bghn et al. 2004; Ribeiro & Collares-Pereira 2010). The extent of this plasticity
in their life-history traits, which is a response to either fish density or environmental conditions, is
dependent on adaptations to environ- mental variation which, in turn, are limited by the inherent
physiological and behavioural characteristics of each fish species (Alcaraz & Garcia-Berthou 2007;
Ribeiro & Collares-Pereira 2010). In this sense, fish condition and reproduction are two key life-
history traits that can help to characterize certain components of the environment in which fish exist
and thus reveal changes - such as sea warming - in environmental conditions (Lloret et al. 2002,

2012, 2014; Lloret & Planes 2003; Pankhurst & King 2010; Pankhurst & Munday 2011).

The bastard grunt, Pomadasys incisus (Bowdich 1825), is a coastal demersal species inhabiting
marine and brackish waters (Pajuelo et al. 2003a), usually near sandy or muddy substrate, at depths
between 10 and 100 m, although it is more commonly found not far from 50 m (Kapiris et al. 2008).
Its main distribution encompasses the eastern part of the Atlantic Ocean, from Angola to Gibraltar
(including the Canary Islands, Madeira and the Cape Verde Islands). However, this subtropical and
thermophilic species is currently spreading and establishing itself within the whole Mediterranean
Sea (Bodilis et al. 2013). This species naturally entered the Mediterranean Sea through the Straits of
Gibraltar but the prevailing currents, sea warming and the availability of suitable soft substrate in
relatively shallow waters has recently allowed P. incisus to establish itself in the north-western
Mediterranean basin (Francour et al. 1994; Pastor et al. 2008; Bodilis et al. 2013). P. incisus is an
example of the latitudinal extensions and/or demographic increase of thermophilic fishes which are
taking advantage of the current climate change (Psomadakis et al. 2012). In the Gulf of Roses and
adjacent waters in particular (southern Gulf of Lyon), the bastard grunt has apparently become more

frequent since the 1950s (Lloret et al. 2011). However, landings statistics in this area are inexistent.

Information on the biology of P. incisus has so far been restricted to the Canarian Archipelago
(Pajuelo et al. 2003a; b) and the Gulf of Tunis (Chakroun-Marzouk & Ktari 2006; Fehri-bedoui &
Gharbi 2008) where its natural subtropical habitats and warmer environmental conditions prevail.
Therefore, since the shifts in the bastard grunt distribution appear to be the result of current climate
change, this warm-water species appears to be a good candidate for investigating the effects of sea
warming (Francour et al. 1994; Bodilis et al. 2013). The overall aim of this study was to compare two

key life-history traits - condition and reproduction - of the bastard grunt from two separate areas of
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the north-western Mediterranean with different thermal regimes in order to assess whether or not
the particular life history traits of this thermophilic species may contribute to its expansion in the

area.

4.3. Materials and methods

4.3.1. Sampling locations

Samples were collected from two different areas with non-identical thermal regimes along the
Catalan coast: the northern-most Gulf of Roses and the southern-most Ebre Delta (Fig. 4.1). The Gulf
of Roses and surrounding waters have lower mean water temperatures than the Ebre Delta (Salat et
al. 2002). Therefore, the data on sea surface temperature (SST, in °C) from both sampling areas (the
Gulf of Roses and the Ebre Delta) was retrieved from the International Comprehensive Ocean-
Atmosphere Data Set (ICOADS) for the period 2010-2012 (ds540.0-Release 2.5) (Woodruff et al.
2011). The data comprised individual daily mean SST observations for 1° latitude x 1° longitude
units. In this study, we used the time series from two 1° squares in the north-western Mediterranean:
the Gulf of Roses (42.0 to 43.0°N and 3.0 to 4.0° E) and the Ebre Delta (40.0 to 41.0°N and 0.0 to 1.0°
E). The mean monthly values of SST were calculated by averaging daily temperatures. Monthly SSTs
were indeed higher in Ebre Delta than in the Gulf of Roses significantly (ANOVAs, p < 0.001). In both
areas the monthly SSTs began to increase from April to May, peaked in August, and then decreased

during the coldest months from January to March (Fig. 4.2).

OF ROSES

North-Western
Mediterranean Sea

'es de la Rapita

Fig. 4.1 Map of the Catalan coast showing the two study areas (the Gulf of Roses and the Ebre Delta),
and the location of the fishing ports (Roses and Sant Carles de la Rapita) where specimens of
Pomadasys incisus were sampled.
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Fig. 4.2 Mean (# std. dev.) monthly variation of the sea surface temperatures (SSTs) in the Gulf of
Roses (white circles) and the Ebre Delta (grey circles) during the study period (2010-2012).

In order to compare the growth, condition and reproduction parameters of P. incisus between the
two studied areas, samples were collected monthly from fishermen (coastal purse seiners) at Roses
(Gulf of Roses) from July 2010 to September 2012 and at the port of Sant Carles de la Rapita (Ebre
Delta) from May to September 2012, shortly after the small-scale and trawl fishing vessels had
landed their catches. It should be noticed that fishermen were asked for the approximate location
and depth where the specimens were caught in order to be sure that the origin of the samples is
within the coastal waters of each study area. In the laboratory, we recorded the total length (TL) to
the nearest 0.5 cm and total weight (TW) to the nearest 1 mg. All samples were dissected and
eviscerated, and the somatic or eviscerated body weight (SW), the liver weight (LW) and the gonad
weight (GW) were obtained to the nearest 1 mg. The gonads were fixed in 4% buffered formalin for

further histological processing and fecundity estimation.

4.3.2. Fish Condition and Reproductive Biology

The hepatosomatic (HSI) was calculated for each individual as a function of somatic wet weight
(SW) in order to avoid possible variations arising from the contents of the digestive tract. Thus, HSI
was calculated as HSI = 100*(LW/SW), where LW and SW represent liver and somatic wet weights,

respectively.

The gonadosomatic index (GSI) was estimated also for each individual using the formula GSI =
100*(GW/SW), where GW and SW represent gonad and somatic wet weights, respectively. Although
the sex and reproductive status of specimens were macroscopically determined initially, a
histological analysis was also performed in order to provide a more accurate analysis of the
reproductive characteristics and the annual reproductive cycle of P. incisus. Thus, a histological study

of the gonads of each individual was carried out in order to determine the stages of development of
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their germ cells. Central portions (transverse sections) of the fixed gonads were dehydrated and
embedded in paraffin, sectioned at between 3-8 pm, depending on their state of maturity, and
stained with haematoxylin-eosin and Mallory’s trichrome. The latter staining method highlights the
zona radiata and its continuity, and facilitates the detection of atretic oocytes (Mufioz et al. 2010).
The maturation stages of the gonads were classified in line with Brown-Peterson et al. (2011) in
order of developmental appearance as regenerating (RGN), early developing (EDEV), developing

(DEV), spawning capable (SC), actively spawning (AS), and regressing (RGS).

In order to define sexual maturation as a function of body length, the Lso (body length at which
50% of the individuals were mature) was estimated separately for samples from both sampling
areas. To predict the probability that an individual was mature based on its length, binary maturity
observations (0 = immature, 1 = mature) and length (TL) were fitted to binary logistic models in
order to construct maturity ogives (maturity-at-length probability plots) based on logistic equations

using 1 cm length classes. Size at maturity was estimated initially for females and males.

The presence of hydrated oocytes and post-ovulatory follicles (POFs) was histologically
determined in order to select suitable specimens for the analysis of fecundity. The oocyte size-
frequency distribution for each spawning female was analysed in order to detect the batches of
oocytes, since this may demonstrate different maturation patterns and associated fecundities
(Kjesbu et al. 1998). Thus, fecundity was estimated for each specimen found to be in either spawning
capable (SC) or actively spawning (AS) phase - and without post-ovulatory follicles (POFs) - using the
gravimetric method combined with image analysis as explained by Murua et al. (2003). With this
aim, subsamples of about 150 mg were taken from the ovary; oocytes were separated from
connective tissue using a washing process (Lowerre-Barbieri & Barbieri 1993) and sorted by size
through several sieves (from 1000 to 100 um), which facilitated the subsequent work of counting
and measuring oocytes using a computer-aided image analysis system (Image-Pro Plus 5.1).
Subsamples were taken from sections of the middle part of the ovary since there were no significant
differences in the number of most advanced oocytes per gram among the anterior, middle and
posterior parts of the ovary of 10 specimens that were in the latest developmental stages (ANOVA,
F229 = 2.24, p = 0.125). Thus, estimates of fecundity were based on batch fecundity (BF) - defined as
the number of eggs spawned per batch - which was estimated according to Hunter et al. (1985) as BF
= GW*(Y/Sw), where GW is the gonad weight after fixation, Y is the number of hydrated oocytes in a
weighted subsample of ovarian tissue and Sw is the subsample weight. The relative batch fecundity
(RBF) was also calculated, as batch fecundity per gram of somatic weight of the fish. Only 98 females
(41 from the Gulf of Roses and 57 from the Ebre Delta) met the histological criteria (actively

spawning with hydrated oocytes and without POFs) for fecundity analysis.

In order to explore the size range for each oocyte developmental stage, the mean diameter of 200

oocytes from each stage was measured from the histological sections as the average of major and
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minor axes. Due to their irregular shape, the mean diameter of the hydrated oocytes was estimated

separately after adding glycerine, which facilitates their differentiation.

The dry weight and diameter of hydrated oocytes were used to estimate the quality of the eggs,
hence an approximation of the potential reproductive success (Brooks et al. 1997). Thus, mean dry
weights in mg per egg, were estimated by drying (for 24 h at 110°C) two replicates per sample of the

eggs from a total of 20 actively spawning females per sampling area.

The prevalence of atresia, Pa (percentage of sexually mature females that have a-atretic
vitellogenic oocytes) and the relative intensity of atresia, Rla (percentage of a-atretic vitellogenic
oocytes in relation to the total number of vitellogenic oocytes) were estimated from observations at

three different focal planes of different histological slides for each specimen (Kurita et al. 2003).

4.3.3. Statistical Analyses

Firstly, generalized linear models (GLMs) (McCullagh & Nelder 1989) were used to investigate
the variation of fish condition with sex, stage of maturity and size. Therefore, GLMs were fitted to HSI
and GSI as response variables; sex (females and males) and maturity (immature, developing,
spawning capable, regressing, regenerating) were used as categorical predictor variables, while size
(total length) was used as the continuous predictor variable. All predictors and their first order
interactions were initially included in the GLM. Analysis of deviance to evaluate the significance (F-
test) of the factors in the model was performed by a stepwise procedure, and the most appropriate
error models were chosen on the basis of residual plots. GLMs incorporating sex and maturity as
predictor variables accounted significantly for 42.3% of the deviance of HSI (ANOVA, Fos95 = 49.48, p
< 0.0.001) and 65.4% of the variability in GSI (ANOVA, Fo595 = 125.97, p < 0.0.001). Because size did
not significantly account for the deviance neither of HSI nor of GSI (p > 0.05), we used the GLM
approach to standardize HSI and GSI data only for the effects of sex and maturity by estimating the

adjusted means of HSI and GSI for the variation of the covariables (sex and maturity).

Taking into account that the temporal scale of the samplings did not match entirely between
study areas, i.e. in the Gulf of Roses from 2010 to 2012, while in the Ebre Delta only during 2012, and
in order to carry out the comparative analyses between sampling areas, firstly a sub-dataset of the
Gulf of Roses samples was created, which matched the temporal scale of the Ebre Delta sampling
period (from May to September 2012). This analysis indicated that, even at this reduced temporal
scale (2012), there were significant differences between sampling areas in the condition and
reproduction variables such as, for example, GSI (ANOVA, F1407 = 4.56, p = 0.033) or HSI (ANOVA,
F1,407 = 4.84, p = 0.028). Secondly, there were insignificant interannual differences (2010, 2011 and
2012) among samples from the Gulf of Roses, e.g. GSI (ANOVA, Fz266 = 2.13, p = 0.1209) or HSI
(ANOVA, F2266 = 2.51, p = 0.0832). Overal], the significant differences between sampling areas, at the

reduced temporal scale (2012), as well as the insignificant interannual differences (2010-2012)
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within the Gulf of Roses, supported the decision to group of three reproductive annual cycles from

the Gulf of Roses in order to compare each variable with those of the Ebre Delta.

Subsequently, for all aforementioned variables (HSI, GSI, batch fecundity, oocytes diameter), the
Shapiro- Wilk test was used to test the assumptions of normality and Levene’s test was used to test
the homogeneity of variances (Zar 1996). If assumptions were met, ANOVA models were used to
compare all indices between sexes (females vs. males) and sampling areas (Gulf of Roses vs. Ebre
Delta). A p-value of a = 0.05 or less was considered to be statistically significant. Moreover, if the
ANOVA indicated significant differences, Bonferroni’'s multiple tests were applied for post hoc

comparisons of significant effects (Sokal & Rohlf 1995).

Finally, the relationship between batch fecundity (BF) and total length (TL) was estimated by
fitting power functions. Then, ANOVAs (for relative batch fecundity), ANCOVAs (for batch fecundity
using TL as covariate) and paired Student’s tests (for oocyte quality and relative intensity of atresia)
were also used to find out whether, on average, differences between sampling areas, for the

aforementioned variables, were statistically different (Zar 1996).

4.4, Results

Of the 596 fish examined, a total of 267 specimens (158 females and 109 males) and 329
specimens (174 females and 155 males) of P. incisus were sampled in the Gulf of Roses and the Ebre
Delta, respectively. The total length-frequency distributions ranged similarly in the two study areas

from 13.0 to 29.0 cm (Fig. 4.3).
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Fig. 4.3 Size-frequency distributions (1 cm TL interval classes) for specimens of Pomadasys incisus
sampled for this study per sex at each sampling area: (A) Gulf of Roses and (B) Ebre Delta.
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The standardized HSI were significantly higher on average in the Ebre Delta than in the Gulf of
Roses (ANOVA, Fi595 = 5.95, p = 0.015), indicating better fish condition in the southern population
(Table 1). Ebre Delta specimens also showed significantly higher average GSI compared to those
from the Gulf of Roses (ANOVA, Fi595 = 4.90, p = 0.027), indicating that the reproductive investment

was much higher in the southern population (Table 4.1).

Table 4.1 Summary of the mean values (+ std. dev.) for specimens of Pomadasys incisus and
comparison tests evaluating the effect of the sampling area, Ebre Delta (ED) vs. Gulf of Roses (GR), on
the following parameters: hepatosomatic index (HSI), gonadosomatic index (GSI), length at maturity
(Lso, sexes pooled, cm TL), oocyte diameter (um, for each developmental stage), egg quality (mg per
egg), spawning season (months and temperature range), mean intensity of atresia (Rla, %
vitellogenic oocytes in a-atretic state), batch fecundity (BF, eggs per spawning batch), relative batch
fecundity (RBF, eggs per gram of body mass). P-values indicating significance are also shown where
** indicates p < 0.05; *** indicates p < 0.001, and NS indicates no significant difference.

Mean (+ std. dev.)

Variable Source Outcome n Test Statistic
ED GR
HSI Pool 2.02£0.57 1.58 £ 0.45 ED >GR 596 ANOVA F1505=5.95
GSI Pool 3.28+1.99 2.56+191 ED > GR 596 ANOVA F1505=4.90
Leo Males 15.3 14.1 ED > GR 264
Females 15.6 149 ED >GR 332
CA 154.9 £ 23.5 138.6 £+19.6 ED > GR 400 ANOVA F1,399=56.20 ok
Vtg-1 248.8 £ 24.7 2289+24.1 ED > GR 400 ANOVA F1399=66.92 ok
Oocyte Vtg-2 346.0 £ 25.0 334.5+27.6 ED > GR 400 ANOVA F1399=18.88 ok
diameter Vtg-3 457.4 £ 26.7 434.3 +£239 ED > GR 400 ANOVA F1399=82.71 ok
GVM 547.4 +24.1 529.2+244 ED > GR 400 ANOVA F1399=56.81 ok
H 728.6 £57.1 700.4 + 60.1 ED > GR 400 ANOVA Fi390=23.14 ok
Egg quality 0.124 + 0.05 0.116 £ 0.08 ED > GR 40 Student’s t=2.134 ok
Spawning SSTs 24.0-26.5 19.3-25.0 ED >GR 336
Period Jul to Sep Jul to Sep = 336
Ria 96.1 +8.1 95.5+2.1 = 37 Student’s t=1.788 NS
BF 7971 £ 4371 14033 + 6912 GR>ED 98 ANCOVA F1o6=42.12 ok
RBF 51.1+195 84.2+27.6 GR>ED 98 ANOVA F197=48.81 ok

With regard to the time of the year, it was found that the GSI of females and males of P. incisus
peaked in July-September in similar fashion in both sampling areas, indicating that this species, in
both our study areas, spawns only once per year (Fig. 4.4). This was later confirmed by the similar
trends in maturity stages (expressed in frequency of occurrence) throughout the year; no differences
between sexes or between sampling areas were observed in the maturation pattern of the gonads of
this species (Fig. 4.4). The developing stages were observed mainly from May to June; then, the
spawning activity began from July to September; subsequently the spawning activity ceased as the
regressing stage became more evident; and finally from late September to April, the proportion of
females at the regeneration stage increased. As stated before, similarities in the spawning phenology
were observed between sampling areas; however, it was noticeable that spawning specimens began
to appear simultaneously in July in both areas even though SSTs were considerably different, i.e. in

the Ebre Delta spawning specimens appeared in catches at SSTs ranging from 24.0°C to 26.5°C,
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whereas in the Gulf of Roses spawning specimens began appearing at SSTs ranging from 19.3°C to

25.0°C.
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Fig. 4.4 Monthly frequencies (percent abundance) of the ovarian and testis development stages, and
mean (+ std. dev.) variation in the gonadosomatic index (GSI) for specimens of Pomadasys incisus
sampled in the Gulf of Roses and the Ebre Delta. Development stages: regenerating (RGN), early
developing (EDEV), developing (DEV), spawning capable (SC), actively spawning (AS), and regressing
(RGS). Sample number per month (n) is also given. N/S denotes periods in which no samples were
caught.

The total lengths (TLs) of immature fish (n = 34) ranged from 13.0 to 18.0 cm, and the mean
length at which 50% of females and males were mature (Lso) was lower in the Gulf of Roses than in
the Ebre Delta (Table 4.1). An overall Lso (sexes and areas pooled) was estimated at 14.9 cm TL for
the north-western Mediterranean (Gulf of Roses and Ebre Delta together), and no immature

individuals were found with TLs greater than 19 cm.

For the two areas combined, the range of oocyte diameter at the different stages of development
were as follows: cortical alveolar (CA, 100 - 200 pum), early vitellogenesis (Vtg-1, 200 - 300 um), mid
vitellogenesis (Vtg-2, 300 - 400 um), advanced vitellogenesis (Vtg-3, 400 - 500 um), germinal vesicle
migration (GVM, 500 - 600 um) and hydration (H, 600 - 900 um). However, at each of these stages of
development, the mean diameter of oocytes from the warmer Ebre Delta were significantly larger

than those captured in the Gulf of Roses (p < 0.001) (Table 4.1).

The batch fecundity (BF) ranged from 2738 to 35685 eggs per spawning batch in fish ranging
from 18.5 to 29.0 cm TL (Fig. 4.5). The relationship between BF and TL was fitted to the following
exponential regression models: in the Gulf of Roses (BF = 0.0036-TL4642,r2= 0.623, n = 41) and in the
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Ebre Delta (BF = 0.0041-TL#749, r2 = 0.635, n = 57) (Fig. 4.5). Mean BF for each sampling areas was
estimated at 14033(+ 6912) and 7971(+ 4371) eggs per spawning batch for the Gulf of Roses and the
Ebre Delta, respectively. BF was significantly higher in the Gulf of Roses than in the Ebre Delta
(ANCOVA with TL, F19s5 = 42.12, p < 0.0001). Similarly, the mean relative batch fecundities (RBF)
were estimated at 84.2 (* 27.6) and 51.1 (+ 19.5) eggs per gram of body mass for the Gulf of Roses
and the Ebre Delta (Fig. 4.6 A), respectively. The RBF was significantly higher in the Gulf of Roses
than in the Ebre Delta (ANOVA, F1,96 = 48.81, p < 0.0001). P. incisus in the Gulf of Roses produced on

average 40% more eggs per gram of fish (RBF) than fish in the southern Ebre Delta population.
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Fig. 4.5 Fitted regression model based on the relationship of the batch fecundity to fish length for
specimens of Pomadasys incisus sampled in the Gulf of Roses (BF = 0.0036-TL#642, r2= 0.623, n = 41)
and the Ebre Delta (BF = 0.0041-TL4749, r2= 0.635, n = 57).

As a measure of egg quality, the mean dry weight of hydrated oocytes in mg per egg, was
estimated for this species at 0.116 (+ 0.08) in the Gulf of Roses and 0.124 (+ 0.05) in the Ebre Delta
(Fig. 4.6 B), that is to say, the hydrated oocytes of P. incisus are significantly heavier for specimens

from the Ebre Delta than those from the Gulf of Roses (t = 2.134, p = 0.039, n = 40).

Prevalence of atresia (Pa) was estimated at 15.2% of all mature females from the Gulf of Roses (n
= 136) and 12.8% of all mature females from the Ebre Delta (n = 125). Signs of a-atresia was
observed only during the regressing stage with 95.5 + 2.1% (Gulf of Roses) and 96.1 * 8.1% (Ebre
Delta) of their vitellogenic oocytes in a-atretic state; that is to say, there was no significant difference

in mean intensity of atresia Rla (t = 1.788, p = 0.082, n = 37).
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Fig. 4.6 Mean relative batch fecundities (A) and mean dry weights of hydrated oocytes (B) for
Pomadasys incisus per sampling area are shown as interquartile box range (25-75%), with mean (+)
and median (H) whiskers (represented as Q1 and Q3 deviations from the smallest and largest
observation, respectively).

The oocyte development of P. incisus was considered to be asynchronous, since oocytes at
different stages of development were simultaneously present in the ovary. Moreover, the variation in
the stage-specific oocyte size-frequency distribution of P. incisus during the annual reproductive
cycle indicated a lack of hiatus separating the yolked oocyte stock from the reservoir of unyolked
oocytes (Fig. 4.7 A-C). These oocyte size-frequency distributions showed a continuous size-frequency
development of oocytes, except for ovaries in the actively spawning stage which, along with all the
secondary growth stages, had a separate mode of the most advanced oocytes (> 500 um) (Fig. 4.7 D-
E). Only when hydration occurred just before ovulation, did most advanced oocytes outgrow the

standing stock of vitellogenic oocytes and a separate mode of mature hydrated oocytes developed.
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Fig. 4.7 Oocyte size-frequency distributions (per cent abundance per 25 um diameter class) of a
‘standard’ 25 cm TL female of Pomadasys incisus through subsequent gonadal development stages:
(A) early developing (EDEV), (B) developing (DEV), (C) spawning capable (SC-advanced vitellogenic),
(D) spawning capable (SC-germinal vesicle migration), (E) actively spawning (AS-hydration), and (F)
regressing (RGS). Each distribution corresponds to an individual fish.

4.5. Discussion

The continuous oocyte size frequency distribution, the asynchronous development of oocytes, the
lack of hiatus separating the yolked oocyte stock from the reservoir of unyolked oocytes and the fact
that massive atresia was observed in post-spawning individuals are evidence of indeterminate
fecundity and batch spawning of the bastard grunt (Murua & Saborido-Rey 2003). However, the
condition and reproductive traits of the two NW Mediterranean populations of P. incisus in this study

show that this thermophilic species displays great spatial plasticity in its life-history traits.

Our observations point to different reproductive strategies among populations inhabiting
different thermal regimes: in the relatively warmer waters of the Ebre Delta, P. incisus develops
considerably fewer eggs per batch compared to the population inhabiting the relatively colder
waters of the Gulf of Roses. However, in the Ebre Delta, oocytes at all stages of development were
significantly larger and also heavier (at hydration) than those of the Gulf of Roses. Thus, the strategy
of P. incisus in the warmer waters of the Ebre Delta is to spawn better quality eggs at the expense of
quantity, while in the colder waters of the Gulf of Roses the strategy is inverted, with a greater
number of eggs spawned at the expense of quality. Similar differences in egg quantity and quality
among populations inhabiting different temperature regimes have been also reported for the
anchoveta Engraulis ringens off the Chilean coast. In this case, larger eggs were spawned in the
southern population at the cost of a reduction in fecundity, which was attributed to the different
temperature conditions in the spawning habitats (Castro et al. 2009; Leal et al. 2009). Moreover, the

significantly higher HSI and GSI levels found in the Ebre Delta compared to the Gulf of Roses indicate
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that, in warmer waters, P. incisus is in better condition and can invest relatively more energy
reserves in reproduction than is the case in colder waters. In general terms, better conditioned fish
also have a higher reproductive potential, e.g. see Lambert & Dutil (2000) and Lloret et al. (2007).
This supports the idea that the plasticity of the life history traits of P. incisus helps to optimize the
survival of its offspring under the environmental conditions that occur in areas inhabited by this

species.

This evidence of life-history traits differing between two populations of P. incisus inhabiting
different water temperature regimes is supported by comparison with the life-history traits
observed in populations inhabiting the more southern and warmer waters of the central
Mediterranean coast and the eastern Atlantic. For example, the mean length-at- maturity (14.9 cm
TL) in our study in the north-western was much lower than those reported for warmer water
populations inhabiting the Canarian Archipelago (18.3 cm TL) (Pajuelo et al. 2003b); and the Gulf of
Tunisia (15.33-16.13 cm TL) (Chakroun-Marzouk & Ktari 2006; Fehri-bedoui & Gharbi 2008). The
size-at- maturity of fish is known to vary spatially and temporally and is usually closely related to
total population abundance over the life of a cohort, with cohorts maturing at a smaller size when
population size is low (Rijnsdorp 1993; Morgan & Bowering 1997; Morgan & Colbourne 1999).
Furthermore, water temperature has been assumed to affect only body growth and so the effects of
temperature on maturation and reproductive effort appear to be indirect via the optimization of life-

history traits in fish populations (Charnov & Gillooly 2004).

The increased fecundity of P. incisus in the colder and the northernmost waters of the
Mediterranean Sea, along with reduced size-at-maturity compared to warmer populations of the
North African coast and the Canarian Archipelago, might be an adaptation aimed at maximizing the
reproductive output at an earlier age during the ongoing northward spread of this species in the
Mediterranean. This strategy has also been observed and documented during the invasion of the
vendace Coregonus albula in the subarctic Pasvik watercourse, and has been seen as ‘a successful
achievement of an effective pioneer strategy’ (Bghn et al. 2004). Therefore, the plasticity of its life-
history traits probably allows P. incisus to respond to the environmental pressures exerted by the
new habitats and might play an important role in its successful establishment in northern areas of

the Mediterranean Sea.

Our results indicate that spawning of P. incisus in the north-western Mediterranean is probably
not triggered by a specific temperature since spawning began in both sampling areas simultaneously
at the beginning of the warmest season (July) despite a difference in water temperature of
approximately 4°C. Nevertheless, in the warmer waters of the eastern Atlantic and the southern
central Mediterranean, spawning of P. incisus takes places during a more prolonged season from June
to November (Chakroun-Marzouk & Ktari 2006; Fehri-bedoui & Gharbi 2008) than in the north-

western Catalan Sea (July to September according to our study; Table 1) or even all year round in the
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Canarian Archipelago (Pajuelo et al. 2003b). In a scenario of sea warming in the Mediterranean, P.
incisus, as well as other invading warm-water fish species, might take advantage of any increase in
sea temperature to change its seasonal phasing of reproduction and hence improve its colonization

capabilities.

It has been shown that invading species may display deviant life-history traits as compared to
well-established conspecific populations in optimal environmental conditions since adapting to new
ecosystems requires bioenergetic trade-offs resulting in variations in fish growth and reproduction
(Rosecchi et al. 2001; Bghn et al. 2004). Therefore, the plasticity of the life-history traits of P. incisus
may allow this thermophilic species to response to environmental pressures from the new habitats
and might play an important role in the northward spread and successful establishment within the
Mediterranean Sea. It has been suggested that the present warming of the Gulf of Lyon and the
availability of suitable soft substrate in these shallow waters allowed P. incisus to establish itself in
the NW Mediterranean Sea recently (Francour et al. 1994; Pastor et al. 2008; Bodilis et al. 2013).
Despite the fact that nowadays P. incisus can be caught in the Gulf of Roses and the adjacent waters of
the southern Gulf of Lyon throughout the year (but considerably in larger abundances during the
warmest season), its actual regional proliferation and deviant life-history traits are enhancing its

establishment, along with the warmer environmental conditions, within the study area.

Although the distance (about 300 km) between sampling sites is relatively short, the larval
transport from the Ebre Delta to the north is unlikely since the dominant current, the Northern
Current, flows in opposite direction, from the colder northern waters south-westwards along the
continental slope (Millot 1990; Sabatés et al. 2004, 2007). It is also doubtful that continuous
interchanges of mature individuals occur between the northern and southern areas due to the
inshore and demersal nature of P. incisus as juvenile/adult and the considerable distance between
these two studied areas. However, future molecular studies could clarify the population’s
connectivity and the dispersal pathway, which has been followed by P. incisus during its northward

spread in the Mediterranean Sea.

In summary, our results show that the plasticity of two key life-history traits (condition and
reproduction) of P. incisus in relation to different sea water temperature regimes, may contribute to
the successful establishment of this thermophilic species into new, colder habitats in a scenario of
climate change, thus facilitating its northward expansion in the Mediterranean Sea. This could also
well be the case for other warm-water species that are expanding into the increasingly warmer
waters of the Mediterranean Sea. In addition, our results also support the idea that fish condition
indices and their reproductive parameters can help to provide indicators of the impacts of
environmental factors and habitat characteristics (including the impact of climate change) on the

abundance and productivity of marine species (Lloret et al. 2014).
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CHAPTERV

Life-history traits of temperate and thermophilic barracudas (Teleostei:

Sphyraenidae) in the context of sea warming in the Mediterranean

5.1. Abstract

This study indicated that the life-history traits of European barracuda Sphyraena sphyraena are
apparently better suited to their environmental conditions compared to the more physically
restricted life-history traits of the yellow-mouth barracuda Sphyraena viridensis, which co-habit the
north-western Mediterranean Sea. The latter thermophilic species has a considerably higher
reproductive potential as it invests its energy reserves in larger numbers of hydrated eggs per
spawning batch. This would favour its population growth rates within the study area, especially if sea
warming continues, in which case it is likely that the spawning phenology of this species would give

it an advantage.

Keywords: condition; north-west Mediterranean; reproduction; sea warming; Sphyraena sphyraena;

Sphyraena viridensis.
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5.2. Introduction

When thermophilic species expand into a new habitat, or increase in abundance in response to
sea warming, native species may suffer from predation or competition (Golani 1993b). In some cases,
these effects may be detected in closely related, confamilial species in which coexistence and
competition may occur (Molinero et al. 2005). It has been shown that invading species may display
deviant life-history traits showing, for example, great plasticity in growth and fecundity as compared
to well-established conspecific populations, which in periods of rapid population growth may favour
the processes of expansion and establishment of non-native species into new habitats (Bghn et al.
2004; Ribeiro & Collares-Pereira 2010). To understand the characteristics of successful non-native
species populations, it is necessary to improve the ability to foresee the potential impacts on native
species populations (Rosecchi et al. 2001; Bghn et al. 2004). Therefore, comparative life-history
studies of strategies between non-native species and closely related native species are necessary
(Golani 1993a; Golani et al. 2007), mainly for improving understanding and to better manage the
rearrangement in species distribution, fish assemblage structure and interspecific competition

attributed to climate-driven changes (Kalogirou et al. 2012b).

The Mediterranean Sea is characterized by a latitudinal gradient with a well-defined seasonality,
with relatively cold winters in the north and long hot summers in the south (Durrieu de Madron et al.
2011). This typically determines a species distribution in which subtropical species are found mainly
in the eastern basin and southern Mediterranean while temperate species inhabit the colder
northern areas (Francour et al. 1994; Bianchi & Morri 2000; Coll et al. 2010). A direct consequence of
sea warming is the meridionalization of the thermophilic biota towards temperate seas (Molinero et
al. 2005) and the decline of ‘cold-temperate’ stenothermal species (Lejeusne et al. 2010). According
to Raitsos et al. (2010), the abrupt rising temperature in the Mediterranean Sea since the end of the
1990s has modified the available habitats for warm-water species, facilitating their settlement at an
unexpectedly rapid rate. Moreover, an increasing abundance trend and northward expansion of
thermophilic fish taxa have been recorded (i.e. the Carangidae and Sphyraenidae) meanwhile others
(i.e. the Scombridae and Clupeidae) have decreased in abundance over time in the Mediterranean Sea

(Azzurro et al. 2011).

The barracudas, of the family Sphyraenidae, are widely distributed and capable of adapting to
diverse ecological conditions ranging from tropical to temperate seas over most of the world, and are
found typically in shelf waters up to a depth of c. 100 m (Fischer et al. 1981; De Sylva 1990; Kadison
etal 2010; D’Alessandro et al. 2011). Adults are inshore pelagic voracious piscivores (Barreiros et al.
2002; Kalogirou et al. 2012a). In particular, in the temperate areas within the north-western region
of the Mediterranean basin, two barracudas have been recorded so far: the European barracuda
Sphyraena sphyraena (Linnaeus 1758) and the yellow-mouth barracuda, Sphyraena viridensis (Cuvier

1829). Sphyraena sphyraena is the usual temperate resident species while the larger, thermophilic
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barracuda (S. viridensis) has apparently become more frequent in the Gulf of Roses and adjacent
waters (southern Gulf of Lion) during the last decade; a fact that is possibly attributed to sea

warming (Lloret et al. 2011).

Both barracuda species are known as inshore pelagics, living close to the surface, usually
aggregating to form schools or, in certain circumstances, remaining solitary (Ben-Tuvia 1986). Thus,
these barracudas might be using similar habitats within the study area during specific moments of
their life cycles. In this sense, it has been acknowledged that a particular habitat can provide different
ecological roles for fish species (whether as spawning grounds, nursery areas or feeding grounds),
but the invasion and establishment of non-native species could lead to rearrangements of the fish
composition and to loss of native biodiversity and alteration of ecosystem functioning (Kalogirou et
al. 2010). An assessment of the ecological roles of S. sphyraena and S. viridensis in the Mediterranean
will require a better understanding of their life-history traits, as they have received little attention in
only a few scientific publications (Barreiros et al. 2002; Allam et al. 2004a, 2004b; Kalogirou et al.
2012a), and none in the north-west Mediterranean Sea; moreover, data on the reproductive biology
of S. viridensis is virtually non-existent elsewhere, whether in the Mediterranean Sea or in the eastern

Atlantic Ocean.

As the thermophilic S. viridensis is becoming more frequent in the north-west Mediterranean Sea
and share common habitats and resources with the temperate S. sphyraena (Kalogirou et al. 2012a),
the overall aim of this study was to explore and compare the most relevant life-history traits,
condition and reproduction of these barracudas in order to investigate whether the recent large S.
viridensis catches in the study area coupled to increased sea surface temperature (SST) in the north-

west Mediterranean Sea could be explained.

5.3. Materials and methods

5.3.1. Fish condition and reproduction evaluation

In order to compare the condition and reproduction variables of S. viridensis and S. sphyraena,
samples of both species were collected monthly from fishermen (coastal purse seiners and trawlers)
who landed their catches at the port of Roses (Gulf of Roses) (Fig. 5.1) during the period July 2010 to
October 2012. In order to differentiate between S. sphyraena and S. viridensis, three main
characteristics were used for identification (Relini & Orsi-Relini 1997): the preoperculum scale
pattern (present only in S. sphyraena), the pectoral fin rays (13 in S. sphyraena and 15 in S. viridensis)
and the number of scales above the lateral line (15-17 in S. sphyraena and 21-22 in S. viridensis). In
the laboratory, total length (Lt) to the nearest 0.5 cm and total body mass (Mr) to the nearest 1 mg
were recorded. Subsequently, all samples were dissected and eviscerated, and the eviscerated body
mass (Mkg), the liver mass (ML) and the gonad mass (Mc) were obtained to the nearest 1 mg. Gonads

were fixed in 4% buffered formalin for further histological processing and fecundity estimation.
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Fig. 5.1 Map of the north-western Mediterranean basin showing the study area (Gulf of Roses and

adjacent waters) and the location of the fishing port of Roses (*) and the meteorological station of
L’Estartit (®).

The length and mass relationship (LMR) was estimated for each species using the curvilinear

formula Mg =a Lt® (Le Cren 1951), where a is a constant and b is the growth exponent.

The hepatosomatic (/n) and gonadosomatic (Ic) indices were calculated for each individual. All
indices were calculated as a function of Mg in order to avoid possible variations arising from
differences in the contents of the gut. In was calculated as Iy =100 M. Mg-1. Similarly, Ic was estimated

using the formula Ic =100 M¢ M-1.

Although the sex and the reproductive status of specimens were as a first step macroscopically
determined, histology was also performed to provide a more accurate analysis of the reproductive
characteristics and the annual reproductive cycle of both barracuda species. Histology of the gonads
of every individual was carried out to determine the stages of development of their germ cells.
Central portions (transverse sections) of the fixed gonads were dehydrated and embedded in
paraffin, sectioned at 3 to 8 pm, depending on their stage of maturity, and stained with haematoxylin-
eosin and Mallory’s trichrome. The latter highlights the zona radiata and its continuity and facilitates
the detection of atretic oocytes (Mufioz et al. 2010). Maturity stages of the gonads were classified
according to Brown-Peterson et al. (2011) as: early developing (EDEV), developing (DEV), spawning
capable (SC), actively spawning (AS), regressing (RGS) and regenerating (RGN).

To assess the average length for each spawning period, logistic regression models were
constructed for each species using the proportion of spawning capable females (actively spawning

sub-phase included) against the total number of mature females per week (in a calendar year), and
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developing the models when >50% of the females were in spawning condition in two separate
periods to describe the onset and the end of the spawning season. In this way, the extent of the
spawning season for each species was estimated from the dates over which 50% of females would be
spawning capable between the onset and end of the spawning season (Alonso-Fernandez &

Saborido-Rey 2011; Lowerre-Barbieri et al. 2011).

In order to define sexual maturation as a function of Lr, the Lso (the Lt at which 50% of the
individuals were mature) was estimated separately for samples of both barracuda species from the
Gulf of Roses. To predict the probability that an individual was mature based on its Lt, binary
maturity observations (O=immature and 1=mature) and Lt (cm) were fitted to binary logistic models
to construct maturity ogives (maturity-at-length probability plots) based on logistic equations using
2 cm Lt classes for both species, and so size at maturity was estimated separately for males and

females.

The presence of hydrated oocytes and post-ovulatory follicles (POFs) was determined in order to
select suitable specimens for the analysis of fecundity. The oocyte size-frequency distribution for
each spawning female was analysed in order to detect the batches of oocytes, as this may
demonstrate different maturation patterns and associated fecundities (Kjesbu et al. 1998). Thus,
fecundity was estimated for each specimen found to be in either spawning capable (SC) or actively
spawning (AS) phase, and without POFs, using the gravimetric method combined with image analysis
as explained by Murua et al. (2003). With this aim, sub-samples of c. 150 mg were taken from the
central area of the ovary; oocytes were separated from connective tissue using a washing process
(Lowerre-Barbieri & Barbieri 1993) and sorted by size through several sieves (from 1000 to 100

um), which facilitated the subsequent work of counting and measuring oocytes using a computer-

aided image analysis system (Image-Pro Plus 5.1; www.mediacy.com). In order to explore the size
range for each oocyte developmental stage, the mean diameter of 200 oocytes for each stage was
calculated from the histological sections as the average of major and minor axes. Owing to their
irregular shape, the mean diameter of the hydrated oocytes was calculated separately after adding

glycerine, which facilitates their differentiation.

Estimations of fecundity were based on batch fecundity (Fs), defined as the number of eggs
spawned per batch, which was estimated according to Hunter et al. (1985) as Fg=Ms YMs -1, where
Mg is the gonad mass after fixation, Y the number of hydrated oocytes in a sub-sample of ovarian
tissue and Ms is the sub-sample mass. The relative batch fecundity (Fre) was also calculated as batch

fecundity per gram of eviscerated mass of the fish.

The dry mass and diameter of hydrated oocytes were used to estimate the quality of the eggs,
hence an approximation of the potential reproductive success (Brooks et al. 1997). Thus, mean dry
masses were calculated by drying (for 24 h at 110°C) two replicates per sample of the eggs from a

total of 20 actively spawning females per barracuda species.

79 |


http://www.mediacy.com/

Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

The prevalence of atresia, Pa (per cent of sexually mature females that have a-atretic vitellogenic
oocytes), and the relative intensity of atresia, Ria (percentage of a-atretic vitellogenic oocytes in
relation to the total number of vitellogenic oocytes), were estimated from observations at three

different focal planes of different histological slides of each specimen (Kurita et al. 2003).

5.3.2. Sea temperature and barracuda landings

SST (°C) data for the study period 2010-2012 were obtained from L’Estartit meteorological
station (42°3’ N; 3° 13’ 15" E; www.meteoestartit.cat) located in the southern part of the Gulf of
Roses (Fig. 5.1).

Catch data, total monthly landings (kg) of both species from the fishing port of Roses during the
study period (2010-2012), were obtained from the fishery statistics provided by the Department of

Agriculture and Fisheries, Government of Catalonia (www20.gencat.cat/portal/site/DAR). Landings
were based mainly on small-scale fisheries and trawlers fishing in the Gulf of Roses and adjacent

waters.

5.3.3. Statistical analyses

Owing to lack of significant temporal (interannual) variation in the condition variable (Iu) either
for S. sphyraena (ANOVA, F2;315=2.36, P=0.096) or S. viridensis (ANOVA, F2203=2.54, P=0.081) as well
as in the reproduction variable (Ic) either for S. sphyraena (ANOVA, F2315=2.51, P=0.083) or S.
viridensis (ANOVA, F2,203=2.27, P=0.106), the results for all three reproductive annual cycles (2010,

2011 and 2012) for each species were pooled to compare each variable between species.

Pair-wise comparison of analyses of covariance (ANCOVA) was applied between regression
coefficients (slopes and intercepts) of the resulting linear regression models of the LMRs of each
species (Cone 1989) in order to check for LMR differences between S. sphyraena and S. viridensis

populations.

Pearson’s correlations were used to explore the correlation between the indices (/1 and Ic) and Lt
in order to test the influence of size as covariate. Since both the Iu and Is indices analysed were
influenced significantly by size (P<0.001), ANCOVA were used to assess whether Lt (as covariate)
accounted for any differences in these indices between species. Subsequently, if the ANCOVA test
indicated significant differences, Bonferroni’s multiple tests were applied for post hoc comparisons of
significant effects (Sokal & Rohlf 1995). A P-value of a=0.05 or less was considered to be statistically

significant.

With regard to size measurements and the aforementioned indices, the Shapiro-Wilk test as used
to test the assumptions of normality and Levene’s test was used to test the homogeneity of variances

(Zar 1996). If assumptions were met, ANOVA models were used to compare between species.

80 |


http://www.meteoestartit.cat/
http://www.gencat.cat/portal/site/DAR

Chapter V
Life-history traits of barracudas in the context of sea warming

Conversely, if the assumptions were not met, the data were analysed with non-parametric tests, such

as the Mann-Whitney Wilcoxon W-test for pair-wise comparisons (Sokal & Rohlf 1995).

The relationship between Br and Lt was estimated by fitting power functions. Paired t-tests were
also used to find out whether, on average, any differences in Frs, oocyte quality (mean dry mass per
oocyte) and R between S. sphyraena and S. viridensis were statistically different from zero (Zar

1996).

The time series of landings were described by calculating the seasonal component using the
decomposition method TRAMO-SEATS by means of multiple moving averages. The time series
statistical package ForeTESS (Prat et al 2000) was used to build univariate ARIMA models
(autoregressive-integrated-moving-average) (Box & Jenkins 1976) for landings on a monthly basis in
order to explore the spectral peaks at seasonal frequencies (i.e. the seasonal value of a given month is

the percentage above and below the annual mean landings).

5.4. Results

5.4.1. Fish condition and reproductive biology

Three hundred sixteen specimens of S. sphyraena (203 females and 113 males) and 204
specimens of S. viridensis (86 females and 118 males) were sampled. The Lt of S. sphyraena ranged
from 23.5 to 49.0 cm, whereas the Lt of S. viridensis was considerably larger ranging from 28.5 to

100.0 cm [Fig. 5.2(a)].

LMRs were fitted accurately to curvilinear regression models [Fig. 5.2(a)] but the relative growth
in mass was considerably different between these species, for S. sphyraena Mg =0.0105 Lt2:688
(r2=0.954, n=329) and S. viridensis Me =0.0047 L12913 (r2=0.975, n=204). A significant difference, at
a=0.01, in LMR was observed between S. sphyraena and S. viridensis in both regression coefficients:
slopes (F13=23.37, P<0.001) and intercepts (F13=20.97, P<0.001), which suggests that differences

exist between the two species.

The average In and Ic values of both females and males in spawning capable phase were
significantly (P<0.05) higher in S. sphyraena than in S. viridensis (Table 5.1). The same pattern also
was observed for u in both males and females in the regenerating phase, being significantly higher in
S. sphyraena than in S. viridensis (Table 5.1). In terms of time of the year, the Ic of females and males
of both species peaked in June. It is noteworthy that in S. viridensis, the Ic peak was constrained to a
shorter time (from May to July) than was the case with S. sphyraena, which showed a more
protracted I peak (from April to August) (Fig. 5.3). On the other hand, the mean values of Iu also
showed different monthly variation between the two species. In both females and males of S.

viridensis, higher Iy was observed prior to the spawning season; this, then, decreased as the
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spawning season advanced and began to recover when spawning finished. In contrast, in both
females and males of S. sphyraena, In levels began to increase as the spawning season continued and

then decreased once it had finished (Fig. 5.3).
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Fig. 5.2 Fitted regression models based on total length (Lr) and (a) eviscerated mass (Mk)
relationships for Sphyraena sphyraena [@; Me = 0.0105 L12688 (12 = 0.954, n = 316)] and Sphyraena
viridensis [Q; Mg = 0.0047 L2913 (r2 = 0.975, n = 204)] and (b) batch fecundity (Fg) for S. sphyraena [
A; F5 = 0.00003 L154363 (12 = 0.686, n = 74)] and S. viridensis [2; Fs = 0.000002 L5614 (12 =0.677, n =
34)].
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Table 5.1 Summary of the analysis of covariance (ANCOVA) results (using total length Lt, as
covariate) and subsequent post hoc Bonferroni’s multiple comparison test to compare hepato-
somatic (/n) and gonado-somatic (Ig) indices between the two barracuda species [Sphyraena
sphyraena (S. sph) v. Sphyraena viridensis (S. vir)] for each stage of maturity, per sex. Mean values of
In and g are given for each stage and sex.

, Variation Source Mean * S.D. . Bonferroni’s
Variable . - n F-ratio p-value .

Maturity Sex S. sph S. vir comparisons

Immature Female 1.59 £ 0.44 1.05 +0.20 27 1.29 0.2668

Male 1.37 £ 0.50 1.12+0.18 15 1.81 0.2015

Developing Female 1.71 £ 0.50 1.55+0.11 20 0.25 0.6231

Male 1.59 + 0.45 1.46 + 0.35 31 0.60 0.4448
I Spawning Female 2.28+0.78 1.99 +0.58 157 10.18 0.0017 S. sph > S. vir
Capable Male 1.31+0.46 1.11 +0.28 137 10.08 0.0019 S.sph > S. vir

Regressing Female 1.89 £ 0.44 1.25+0.32 42 091 0.3458

Male 1.53 +0.33 1.21 +0.27 29 3.69 0.0654
Regenerating Female 1.63 +£0.48 1.33+0.40 43 11.35 0.0017 S. sph > S. vir
Male 1.92 + 0.42 1.07 £ 0.20 19 7.50 0.0140 S. sph > S. vir

mmature Female 0.63+0.13 0.56 +0.20 27 1.34 0.2580

Male 0.74 + 0.69 0.60 +0.18 15 2.45 0.1415

Developing Female 256 +£1.61 1.69 + 0.50 20 0.14 0.7156

Male 2.65 +1.63 1.40 + 0.35 31 0.01 0.9538
I Spawning Female 6.30 +1.81 5.58+0.58 157 13.16 0.0004 S. sph > S. vir
Capable Male 4.88 + 1.56 3.41+0.28 137 12.21 0.0006 S. sph > S. vir

Regressing Female 219+£1.77 1.71+£0.32 42 0.43 0.5176

Male 2.15+0.27 1.21 +0.88 29 1.23 0.2771

Regenerating Female 1.11+£0.21 1.07 £ 0.40 43 2.65 0.1117

Male 0.79 £ 0.14 0.62 +0.20 19 0.59 0.4522

Although the average I values observed confirmed the maturation pattern of the ovary in both
species, there were notable differences in the timing of gonadal development between S. sphyraena
and S. viridensis (Fig. 5.3). In females of S. sphyraena, the developing stages were observed from
January to early May; then, the spawning activity began from late May to August; in September, the
spawning activity ceased as the regressing stage became more evident and finally from late
September to December the proportion of females in regeneration stage increased. Unlike S.
sphyraena, the spawning activity of both female and male specimens of S. viridensis was constrained
from May to July but peaked in June, as revealed by the considerable presence of specimens in the
actively spawning stage. Another noticeable difference was observed especially in July when
specimens in the regeneration stage began to appear (the regeneration stage in specimens of S.
sphyraena was not observed until late September), suggesting that the rate of spawning activity

among S. viridensis declined earlier than it did among S. sphyraena.

On average, a female S. sphyraena could spawn for 13 weeks, i.e. c. 4 months; whereas a female of
S. viridensis could spawn for 7 weeks, i.e. c. 2 months (Fig. 5.4). The reproductive season of S.
sphyraena females starts earlier and lasts longer than that of S. viridensis females, although spawning

peaks in both species at around the same time.

The Lso of S. sphyraena was 27.16 and 29.5 cm Lt for males and females, respectively. Meanwhile,

the Lso of S. viridensis was 44.45 and 54.84 cm Lt for males and females, respectively.
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Fig. 5.3 Monthly ovary and testis development stages frequency (per cent abundance) and mean *
S.D. monthly variation in the gonadosomatic index (I, ) and the hepatosomatic index (In,
— — =) of mature males and females of (a) S. sphyraena and (b) S. viridensis. Development stages:

early developing (f EDEV), developing (g DEV), spawning capable (Iﬁ SC), actively spawning (

AS), regressing RGS) and regenerating (Ii RGN). Sample number per month (n) is also given.

N/S, periods in which no samples were caught.
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Fig. 5.4 Logistic regression model to estimate the extent of the spawning seasons for females of
Sphyraena sphyraena (= = =) and Sphyraena viridensis ( ). Dates in between shaded areas
represent the time when >50% of the females were in spawning capable or actively spawning stages
at the (a) onset and (b) end of the spawning season. Spawning season extends were estimated for c.
13 and 7 week seasons for S. sphyraena and S. viridensis, respectively.
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The oocyte size-frequency distributions in the females of both species showed a continuous size-
frequency development of oocytes except for ovaries in the actively spawning stage which, along
with all the secondary growth stages of oocytes, had a separate mode of very large hydrated oocytes
(>800 pum) [Fig. 5.5(a)]. Only when hydration occurred just before ovulation, did hydrating oocytes
outgrow the standing stock of vitellogenic oocytes and a separate mode of mature hydrated oocytes

developed.

Significant differences (Mann-Whitney Wilcoxon W-test) in the median diameter of oocytes from
the two barracuda species were found at all stages of development: at cortical alveolar (CA, 100-250
um, W =-6291.0, P<0.05), at early vitellogenesis (Vtg-1, 200-350 pm, W =-13932.5, P<0.05), at mid
vitellogenesis (Vtg-2, 300-450 um, W =-15751.0, P<0.05), at advanced vitellogenesis (Vtg-3, 400-
600 um, W =-1943.5, P<0.05), at germinal vesicle migration (GVM, 550-800 um, W =-15217.5,
P<0.05) and at hydration (800-1200 um, W =-3231.5, P<0.05), with S. sphyraena oocytes being
always slightly, but significantly, larger than S. viridensis oocytes [Fig. 5.5(b)].
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Fig. 5.5 (a) Oocyte size-frequency distributions (per cent abundance per 25 pm diameter classes)
and (b) mean diameters of oocytes per development stage in two typical actively spawning females
of S. sphyraena (D) and S. viridensis (D). Interquartile box range (25-75%), mean (+), median (H)
and whiskers (represented as Q1 and Q3 deviations from the smallest and largest observation,
respectively) are also given.

One hundred eight female specimens (74 of S. sphyraena and 34 of S. viridensis) met the
histological criteria (actively spawning with hydrated oocytes and without POFs) for fecundity
analysis. For S. sphyraena, between 2086 and 45164 eggs per spawning batch in fish size ranging
from 30.5 to 49.0 cm Lt were recorded, giving an estimated mean * std. dev. Fs of 15754 + 8926 eggs
per spawning batch. For S. viridensis, between 16353 and 291100 eggs per spawning batch in fish

size ranging from 55.5 to 99.5 cm were recorded, giving a considerably larger estimated mean batch
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fecundity of 96915 * 79199 eggs per spawning batch [Fig. 5.2.(b)]. Mean = std. dev. relative Frs were
estimated at 69.5 * 28.7 and 56.4 * 32.8 oocytes g-! of body mass for S. sphyraena and S. viridensis,
respectively, i.e. the Frs was significantly higher in S. sphyraena than in S. viridensis (t=-2.170,

P<0.05, n=111).

As a measure of egg quality, the mean * std. dev. dry mass of hydrated oocytes, in mg per egg, was
estimated at 0.167+0.028 for S. sphyraena and 0.113+0.012 for S. viridensis, i.e. the oocytes of S.
sphyraena are significantly heavier than those of S. viridensis (t =7.778, P<0-05, n=40).

Considerable differences between the two species were also found in Pa. Signs of a-atresia were
observed in 9.1% of all mature S. sphyraena females (n=110) and 20.8% of all mature S. viridensis
females (n=72). Although there were no signs of a-atresia in either species during developing or
regenerating stages, S. viridensis specimens showed a-atresia during the spawning capable stage (Pa
=21.1% of SC females), in which, on average, the mean #* std. dev. Rla was 15.1 + 7.2% of their
vitellogenic oocytes in a-atretic state. It should be pointed out that specimens of S. viridensis that
presented atresia were captured at the end of their spawning season (July). In contrast, a-atresia was
observed in all females of both species (Pa =100%) during the regressing stage with 98.8 = 3.0% (S.
sphyraena) and 91.8 + 8.1% (S. viridensis) of their vitellogenic oocytes in a-atretic state; that is to say,

there was no significant difference in Ria (t=-1.945, P=0.0631, n=27).

5.4.2. Seasonality of SSTs and barracuda landings

During the study period (2010-2012), the monthly mean # std. dev. SST began to rise from April
to May, peaked in August at 23.0 + 0.9°C and then decreased during the coldest months from January
to March down to a minimum of 12.5 # 0.3°C (Fig. 5.6). It should be noted that actively spawning S.
sphyraena were caught when SSTs were between 16.6 and 23.0°C, i.e. from May to August, whereas
actively spawning S. viridensis were caught for a shorter time when SSTs were between 19.3 and
21.6°C, i.e. from June to July. Remarkable is the fact that in all three reproductive cycles (2010-2012),
actively spawning S. viridensis began to appear at a similar SST (c. 19-0°C), whereas no clear

temperature (15-18°C) for the appearance of actively spawning S. sphyraena was identified.

Catches of Sphyraena spp. landed in the port of Roses followed a clear seasonal cycle, as
reflected in the highly seasonal values compared to annual mean landings (Fig. 5.6). Between June
and October, landings were above the annual average peaking in July (at 165% of the annual mean
monthly landing). Minimum landings, reduced to at least 50% of the annual average, occurred
between November and May. This seasonal pattern of mean monthly Sphyraena spp. landings at the
port of Roses over the year was closely linked to the pattern of SSTs. Sphyraena spp. landings were

almost zero during the coldest months and began to increase as SST increased (Fig. 5.6).
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Fig. 5.6 Mean # std. dev. seasonal patterns (per cent above and below the annual mean) of landings
of Sphyraena spp. per month at the fishing port of Roses and the mean # std. dev. monthly sea surface
temperatures (A; SST) during the study period (2010-2012) at the L’Estartit meteorological station.

5.5. Discussion

On the basis of the general life-history traits and reproductive strategies of these two species, this
study has revealed that S. sphyraena is apparently better suited than S. viridensis to the current
temperate environmental conditions of the north-west Mediterranean Sea. Sphyraena viridensis has a
considerably higher reproductive potential which would favour successful increase in population
growth rates for this species within the study area, especially if sea warming continues. Several
interesting findings and differences between the temperate S. sphyraena and thermophilic S.

viridensis were found in their basic life-history traits.

The oocyte development of both species was considered to be asynchronous as oocytes at
different stages of development were simultaneously present; the oocyte size frequency distribution
is continuous and only when hydration occurs there is a clear differentiation stock of larger oocytes
(in terms of diameter). This confirms that both species of barracudas are batch spawners, whose
oocytes are recruited, hydrated and subsequently ovulated in several batches over the spawning
season. Following the criteria established by Murua & Saborido-Rey (2003), asynchronous
development of oocytes and massive atresia in post-spawning individuals (i.e. in the regressing

stage) show indeterminate fecundity in these two barracuda species.

87|



Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

The observation point to different reproductive strategies: S. sphyraena develops and releases
considerably fewer eggs per batch but does so for a much longer spawning season compared to S.
viridensis which invests its energy reserves into producing larger numbers of hydrated eggs per
spawning batch over a shorter spawning season. Furthermore, the S. sphyraena oocytes at all stages
of development were found to be significantly larger and heavier (at hydration) than those of S.
viridensis. Thus, it is apparent that the S. sphyraena strategy is larger and better quality eggs at the
expense of quantity, while the S. viridensis strategy is a greater number of eggs at the expense of size
and quality. In addition, significantly higher Iu and Ic levels in the temperate S. sphyraena indicate
better conditioning and a relatively higher investment of energy reserves (in terms of mass) in

reproduction than is the case for S. viridensis.

On the basis of life-history theory, the temperate species (S. sphyraena) would be considered to
have more ‘opportunistic’ life-history traits (small body size, early maturation, low batch fecundity
but high reproductive effort and frequent reproduction) than the thermophilic species (S. viridensis),
which has a ‘periodic’ life-history pattern (large body size, late maturation and high batch fecundity)
(Winemiller & Rose 1992; King & McFarlane 2003; Fox et al. 2007; Mims et al. 2010). On the other
hand, fishes have developed several strategies between two extremes (capital and income breeders),
with regard to energy acquisition and allocation to reproduction, in which the temporal pattern of
energy gain depends on reproductive behaviour and spawning (Lowerre-Barbieri et al. 2011).
Regarding the observed monthly variation of Iu in S. viridensis, it can be hypothesized that the
reproductive costs are met mainly at the expense of energy reserves stored in the liver prior to the
spawning season, in line with a capital breeder strategy. Meanwhile, it appears that S. sphyraena
might be more of an income, rather than a capital, breeder as energy for reproduction was not stored
prior to spawning but financed entirely by means of its concurrent energy income as the spawning

season advanced.

It has been hypothesized that reproductive success depends greatly on the match or mismatch
between spawning season and the optimal conditions for the survival of the offspring (Kadison et al
2010; D’Alessandro et al. 2011; Lowerre-Barbieri et al. 2011). Therefore, the short spawning season
of S. viridensis may indicate that the optimal environmental conditions for this species usually occur
in a more restricted seasonal window than those for S. sphyraena. The spawning seasonality of fishes
is controlled by several synergic factors (e.g. inheritance, energy sources and exogenous factors)
(Kadison et al. 2010; D’Alessandro et al. 2011; Lowerre-Barbieri et al. 2011). In species with
restricted spawning seasons which inhabit cold-temperate climates, however, water temperature
has been recognized as the main exogenous cue that ensures that gonadal development occurs at the
proper time so that fishes are capable of spawning when conditions favour offspring survival (Wright
& Trippel 2009). In this sense, the short duration of the spawning activity of S. viridensis began
during June (at similar SSTs each year, c. 19.0°C), c. 2 months before the annual maximum SSTs were

reached during August.
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Differences in growth and reproductive traits of fishes in response to non-optimal environmental
conditions may result in reduced fish condition and reduced reproduction success for any given
population at non-optimal locations (Rosecchi et al. 2001; Bghn et al. 2004; Alcaraz & Garcia-Berthou
2007). In this sense, back-calculated mass-at-length (estimated from length and mass constants)
indicated that both S. sphyraena and S. viridensis caught in Egyptian Mediterranean waters (Allam et
al. 2004a) were heavier than those with the same lengths caught in the north-west Mediterranean
Sea (this study). These variations in mass-at-length values among regions are mainly attributed to
water temperature and food supply in which temperature is thought to be responsible for most of
the observed intraspecific differences in their mean growth rates (Brander 1995; Rétz et al. 1999;
Ritz & Lloret 2003; Brunel & Dickey-Collas 2010). Increased growth rates and greater food
conversion efficiency have been observed in fish populations living in warmer waters (Purchase &
Brown 2001). This might suggest, in part, that better physiological and feeding conditions for both
species of barracuda might prevail at relatively warmer and more eutrophic locations in the

Mediterranean Sea.

A northward expansion of thermophilic taxa, including the barracudas (Sphyraenidae), has been
previously related with the environmental changes experienced in the Mediterranean Sea over the
last decades namely sea warming (Azzurro et al. 2011). The climate-driven changes in SSTs, together
with the life-history traits of S. viridensis, might explain the increase in landings of this thermophilic
barracuda in the study area (Lloret et al. 2011). Sea warming has been reported in the western
Mediterranean Sea throughout the last century (Rixen et al. 2005; Vargas-Yafiez et al. 2008, 2010),
with an increase of 1.1°C in water nearest the surface (0-50 m) over the 1974-2009 period in the
northern Catalan coast (Calvo et al. 2011). Moreover, considerable seasonal changes have been
recorded, especially in the spring season, when the highest sea warming rates occur (Nykjaer 2009).
Thus, S. viridensis may be taking advantage of sea warming trends to approach its full reproductive
potential and success in terms of population growth. The present-day sea temperatures within the
study area remain more favourable to S. sphyraena. If sea warming continues, however, it is likely
that warmer temperatures would lead to changes in the spawning phenology of S. viridensis, which in
turn would probably lead to a more protracted spawning season. Unfortunately, such an extension of
the spawning season of S. viridensis is virtually non-existent elsewhere, so there is little indication as
to the spawning phenology of this species in warmer environments. If so an increase in the duration
of the spawning season of S. viridensis, along with its considerably higher fecundity and more rapid

growth rates (Allam et al. 2004a), would allow the population of this species to grow significantly.

It should be mentioned that during dissection of specimens, 21 of the S. viridensis individuals
were found with S. sphyraena juveniles (n=325) in their stomach contents. Each of these S. viridensis
had ingested a mean =* std. dev. of 17 + 5 juvenile specimens of S. sphyraena with Lt ranging from 8.1
to 10.2 cm (mass 1.34 to 2.93 g). Those specimens of S. viridensis whose stomachs contained S.

sphyraena juveniles had all been captured during the last 2 weeks of June 2012. Thus, the high
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number of prey among only 21 predators may indicate that these were caught while schooling, a
common behaviour of S. viridensis (Barreiros et al. 2002). The occurrence of small juveniles of S.

sphyraena within the diet of S. viridensis had never been detected previously.

This major presence of S. sphyraena juveniles in the diet of S. viridensis raises further intriguing
questions as to whether the thermophilic barracuda is affecting the population of the temperate
species. Such extreme predatory behaviour by S. viridensis has been recorded in the Azores
archipelago by Barreiros et al. (2002) who reported different types of aggregations, small groups and
isolated individuals in winter and large schools in summer, and several types of predatory behaviour
mainly on pelagic juveniles such as the blue jack mackerel Trachurus picturatus (Bowdich 1825). In
the eastern Mediterranean Sea, Kalogirou et al. (2012a) found that both S. sphyraena and S. viridensis
typically preyed mainly on pelagic and supra-benthic fish species and supplemented their diet with
cephalopods, but particularly interesting was the fact that significant diet overlap was found
between these species. Although this latter study found no evidence of the two species preying on
each other, the authors suggested that interspecific competition might be occurring as both

predators were sharing common resources.

In summary, the results of this study showed that the life-history traits of S. sphyraena are, at
present, better suited to the environmental conditions of the north-west Mediterranean Sea
compared to the more physically restricted life-history traits of S. viridensis. Sphyraena viridensis has
a considerably higher reproductive potential which may favour its success and an increase in its
population growth within the study area, especially if the present-day sea warming continues in
which case it is likely that changes in spawning phenology would give S. viridensis an advantage.
Previous studies have shown that feeding habits of non-indigenous species can affect some feeding
guilds and then cause alterations in the fish assemblages of marine ecosystems (Kalogirou et al.
2010; Kalogirou et al. 2012b). Similar studies are encouraged within the study area in order to
document more information and achieve a more comprehensive understanding of the biological
interactions, feeding ecology and space occupation between these two species in the north-west

Mediterranean Sea, with particular attention to S. viridensis.
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CHAPTER VI

Reproductive traits of the pompano, Trachinotus ovatus (Linnaeus, 1758), in the

north-western Mediterranean

6.1. Abstract

This study describes for the first time the reproductive traits of the warm-water pompano,
Trachinotus ovatus. Specimens were sampled from landings by artisanal fishing vessels in the NW
Mediterranean. Monthly collections, from July 2010 through to September 2012, yielded 226
individuals (118 females and 108 males). The size at 50% maturity (Lso) was estimated at 30.9 and
29.1 cm TL for females and males, respectively. Specific reproductive traits, such as oocyte size-
frequency distributions, presence of recent post-ovulatory follicles along with oocytes in the final
phases of gonadal development, and massive atresia in post-spawning individuals, indicated that
pompanos are multiple batch spawners with asynchronous oocyte development and indeterminate
fecundity. Monthly variations in the gonadosomatic index and in the phases of gonadal development
indicated July and August as the spawning season. There were also noticeable inter-annual variations
in spawning phenology, mean diameters of the oocytes, relative batch fecundity and eggs quality, all
of which corresponded to changes in sea surface temperatures. This study enhances our
understanding of the need for research into the reproduction of warm-water species, which are
currently expanding into the increasingly warmer waters of the world's more northerly seas and

oceans.

Keywords: Trachinotus ovatus, pompano, spawning, gonadal development, fecundity, sea
temperature.
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6.2. Introduction

Since the 1970s, rising temperatures in the Mediterranean have led to an expansion in habitats
suitable for warm-water species, facilitating their settlement at an unexpectedly rapid rate (Vargas-
Yafiez et al. 2008, 2010; Raitsos et al. 2010). Trends of increasing abundance and northward
expansion have been recorded for warm-water fish taxa, such as the Carangidae and Sphyraenidae
families, meanwhile other Mediterranean species, such as the Scombridae and Cupleidae families,
have declined in abundance (Azzurro et al. 2011). Several species of the Carangidae family presently
support a diverse array of economically-important fisheries in tropical and subtropical waters

worldwide.

There are several carangid species in the temperate areas within the north-western region of the
Mediterranean basin (the Gulf of Lyon and surrounding coastal areas), such as the leer fish Lichia
amia, the pilot fish Naucrates ductor, the greater amberjack Seriola dumerili, the Mediterranean horse
mackerel Trachurus mediterraneus, the blue jack mackerel Trachurus picturatus, and the Atlantic
horse mackerel Trachurus trachurus. However, during the last decade a previously unusual warm-
water carangid species, the pompano Trachinotus ovatus has become more frequent in the Gulf of
Roses and adjacent waters (southern Gulf of Lyon) (Lloret et al. 2015b). Unfortunately, accurate
records of the abundance of this species within the area are virtually non-existent because up to now
the pompano has been caught unintentionally while fishing for other target species, and is

considered as a bycatch species among the area’s fishing community.

Of the 20 species from the genus Trachinotus described worldwide, only T. ovatus inhabits the
Mediterranean Sea although its distribution extends north and south of the Eastern Atlantic coasts,
from Scandinavian and British waters to the Bay of Biscay and as far south as Angola (Smith-Vaniz
1986; Froese & Pauly 2013). The pompano is a pelagic coastal and schooling species that is found
primarily in brackish environments (especially young) and, as adults, are moderately common in
shallow water in areas of surge, over sand or muddy bottoms, where they are commonly caught
commercially with trawl nets, purse seines, traps, and hook-and-lines (Smith-Vaniz 1986; Schneider
1990). Scientific information on pompano biology is considerably sparse. Its reproductive biology
has been investigated in just one scientific publication which explored the biochemical aspects of
reproduction in female pompano in Egyptian waters (Assem et al. 2005). There is a preliminary
study into feeding, growth, food conversion efficiency and feeding behaviour of wild-caught
pompano reared in captivity in Croatian coastal waters (Tutman et al 2004). The diet and diel
feeding activity of juvenile pompanos from the south-eastern Adriatic Sea has been examined
(Batisti¢ et al. 2005). The length-weight relationships of this species have also been estimated for
specimens reared in floating sea cages in the South China Sea (Guo et al. 2014) as well as for wild
populations from the Azores Islands (Morato et al. 2001) and from the western Mediterranean

(Morey et al. 2003). However, research into other reproductive traits that may indicate the breeding
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season, sexual maturity and spawning in both sexes of this species is virtually non-existent for the

NW Mediterranean or elsewhere in its distribution range.

Clime-driven changes in the abundance and distribution of fish can lead to readjustments in
ecosystems and alterations in the way they function which have been well documented (Francour et
al. 1994; Perry et al. 2005; Coll et al. 2010). But it has also been pointed out that we need a better
understanding of the physiological and behavioural response of fish to climate change since such
impacts might vary across the different stages of the life cycle (Petitgas et al. 2013); thus, the more
knowledge we have of the life cycles of various species, the better our understanding of the impacts
of climate change on fish populations will be. Consequently, the overall aim of this study was to
explore the reproductive traits of Trachinotus ovatus and our results are discussed in relation to the
expansion and establishment of this species in the colder waters of the NW Mediterranean. In
addition, temporal variations in sea surface temperatures (SSTs) within the study area were also
analyzed in order to investigate whether we could explain if its seasonal arrival and/or reproductive

traits are triggered by the physical conditions of the coastal waters off the NW Mediterranean.

6.3. Materials and methods

6.3.1. Study area and sample collection

Pompano specimens were collected monthly from fishermen (coastal purse seiners) at the Port
of Roses (Figure 6.1), from July 2010 to September 2012, shortly after landing. It should be noticed
that fishermen were asked for the approximate location and depth where the specimens were caught
in order to be sure that the origin of the samples was within the coastal waters of the study area. In
addition, data on sea surface temperatures (SST, in °C) was retrieved from the International
Comprehensive Ocean-Atmosphere Data Set (ICOADS) for the study period 2010-2012 in the north-
western Mediterranean (ds540.0-Release 2.5) (Woodruff et al. 2011). The data comprised individual
daily mean SST observations for 1° latitude x 1° longitude units in surrounding waters off the Gulf of
Roses (42.0 to 43.0°N and 3.0 to 4.0° E) (Figure 6.1). Then, the mean monthly values of SSTs were
calculated by averaging daily SSTs.

6.3.2. Fish size distribution

Once in the laboratory, all specimens were measured and weighed using the total length (TL) to
the nearest 0.5 cm and total weight (TW) to the nearest 1 mg. Then, all samples were dissected and
eviscerated, and the somatic or eviscerated body weight (SW) and the gonad weight (GW) were
obtained to the nearest 1 mg. The length-weight relationship (LWR) was estimated using the
curvilinear formula SW = a-TL? (Le Cren 1951), where SW is the somatic body weight of the fish and
TL is the total length of the fish. The gonads were fixed in 4% buffered formaldehyde for further

histological processing and fecundity estimation.
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Fig. 6.1 Map of the North-western Mediterranean basin showing the study area (Gulf of Roses and
adjacent waters) and the location of the fishing port of Roses.

6.3.3. Gonadal development, spawning season and size at 50% maturity

The gonadosomatic index (GSI) was calculated for each individual based on SW in order to avoid
possible variations arising from differences in the contents of the digestive tract with the following
formula GSI = 100*(GW/SW), where GW and SW represent gonad and somatic weights, respectively.
Although the sex and reproductive status of specimens were first macroscopically determined, a
histological analysis was also performed in order to provide a more accurate analysis of the
reproductive characteristics of the pompano. Thus, a histological study of the gonads of every single
individual was carried out in order to determine the phases of development of their germ cells.
Central portions (transverse sections) of the fixed gonads were dehydrated and embedded in
paraffin, sectioned at between 3-8 pm, depending on their state of gonadal development because the
early phases required thinner sections in order to facilitate the identification of the their germ cells,
and then stained with haematoxylin-eosin. The maturity phases of the gonads were classified in line
with Brown-Peterson et al. (2011) as immature (IMM), developing (DEV), spawning capable (SC),
regressing (RGS), and regenerating (RGN). The histological photomicrographs of the gonads of T.
ovatus are shown in Figure 6.2. It should be noticed that ovarian wall thickness was a key factor in
distinguishing between immature and regenerating phases in T. ovatus, since a thin ovarian wall was
observed in immature specimens whereas a thick ovarian wall (along with atretic oocytes) was

observed at specimens in the regenerating phase.
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Fig. 6.2 Photomicrographs of ovaries and testis of the pompano (Trachinotus ovatus) showing the
reproductive phases considered in this study: (a) immature, (b) developing, (c) spawning capable,
(d) regressing, and (e) regenerating. Oocyte developmental stages are also shown as PG: primary
growth, CA: cortical alveoli, Vtgl: early vitellogenic, Vtg2: mid-vitellogenic, Vtg3: advanced
vitellogenic, AT: atretic, POF: post-ovulatory follicles, OW: ovarian wall. Germinal developmental
stages are also shown as Sgl: primary spermatogonia, Sg2: secondary spermatogonia, Sc:
spermatocyte, St: spermatid, Sz: spermatozoa, Rsz: residual spermatozoa, and Lu: lumen.
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Size at 50% maturity (Lso) was estimated in order to define sexual maturity as a function of body
length (length at which 50% of the individuals were mature) was estimated separately for females
and males. To predict the probability that an individual was mature based on its length binary
maturity observations (0 = immature, 1 = mature) and length (TL) were fitted to binary logistic
models to construct maturity ogives (maturity-at-length probability plots) based on logistic

equations.

6.3.4. Oocyte size-frequency distribution and fecundity estimates

The presence of hydrated oocytes and post-ovulatory follicles (POFs) was histologically
determined in order to select suitable specimens for the analyses of the oocyte size-frequency
distributions and the estimates of the batch fecundity (defined as the number of eggs spawned per
batch). Firstly, batch fecundity (BF) was estimated for each specimen in the spawning capable (SC)
phase and without POFs - using the gravimetric method combined with image analysis as explained
by Murua et al. (2003). With this aim, subsamples of about 150 mg were taken from the ovary;
oocytes were separated from connective tissue using a washing process (Lowerre-Barbieri &
Barbieri 1993) and sorted by size through several sieves (from 1000 to 100 pm), which facilitated
the subsequent work of counting and measuring oocytes using a computer-aided image analysis
system (Image-Pro Plus 5.1). It is worth to mention that subsamples were taken from sections of the
middle part of the ovary since there were no significant differences in the number of most advanced
oocytes per gram among the anterior, middle and posterior parts of the ovary of 10 specimens that
were in the latest developmental phases (ANOVA, F229 = 2.21, p = 0.128). Then, batch fecundity was
estimated according to Hunter et al. (1985) as BF = GW*(Y/Sw), where GW is the gonad weight after
fixation, Y is the number of hydrated oocytes in a weighted subsample of ovarian tissue and Sw is the
subsample weight. The relationship between BF and size (TL) was estimated by fitting power
functions. The relative batch fecundity (RBF) was also calculated as batch fecundity per gram of

somatic weight of the fish.

Secondly, the oocyte size-frequency distributions were analysed by exploring the size range for
each oocyte developmental stage in order to define the oocyte recruitment pattern whether
synchronous, group-synchronous or asynchronous (Murua & Saborido-Rey 2003). Thus, the mean
diameter of 150 oocytes from each gonadal development phase (50 oocytes per sampling year) of
‘standard’ 35.0 cm TL females (in order to avoid any maternal size effect on estimates) were
measured from the histological sections as the average of major and minor axes using the previously
mentioned computer-aided image analysis system. Due to their irregular shape in histological
transverse sections, the mean diameter of the hydrated oocytes was estimated differently: those
largest oocytes previously separated through sieves were separated and then measure them using

the computer-aided image analysis system.
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6.3.5. Egg quality and follicular atresia estimates

The dry weight of hydrated oocytes were used to estimate the quality of the eggs (hydrated
oocytes), hence an approximation of the potential reproductive success (Brooks et al. 1997). First,
hydrated oocytes were previously separated through sieves and then by adding glycerine which
make them translucent under transmitted light they were more easily differentiated and separated
from those oocytes not yet hydrated. Once the eggs were selected, the mean dry weights (in mg per
egg) were estimated by drying (for 24 h at 110°C) two replicates per sample of the eggs from a total

of 20 actively spawning females (with hydrated oocytes) per sampling year.

The numbers of normal and a -stage atretic vitellogenic oocytes (Hunter & Macewicz 1985) were
counted at three different focal planes of different histological slides of each specimen in order to
estimate the prevalence of follicular atresia, Pa (percentage of sexually mature females that have a-
atretic vitellogenic oocytes in relation to total number of females) as well as the relative intensity of
atresia, Rla (percentage of a-atretic vitellogenic oocytes in relation to the total number of normal and
atretic vitellogenic oocytes in an individual fish) (Kurita et al. 2003; Witthames et al. 2009; Kjesbu et
al. 2010a).

6.3.6. Statistical analysis

Pairwise comparison analyses of covariance was applied between regression parameters (slopes
and intercepts) of the resulting linear regression models of the length-weight relationships (LWR) of

each sex (Cone 1989) in order to look for LWR differences between sexes.

Generalized linear models (GLMs) (McCullagh & Nelder 1989) were used to investigate the
variation in GSI with sex, phase of maturity and size. GLMs were fitted to GSI as response variables
and using sex and maturity as categorical predictor variables and size as continuous predictor
variable. All predictors and their first order interactions were initially included in the GLM. Analysis
of deviance to evaluate the significance (F-test) of the factors in the model was performed by a
stepwise procedure, and the most appropriate error models were chosen on the basis of residual
plots. The GLMs incorporating the sex, maturity and size as predictor variables accounted
significantly for 55.8% of the variability in GSI (ANOVA, F10,225 = 24.97, p < 0.0.001). Therefore, the
GLM approach was used to standardize GSI data for the effects of sex, maturity and size by estimating

the adjusted means of GSI for the variation of the covariables.

Since the mean monthly SSTs recorded during the summer months (July, August, September) in
the 2010 sample were significantly lower (p < 0.05) than those observed in 2011 or 2012 (Table 6.1),
ANOVA models were also used to find out whether, on average, the GSI (adjusted GLM data), the
oocyte diameter (per developmental stage), the egg quality (hydrated dry weight), and the relative

batch fecundity (RBF) were statistically different among sampling years. Then, if the ANOVA

99|



Climate change and the expansion of thermophilic fishes in the NW Mediterranean
H. Villegas-Hernandez

indicated significant differences, Bonferroni’s multiple tests were applied for post hoc comparisons
of significant effects (Sokal & Rohlf 1995). It should be noticed that a p-value of a = 0.05 or less was
considered to be statistically significant, and prior to the ANOVAs, for all the aforementioned
variables, the Shapiro-Wilk test was used to test the assumptions of normality and Levene’s test was

used to test the homogeneity of variances (Zar 1996).
6.4. Results
6.4.1. Size distribution and size at 50% maturity

Of the 226 pompano specimens collected during the study, a total of 118 were identified as
females and 108 as males. The length-frequency distributions were similar for both sexes, ranging
from 25.0 to 44.0 cm, and the length-weight relationships (LWR) were accurately fitted to curvilinear
regression models (Figure 6.3 A) separately for males (SW = 0.0053-TL3-1201 r2 = 0.919) as well as for
females (SW = 0.0043-TL31805, r2 = 0.935), with any significant difference, at « = 0.01, between sexes
in both regression parameters: slopes (ANOVA, F13 = 4.416, p = 0.1264) and intercepts (ANOVA, F13
= 3.355, p = 0.1644). On the other hand, the size at 50% maturity (Lso) was estimated at 30.9 ( 2.7)
cm TL for females and 29.1 (+ 1.8) cm TL for males, and no immature individuals were found with

TLs greater than 33.0 cm (Figure 6.4).
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Fig. 6.3 Fitted regression models based on (A) length-weight relationships for males (SW =
0.0053-TL31201 r2 = 0.919, n =108) as well as for females (SW = 0.0043-TL3-1805, r2 = 0.935, n =118),
and (B) the relationship of the batch fecundity to fish length for females (BF = 0.0822 -TL33833, r2 =
0.6475, n = 24), of T. ovatus.
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Fig. 6.4 Logistic curves of relative frequency of reproductive females (n = 118) and males (n = 108)
of T. ovatus as function of size class (total length). The size at 50% maturity (Lso) was estimated at
30.5 (+ 2.1) cm TL for females and 28.7 (+ 1.5) cm TL for males.

6.4.2. Gonadal development and spawning season

Similar gonadal development patterns were observed in both sexes: the developing phases were
observed mainly from May to early July followed by spawning activity until September, when
subsequently the spawning activity ceased and the regressing and regenerating phases became more
evident. With regard to the time of the year, it was found that the GSI of both sexes peaked during the
summer months (July and August). This was later confirmed by similar trends in maturity phases
(expressed in frequency of occurrence) found throughout the year (Figure 6.5). The inter-annual
analysis of the pompano’s reproductive investment (GSI) showed statistically lower mean values in
specimens sampled in the year 2010 compared to those sampled in 2011 and 2012 (Table 6.1).
Moreover, the occurrence of spawning (inferred with both the GSI peaks and the increased frequency
of spawning capable specimens) was observed to differ between years: spawning did not start until
August in 2010 whereas in 2011 and 2012, spawning started in July (Figure 6.5). Furthermore, it was
also noticeable that actively spawning specimens began to appear at similar SSTs: at between 21.3
and 23.32C in 2010 and between 21.1 and 23.12C in 2011 and 2012. In other words, although
spawning activity began a month earlier in 2011 and 2012 compared to 2010, in all three years it

began when SSTs had attained similar values (*21.0°C).
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Fig. 6.5 Monthly gonadal development phases frequency (percent abundance), mean (* std. dev.)
monthly variation in the gonadosomatic index (GSI) for males and females of T. ovatus, and mean (*
std. dev.) monthly sea surface temperatures (SSTs) during the study period (2010-2012).
Development stages: regenerating (RGN), developing (DEV), spawning capable (SC), and regressing
(RGS). Sample number (n) per month is also given above bars.

Table 6.1 Summary of the mean values (% std. dev.) for specimens of T. ovatus and ANOVA tests
evaluating the effect of the inter-annual variation on the following parameters: the monthly sea
surface temperatures (SST, in °C), the gonadosomatic index (GSI), the oocyte diameter (um, for each
developmental stage), the egg quality (dry weight of hydrated oocytes in mg per egg), the relative

batch fecundity (RBF, eggs per gram of body mass).

Inter-annual means (+ std. dev.)

p-

Bonferroni'’s

Variable Source 2010 2011 2012 F-ratio (d.f) value outcome
Jul 19.4 + 0.83 21.3+£0.60 21.4+091 F2,424=8.27 ok 2010 <2011 =2012
SST Aug 21.7£1.24 22.1+£0.90 22.7+1.08 F2,315=3.39 ok 2010 <2011 =2012
Sep 20.3+£0.88 21.8 £ 0.64 21.7£0.93 F2,451=4.88 ok 2010 <2011 =2012
GSI GLM adj. 1.04 + 0.57 1.44 +0.51 1.51+0.35 F2,225= 6.38 ok 2010 <2011 =2012
CA 108.5 + 21.1 112.7 + 24.6 110.3 £ 21.7 F2,140=2.40 NS 2010=2011=2012
Vtg-1 208.7 + 23.7 213.5+31.5 205.1 +26.2 F2,140= 2.68 NS 2010 =2011=2012
Oocyte Vtg-2 304.5 +27.6 310.4 +30.9 312.4 +28.3 F2,149=2.29 NS 2010 =2011=2012
diameter Vtg-3 394.3 +23.9 425.8+35.6 435.2+29.1 F2,1490=4.77 ok 2010 <2011 =2012
GVM 504.3 £ 24.4 521.2 +40.5 531.2 £30.2 F2,149=5.06 ok 2010< 2011 =2012
H 662.1 +39.2 732.6 +42.1 745.4 £45.9 F2,149=5.18 ok 2010 <2011 =2012
Egg quality Dry weight 0.104 + 0.08 0.136+0.11 0.141 + 0.09 F2,50=4.05 * 2010 <2011 =2012
RBF SC females 36.5+7.77 43.2+8.85 45.2+9.6 F2,23=3.98 * 2010<2011=2012

* indicates p<0.05, ** indicates p<0.01; *** indicates p<0.001, and NS indicates no significant difference
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6.4.3. Oocyte development and fecundity

The range of oocytes diameters at different stages of development were as follows: cortical
alveoli (CA, 75-150 pm), early vitellogenesis (Vtg-1, 150-250 um), mid vitellogenesis (Vtg-2, 250-
350 um), advanced vitellogenesis (Vtg-3, 350-450 um), germinal vesicle migration (GVM, 450-550
um) and hydration (H, 550-800 um). No significant difference (p > 0.01) was found in the inter-
annual variation of oocyte diameters at early stages of development, i.e. CA, Vtg-1 and Vtg-2.
However, significantly smaller (p < 0.01) oocyte diameters in the later stages of development (Vtg-3,
GVM and H) were observed in specimens sampled in 20110 compared to those sampled in 2011 and
2012 (Table 6.1).

Oocyte development in T. ovatus was considered to be asynchronous, since oocytes at different
stages of development were simultaneously present in the ovary. Moreover, the variation in the
stage-specific oocyte size-frequency distribution during the reproductive cycle indicated a lack of
hiatus separating the primary growth oocytes (< 75 um) from the reservoir of secondary growth
oocytes (< 75 um) (Figure 6.6 A-F). These oocyte size-frequency distributions showed a continuous
size-frequency development of oocytes, except for ovaries at the onset of spawning which, as with all
the secondary growth stages, had a separate mode of the most advanced oocytes (>350 um) (Figure
6.6 C-E). That is to say that just before ovulation most advanced oocytes did outgrow the standing
stock of vitellogenic oocytes and a separate mode of mature hydrated oocytes developed for

ovulation.

020 3 o1 g PigE Pi cA Vgl Vg2 PG A Vgl g2
0.15
0.10
0.05
0.00
0.20 Jpg ea g Pe 01 g1 wg2 PG ca g1 g2
0.15
0.10
0.05
0‘00

150 250 350 450 550 650 750 50 150 250 350 450 550 650 750 50 150 250 350 450 550 650 750

Relative frequency of oocytes

Qocytes mean diameter (25 pm per interval)

Fig. 6.6 Oocyte size-frequency distributions (per cent abundance per 25 um diameter class) of
‘standard’ 35.0 cm TL females of Trachinotus ovatus through subsequent gonadal development
phases: (A) early developing, (B) developing, (C) advanced developing, (D) spawning capable, (E)
actively spawning, and (F) regressing. Each distribution corresponds to an individual fish. The range
of oocytes diameters at different stages of development is also illustrated as follows: primary growth
(PG, 50-75 um), cortical alveoli (CA, 75-150 pm), early vitellogenesis (Vtg-1, 150-250 pum), mid
vitellogenesis (Vtg-2, 250-350 um), advanced vitellogenesis (Vtg-3, 350-450 um), germinal vesicle
migration (GVM, 450-550 pm) and hydration (H, 550-800 um).
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24 females met the histological criteria (actively spawning with hydrated oocytes and without
POFs) for fecundity analysis. The batch fecundity (BF) ranged from 8070 to 32080 eggs per spawning
batch in fish ranging from 32.0 to 44.0 cm TL, and the relationship between BF and TL was fitted to
the following exponential regression model BF = 0.0822 -TL3-3833 (r2= 0.6475, n = 24) (Figure 6.3 B).
The mean BF (* std. dev.) was estimated at 17620 (+ 6649) eggs per spawning batch. Meanwhile, the
overall mean relative batch fecundity (RBF) was estimated at 40.5 (+ 8.9) eggs per gram of body
mass for this species, and any size effect was observed between RBF and TL (p > 0.05). However, it
should be noticed that significant inter-annual differences were found in the RBF (ANOVA, Fz23 =

3.98, p = 0.0328), being significantly lower during 2010 than during 2011 and 2012 (Table 6.1).

6.4.4. Egg quality and follicular atresia

As a measure of egg quality, the mean dry weight of hydrated oocytes (showing also any
significant size effect) estimated from specimens caught in 2010 was 0.104 (+0.08) mg per egg which
was significantly lighter (ANOVA, Fz, 59 = 4.05, p = 0.0225) than that of specimens collected in 2011
(0.136 + 0.11) and in 2012 (0.141 # 0.09) (Table 6.1). Signs of a-atresia were observed only during
the regressing gonadal development phase, and the prevalence of atresia (Pa) was estimated at 22.2
% (n = 6) in relation to total number of mature females (n = 27). The mean intensity of atresia (Ria)

in these individuals was estimated at 96.8 + 2.3 % of their vitellogenic oocytes in a-atretic state.

6.5. Discussion

This is the first time that the main reproductive traits of this warm-water species have been
described. The oocyte size-frequency distributions indicated an asynchronous oocyte recruitment
pattern as oocytes at different stages of development were simultaneously present, whereas
accordingly to Murua & Saborido-Rey (2003) the following features suggest multiple batch spawning
and an indeterminate nature of the fecundity of this species: (1) continuous size-frequency
development of oocytes (in which case only during spawning all the secondary growth stages had a
separate mode of the most advanced oocytes), (2) the presence of recent POFs along with oocytes in
the final phases of gonadal development, (3) the massive atresia in post-spawning individuals (i.e. in
the regressing phase of gonadal development). Moreover, the presence of atresia in the gonads of the
females only at the end of spawning season even though not all vitellogenic oocytes are fully
developed, indicates that there is a need to eliminate the underdeveloped non-ovulated oocytes,
which is done through atresia, as shown by the sudden and marked increase in the relative intensity
of atresia detected in the ovaries at the end of the spawning season. On the other hand, the
indeterminate fecundity and its batch spawning nature of T. ovatus, whose eggs are recruited and
ovulated from the population of yolked oocytes in several batches along spawning season, makes
quite difficult to estimate more accurately the annual egg production, which in turn is an essential
component of the reproductive biology of multiple spawning fishes and can have important

implications for the management of fish populations (Ganias et al. 2015).
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Although specimens of T. ovatus were not caught during the whole year due to its absence within
the study area during the coldest months, the overall data indicates that this species has a short
spawning season (lasting no more than 2 months) restricted to the warmest period of the year (July-
August). Other species of carangids also present a short and well-defined spawning period during the
spring and summer months, e.g. the giant trevally Caranx ignobilis and bluefin trevally Caranx
melampygus in Hawaii (Sudekum et al. 1991); the horse mackerel Trachurus trachurus in Greece
(Karlou-Riga & Economidis 1997); the permit Trachinotus falcatus in Florida (Crabtree et al. 2002);
the short-fin pompano Trachinotus teraia in the Ivory Coast (Sylla et al. 2009); and the plata
pompano Trachinotus marginatus in southern Brazil (Lemos et al. 2011). In fact our study indicated
that this warm-water species has a narrower spawning season in the northern Catalan Sea (centring
on the warmest months of the year) than it has in warmer areas of the Mediterranean such as
Egyptian waters where its spawning season ranged from mid-August to mid-October (Assem et al.

2005).

As stated previously, inter-annual variations in some reproductive traits, such as the mean
diameters of the oocytes, the relative batch fecundity or the mean dry weight of hydrated oocytes,
were observed for the pompano in this study. In addition to this, since the maternal size effect on
these reproductive traits was disregarded in our data we believe that those sea water temperature
inter-annual variations could at least explain those variations in its reproductive features. Similar
seasonal or inter-annual variations in batch fecundity and egg-size have been reported for other fish
species, e.g. the Atlantic silverside Menidia menidia (Conover 1985), the pacific jack mackerel
Trachurus symmetricus (Lisovenko & Andrianov 1991), the bright-eye darters Etheostoma lynceum
(Heins et al. 2004); and the European hake Merluccius merluccius (Murua et al. 2006). Furthermore,
differences in egg quantity and quality have been attributed to different temperature conditions in
the spawning habitats for other species, e.g. the anchoveta Engraulis ringens off the Chilean coast
(Castro et al. 2009; Leal et al. 2009). Thus, water temperature appears to be related to different
patterns of seasonal, inter-annual or latitudinal changes in egg quantity and quality in fish
populations (Conover 1985; Tanasichuk & Ware 1987; Heins et al. 2004; Murua et al. 2006; Castro et
al. 2009; Leal et al. 2009).

Along with potential temperature effects, food availability for adults may also play a role in
determining differences in oocyte number and size, and it might also explain the variability, whether
spatial or temporally, in egg traits of a given fish species (Beacham & Murray 1993). In this sense the
assessment of the energetic content and relative concentrations of different biochemical components
(amount of lipid or protein) in the eggs would provide a complementary insight into the
environmental-related variations of the egg quality (Pickova et al. 1997; Rainuzzo et al. 1997; Riveiro
et al. 2000, 2004; Castro et al. 2009). In fact, Assem et al. (2005) have found in females specimens of
T. ovatus from the Egyptian waters off the Mediterranean that the total protein content in ovaries

varied according to different maturity phases recording maximum value at immature ovaries and
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minimum at spawning and spent (regressing) ovaries; whereas the total lipid contents of ovaries
reached their minimal values at immature phase, and their maximum recorded value was at the
nearly ripe (late developing) gonad. Unfortunately, here in the present study these later kind of
analyses were not carried out to determine if the nutritional content was the same or not across
years, however we do recognize that this kind of study is as well very important since differing diets
could change the nutritional content and might give us a clue of the temporal changes in egg quality

and size.

Several studies has previously shown that sea temperature may influence the timing of various
life processes in fish such as, for example, their spawning date (Kjesbu et al. 2010b; Morgan et al.
2013). In this case, the effects of temperature depend on when, in the annual thermal cycle, spawning
normally occurs, with increasing spring temperatures being required to trigger gonadal development
in species that spawn in spring and early summer, while falling temperatures stimulate reproduction
in autumn-spawning species (Pankhurst & Munday 2011). In our study of the pompano, the inter-
annual variation in the spawning phenology could be related to the inter-annual variations in
temperature that were also observed within the study area (Table 6.1) since although spawning
activity began a month earlier in 2011 and 2012 compared to 2010, in all three years it began when
SSTs had attained similar values (*21.0°C). This indicates that sea temperature may trigger the
initiation of spawning activity in this species and the difference in the timing of spawning activity
from one year to another may be the result of the seasonal migratory behaviour coupled with the
annual seasonality of the sea temperatures in the NW Mediterranean. All of which could indicate that
pompano spawning is highly temperature-sensitive and that, in addition, this species is able to adjust
the timing of spawning to suit the optimal temperature for embryo development, as is the case with
other species of fish (Pankhurst & Munday 2011).

Climate change will have major consequences for fish reproduction, including both temperate
and warm-water species, depending on various factors: specific physiological tolerances, capacity for
acclimation and adaptation, scope for behavioural avoidance, capacity to extend or shift ranges, and
the timing of thermal challenges with respect to the reproductive cycle (Pankhurst & Munday 2011).
For certain temperate water species, for example, climate change could lead to reproductive and
recruitment failure, whereas for some of the warm-water species, it could lead to changes in seasonal
phasing of reproduction and possible increases in species range (Munday et al. 2008; Pankhurst &
Munday 2011). It appears likely, therefore, that the present-day sea warming trends and the
associated changes in spawning phenology would give the pompano (and other warm-water fish
species) an advantage and favour their successful establishment into new habitats. Meanwhile, for
native fish species, small increases in sea temperature during spawning can dramatically increase
egg mortality and decrease survivorship to hatching since the egg stage is one of the most thermally
sensitive life stages in fish (Rombough 1997; Gagliano et al. 2007). In this sense, small increases in

temperature might tend to favour recruitment of some species (especially at higher latitudes) but
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larger temperature increases could lead to recruitment failures (especially at low latitudes) and at
times or places where food supply is limited (Munday et al. 2008; Pankhurst & Munday 2011).
Therefore, while global warming can benefit warm-water species, allowing their expansion into
areas they did not previously occupy (Sabatés et al. 2006; Petitgas et al. 2013; Lloret et al. 2015b), it
may threaten cold-water species, leading to local extinctions of certain species (Drinkwater 2005;
Perry et al. 2005). Changes in the abundance of warm- and cold-water fish species may have far-
reaching ecosystem effects, such as trophic cascades driven by the local loss/decrease of cold-water

predators or by the appearance/increase of warm-water predators (Lloret et al. 2015b).

Although, up to now, no accurate information is available regarding the migration of the
pompano in the Mediterranean, we suspect that this species (like other pelagic fish species from the
Carangidae family) shows seasonal migratory behaviour, spending the colder months in more
southern warm-water areas and, when the sea temperature reaches a certain value, migrating
towards cooler waters in the north where the species spawns once a threshold temperature has been
attained (Smith-Vaniz 1986). Apparently the pompanos show behavioural thermoregulation, that is
to say they are able to avoid or select the right environmental temperature and, within certain
thermal limits their distribution may be based on other ecological factors such as food availability.
And as far as food availability is concerned, the surrounding coastal waters of the southern Gulf of
Lyon (including the Gulf of Roses) are known to be affected by a permanent cyclonic circulation of
surface waters and intense vertical convections which promote intense algal blooms and elevated
primary production (Bosc et al. 2004) which, in turn, enhances the relatively high total biomass
present in the area (Banaru et al. 2013). Moreover, this area in the NW Mediterranean has been
recognized as an important spawning grounds for similar small pelagic fish such as the European
anchovy Engraulis encrasicolus or the sardine Sardina pilchardus (Olivar et al. 2001; Palomera et al.

2007; Bellido et al. 2008).

It has been suggested previously that present sea warming trends and changes in the seasonality
of the sea temperatures may be causing changes in spawning phenology and the timing of the
seasonal arrival of other fish species into more northern areas of the Mediterranean, favouring the
northward temperature-dependent expansion of warm-water species in the NW Mediterranean
(Lloret et al. 2015b). Examples of this include the round sardinella Sardinella aurita (Sabatés et al.
2006); the yellow-mouth barracuda Sphyraena viridensis (Villegas-Hernandez et al. 2014); the
bastard grunt Pomadasys incisus (Villegas-Hernandez et al. 2015a); and the bluefish Pomatomus
saltatrix (Sabatés et al. 2012; Villegas-Hernandez et al. 2015b). This appears to be the case with the
pompano: we hypothesize that sea temperature clearly influences its spawning phenology as well as
its seasonal arrival which may be facilitated not only by the physical conditions but also by the
higher food productivity in the northernmost area. Therefore, bearing in mind that sea temperature

seems to influence the pompano reproduction, this study demonstrates a clear need for further
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researches into the reproductive traits of warm-water species that are currently expanding into the

increasingly warmer northern waters.
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CHAPTER VII: General Discussion and Conclusions

Even though the results of this PhD thesis are directly applicable to the biological
knowledge of the studied species, here in the general discussion the results of the each
case study were integrated as a whole in order to make broader ecological
interpretations that may apply to other warm-water species which are expanding
northwards due to climate change. Finally, the main conclusions of this PhD thesis are

presented.
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General Discussion and Conclusions

This thesis analyzed the thermal-related spatio-temporal variations of the life-history traits of
four warm-water species: the bluefish (P. saltatrix), the bastard grunt (P. incisus), the yellow-mouth
barracuda (S. viridensis) and the pompano (T. ovatus), whose establishment within the study area has
presumably been favoured by the trends of increasing sea temperature in the NW Mediterranean
Sea. Several important conclusions emerged from these analyses and, although these apply
particularly to each of the study species, some of them are of general interest in the field of fish
ecology and fisheries management worldwide as they have implications regarding the increasing
abundances of warm-water species in temperate and cold-water environments. For instance, overall,
the results support the theory that sea warming is at least partly responsible for the northward
spread and increasing abundance of thermophilic species in the Mediterranean Sea, and strongly
suggest that their physiological adaptations in terms of physical condition and reproduction to the
rising sea temperatures is playing an important role in their establishment into areas they did not

previously occupy.

More specifically, regarding reproduction, the changes in size-at-maturity, fecundity and
spawning phenology, together with the sea warming trends, appear to improve the colonization
capabilities of thermophilic fauna in the northernmost areas of the Mediterranean. In addition, some
of these warm-water species are able to show a certain degree of plasticity in their spawning
strategies by trading-off egg size and quality for higher egg numbers in areas with colder
environmental conditions. This latter reproductive strategy may be an adaptation aimed at
maximizing the reproductive output in colder conditions. Secondly, with regard to fish condition, it
would seem logical that the condition of a warm-water species would be negatively affected as they
expand into colder areas they had not previously occupied; however, this is not always the case. For
example, in the case of the bluefish, what we actually found was a marine fish species, which is able
to expand its distribution due to sea warming, may take advantage of other environmental
conditions - such as better food availability - to improve or maintain their condition in those new

habitats.

Overall, I hypothesize that although higher sea water temperatures clearly influences the
availability of warm-water species in the NW Mediterranean, the expansion of these species may also
be encouraged by the higher productivity in the northernmost areas, so that this new habitat may
have become a more advantageous ecological niche for these species to exploit. At the same time, the
appearance/increase of warm-water predators (such as P. saltatrix and S. viridensis) may promote,
either by predation or competition, a community reassembly and alter the food web structure by

causing shifts in trophic pathways and changes in food availability in these marine ecosystems.
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That being said, I recognize that the biological response of fish to climate change can vary
substantially from one species to another, as observed in this thesis, depending on whether they
have sufficient phenotypic plasticity to be able to tolerate environmental changes, that is to say,
whether they are able to adapt their life-history traits to the unusual temperatures that prevail in
those habitats (Rosecchi et al. 2001). However, this thesis highlights the need to carry out this kind of
research into comparative reproductive energetics since it has proved to be a powerful approach to
understanding life-history trade-offs among fish populations which, in turn can shed light on the
phenotypic plasticity and the adaptation of the reproductive strategies to new environmental
conditions (Jergensen et al. 2008; Scarnecchia et al. 2011). This is particularly important since, as sea
warming continues, it is likely that warmer water temperatures will lead to more protracted
spawning seasons among the thermophilic taxa as they approach their full reproductive potential

and successful population growth in areas in which they previously had not existed.

7.1. Sea warming effects on life-history traits of thermophilic fish

Significant variations were found in the life-history traits of the species studied in this thesis,
indicating a certain degree of plasticity probably related to their physiological sensitivity to the
spatio-temporal variations in sea water temperatures in the areas they inhabit (Table 7.1). Thermal-
related changes were observed in size-at-maturity, fecundity (egg quality-quantity trade-off),

spawning phenology and condition, varying spatially and/or temporally.

Table 7.1 Summary of the main similarities and differences observed in each study case based on the
condition and reproductive traits, such as the gonadosomatic index (GSI), the hepatosomatic index
(HSI), the oocytes diameter, the egg quality (dry weight of hydrated oocytes), the batch fecundity, the
length at first maturity (Lso), the spawning season (period and temperature threshold). Sources of
variation were compared to each other (within each chapter) and the overall results are presented
here in a summarized way using the following symbols: ‘+’ and ‘-* for more and less than,
respectively; ‘ =’ stands for similar; and NA denotes ‘not available’.

Biological parameters
a St:::ch Study case Sv(::‘I';;fiS()zf HSI | GSI Oocytes Eag Fecundi Spawning | Spawning L
pp diameter | quality v season threshold 5
P. saltatrix ; Gulfof Roses + + + - - July-Sep ~ 5
Thermal- Chp. 111 - - 18°C -
related (Chp. 111 Ebre Delta - - - May-Sep ( )
tiot 1 - - - - ° -
Spi;?iaeg;‘)l;‘;ra P. incisus Gulf of Roses + N 19°C
(Chp. 1V) Ebre Delta + + + + - 24°C +
Temperate vs S.sphyraena | + + + + - May-Sep ? -
thermophilic Barracudas
traits (Chp.V) S. viridensis - - - - + May-Jul 19°C +
comparison
Thermal- 2010 NA - - - - Aug-Sep
related T. ovatus 2011 NA + ¥ + + Jul-Sep x N
reproductive (Chp. VD) (21°C)
traits 2012 NA + + + + Jul-Sep
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7.1.1. Size at maturity

Water temperature has been shown to affect body growth and the effects of temperature on
maturation and reproductive effort appear to be indirect via the optimization of life-history traits in
fish populations (Charnov & Gillooly 2004; Drinkwater 2005). In this way, an increase in
temperature is expected to cause a decrease in the length and age at first maturation, affecting the
growth of adults as surplus energy is channelled into reproduction at an earlier age and smaller size
(Heino et al. 2002; Engelhard & Heino 2006). Size at maturation is known to be a highly plastic
parameter that changes under external pressures, such as water temperature or food availability,
and the response of fish such pressures is known to vary among species or even among separate
populations of the same species (Rose 2005). However, the maturity of fish is also known to be, in
some cases, closely related to total population abundance over the life of a cohort, with cohorts
maturing at a smaller size when population size is low (Rijnsdorp 1993; Morgan & Bowering 1997;
Morgan & Colbourne 1999), which could be also causing the observed lower sizes at maturity within
the northernmost populations of P. saltatrix and P. incisus compared to those reported for their
populations inhabiting warmer areas (Conand 1975; Pajuelo et al. 2003b; Chakroun-Marzouk & Ktari

2006; Fehri-bedoui & Gharbi 2008; Robillard et al. 2008).

7.1.2. Spawning phenology

In species with restricted spawning seasons which inhabit cold-temperate climates, water
temperature has been recognized as the main exogenous cue that ensures that gonadal development
occurs at the proper time so that fish are capable of spawning when conditions favour offspring
survival (Wright & Trippel 2009; Lowerre-Barbieri et al. 2011). In this sense, the spawning of both P.
saltatrix and P. incisus takes place during more prolonged seasons in areas where warmer
environmental conditions prevails and where they are well established (Norcross et al. 1974; Kendall
& Walford 1979; Pajuelo et al. 2003b; Chakroun-Marzouk & Ktari 2006; Ceyhan et al. 2007; Fehri-
bedoui & Gharbi 2008), whereas spawning seasons are shorter in the relatively colder areas of the
NW Mediterranean. The observed spawning pattern of P. saltatrix, which starts earlier in the
southern area of the NW Mediterranean and extends progressively northwards, has also been
observed in other fish species that reproduce in spring and summer, such as the anchovy (Engraulis
encrasicolus) or the red band fish (Cepola rubescens) (Martin & Sabatés 1991; Palomera 1992).
According to Sabatés et al. (2007), this spawning pattern of the bluefish is due to the presence of a
thermal front at the surface, perpendicular to the coast of the NW Mediterranean Sea, which means
that reproduction among the spring-summer spawners is more protracted in the south than in the
north. On the other hand, in P. incisus, whose spawning began in both sampling areas simultaneously
- despite a difference in water temperature of approximately 4°C - we suspect that in the
northernmost area, spawning still needs to start at the beginning of the warmest season because

otherwise the spawning season would be too short if this species waits to match its spawning to the
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optimal environmental conditions. In the northernmost area, the SST decreases earlier than in the
south (Sabatés et al. 2007), hence a more restricted seasonal window might occur in the Gulf of
Roses for the spawning of this species. In addition, within the northernmost area of the study area
(the Gulf of Roses), the native S. sphyraena showed a more prolonged spawning season than S.
viridensis whose short spawning season may indicate that the optimal environmental conditions for

this latter species occur in a more restricted seasonal window.

In our study cases, it was observed that spawning phenology is highly temperature-sensitive, and
usually the initiation of spawning activity was shown to be triggered by specific SST thresholds: at
18°C for P. saltatrix, at 19°C for S. viridensis, and at 21°C for T. ovatus (Table 7.1). In addition,
especially in the study of T. ovatus, a thermal-driven interannual variation was found in its spawning
phenology which started one month later in 2010 (a relatively colder year) compared to 2011 and
2012. These kinds of interannual, temperature-driven phenological changes have already been
observed in other marine fish species. For example, in the planktonic larval fish assemblages from
the Western English Channel (U.K.), the timing of the appearance of the summer-spawning (July-
September) group was found to be significantly dependent on sea temperatures in the previous
March, with earlier spawning during warmer years (Genner et al. 2009). Warmer waters have also
been associated with delayed spawning migration in flounder (Platichthys flesus) in the English
Channel (Sims et al. 2004), and are thought to drive earlier spawning of the Pacific herring (Clupea
harengus pallasi) off British Columbia (Ware & Tanasichuk 1989).

7.1.3. Spawning strategy

Egg development has been recognized as being strongly governed by temperature-dependent
rates of vitellogenesis (Miranda et al. 1990; Kjesbu 1994; Gillet & Quétin 2006; Mendiola et al. 2006;
Cunha et al. 2008). Therefore, the increased fecundity (at the expense of quality) of warm-water
species, such as that observed for P. incisus and S. viridensis in the colder and northernmost area,
might be an adaptation aimed at maximizing the reproductive output in colder conditions. In the
warmer Ebre Delta, P. incisus spawned better quality eggs at the expense of quantity compared to the
colder Gulf of Roses where the opposite pattern was observed (egg size and quality being traded-off
for higher egg numbers). Similarly in the case of the barracudas, different reproductive strategies
were also revealed when comparing the life-history traits of the temperate S. sphyraena to that of the
thermophilic S. viridensis. Apparently, the S. sphyraena spawns larger and better quality eggs at the
expense of quantity, while the S. viridensis releases a greater number of eggs of minor quality. Similar
kinds of temperature-driven changes in egg quantity and quality among populations and/or species,
as a result of bioenergetic trade-offs in response to environmental conditions, has been observed in

other fish species (Rosecchi et al. 2001; Bghn et al. 2004; Castro et al. 2009; Leal et al. 2009).

It is well known that in response to particular environmental conditions such as temperature or

food availability in a specific habitat, species fecundity may vary spatially (Witthames et al. 1995)
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and/or temporally (Kjesbu et al. 1998). This was observed spatially in our studies of P. saltatrix and
P. incisus and also temporally in our studies of T. ovatus. Thorsen et al. (2010) found a latitudinal
gradient in fecundity for cod (Gadus morhua), suggesting that the major source for those differences
lies in the water temperature regime with higher fecundity in warmer waters. There are other good
examples where population-specific reproductive strategies are an adaptive response to energetic
and environmental conditions (Leggett & Carscadden 1978; Conover 1992; Kinnison et al. 2001). For
example Kinnison et al. (2001) documented a trade-off between upstream migration energetics and
the resulting egg size and numbers between populations of Chinook salmon (Oncorhynchus
tshawytscha) and they hypothesised that migration strongly influences patterns of reproductive

allocation, favouring a higher ratio of egg number to egg size with greater migration distance.

There are many other observations that egg size varies inversely with egg number, but it is not
always clear whether egg stage or the effects of nutrition or downregulation are controlled for in
such field studies (Mcbride et al. 2015). However, experiments have proved useful in studying these
issues, i.e. it has been observed that spawning rate and batch fecundity declined in response to
reduced rations in three-spine stickleback (Gasterosteus aculeatus) (Wootton & Fletcher 2009); while
in contrast, reduced rations fed to zebrafish (Danio rerio) actually increased the numbers of oocytes,
although egg size and hatching success declined (Forbes et al 2010). Experiments by Einum &
Fleming (2000) examining the effect of Atlantic salmon (Salmo salar) egg number and offspring
survival demonstrated a stabilizing phenotypic selection for an optimal egg size, which was close to
the average size observed in the population, suggesting that adult females appear to prioritize their

own maternal fitness rather than immediate offspring survival.

7.1.4. Condition

It has been shown that different fish stocks or populations may display different levels of
condition according to the environmental characteristics of their habitats (Grecay & Targett 1996;
Perry et al. 1996; Lloret et al. 2002; Ratz & Lloret 2003). Furthermore, it has been assumed that
individuals with better condition usually inhabit warmer locations where optimal physiological
conditions prevail (Love 1974), as observed in our study case of the bastard grunt (P. incisus) (Table
7.1). In this sense, although it might seem that the fish condition of a thermophilic species would be
negatively affected during its expansion into colder areas where they were previously absent, this
might not always be the case. Here in this thesis, I observed that other environmental effects - such
as the feeding conditions (greater food availability at relatively eutrophic locations) - might explain
why condition of the bluefish (P. saltatrix) is relatively better in the Gulf of Roses in spite of the
colder environmental conditions (Table 7.1). In addition to this, differences in total net primary
production have been previously documented between northern and southern study areas of the NW
Mediterranean, being considerably higher in the Gulf of Lions (including the Gulf of Roses) at 1042.4
t km -2 y -1 (Banaru et al. 2013) than in the Ebre Delta at 386.68 t km -2 y -1 (Coll et al. 2006).
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Therefore, our findings support the theory that a marine fish species, which is able to expand its
distribution due to sea warming, may take advantage of other environmental conditions (such as
better food availability) in those new habitats, which in turn will contribute to increasing its energy
reserves and reproductive potential and thus may also contribute to enhancing the population’s

productivity in these areas.

7.2. Impacts of sea warming on fish catches

The role of hydro-climatic variations in regulating the abundance of the fish populations is
recognized today (IPCC 2014). As stated previously, this study showed that sea water temperature
plays an important role in the seasonality of the abundances of thermophilic species within the NW
Mediterranean, since the presence of these species within the catches increased considerably when
SSTs began to increase. It has been suggested that fluctuations in catchability, defined as the
proportion of the population available and captured by a unit effort in a specific space and time, may
be related to environmental factors such as water temperature (Arreguin-Sanchez 1996). Smith &
Page (1996) suggested that the catchability of certain marine resources could be increased due to
higher availability in particular areas of the oceans when they encounter their preferred water mass
characteristics, such as sea water temperature. Swain et al. (2000) observed that increased or
reduced catchability may reflect the temperature conditions that appear to be preferred or avoided
by the Atlantic cod (Gadus morhua). Similarly, Colbourne & Bowering (2001) showed that the
increase in abundance of the yellowtail flounder (Limanda ferruginea) was associated with an
increase in the sea temperatures and speculated that higher temperatures lead to an increase in
catchability. In this sense, our study of the bluefish (P. saltatrix) showed that its abundances (CPUE)
correlated positively with SSTs and that higher SSTs contribute to the increasing availability of this
species in the NW Mediterranean. Although there are no reliable data regarding the abundance of the
rest of the thermophilic species considered in this study (P. incisus, S. viridensis or T. ovatus), their
abundances are also apparently increasing as noticed by the local fishermen who have highlighted
the increasing presence of these species during recent years within the study area (Lloret et al
2015b).

Landings fluctuations of the Mediterranean fisheries have been examined for the most abundant
commercial species (59 species) and showed significant year-to-year correlations with temperature
for nearly 60% of the cases, and most of them were negatively related, with a reduction of 44% on
average (Tzanatos et al. 2013). Recently, Gamito et al. (2015) have demostrated the existence of a
decreasing trend in the catches of fish species in warming large marine ecosystems (LMEs) of the
world, where mean catches of polar and temperate species were higher in years of warmer winters
in the LMEs located in the northern part of the species range and in years of colder winters in LMEs
of the southern regions of their ranges, whereas mean catches of subtropical species were higher in

colder years in LMEs of lower latitudes and in warmer years in LMEs of higher latitude regions. Such
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results obtained for fish catches agree with a poleward shift of fish species as a response to ocean
warming. Moreover, Cheung et al. (2013) examined the composition of global fisheries catches
according to the inferred temperature preferences of the species caught in fisheries, and found that
there had been changes in the species composition of marine fisheries catches and that these were
significantly related to changes in ocean temperatures. These authors demonstrated that due to sea
warming, many marine thermophilic species are gradually moving into cooler waters, and, as a
result, species from warmer waters are gradually replacing those traditionally temperate species

caught in many fisheries worldwide, especially at higher latitudes (Fig. 7.1).

From 1970 to 2006, as open temperatures were rising, catch In the tropics, the catch composition changed from 1970 to 1980 and
composition in the subtropic and temperate areas slowly changed then stabilized, likely because there are no species with high enough
to include more warm-water species and fewer cool-water species. temperature preferences to replace those that declined.

1970 ————— 2000 -roouevenene P Future 1970 = 2000 :-:isieiocancs P Future

>d» Temperate/cool-water fish  >@» >wdw Subtropical fish ~ »@ Tropical/warm-water fish

Fig. 7.1 Graphical representation of how warming oceans are reshaping fisheries in which species
from warmer waters are replacing those that are traditionally caught in fisheries worldwide. Graphic
by The Pew Charitable Trusts’ ocean science division presenting the results and concepts from
Cheung et al. (2013). The thermometers are representative of trends in ocean temperature over time
and the fish are representative of trends in catch composition over time. Available at
www.pewenvironment.org/research-programs.

By impacting the pattern of marine biodiversity through changes in species’ distributions, climate
change will most likely affect the abundance, distribution and composition of fisheries catches, which
will then lead to large-scale redistribution of global catch potential (Cheung et al. 2009; Barange et al.
2010), and consequently fishing operations, catch shares and the effectiveness of fisheries
management measures (Sumaila et al. 2011; Gamito et al. 2013). However, these effects might not
necessarily be negative, as new fishing opportunities may also arise in some areas of the world,
particularly in temperate and polar regions; however, food security in tropical regions may be at risk

(Blanchard et al. 2005; Cheung et al. 2010; Gamito et al. 2015).
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Cheung et al. (2009) suggested that climate change could lead to numerous local extinction
events by the year 2050, particularly in subpolar regions, the tropics and semi-enclosed seas (e.g. the
Mediterranean Sea), with the distribution of pelagic fish species and demersal species moving pole-
wards by an average of 600 and 223 km, respectively. Furthermore, under the climate change
scenarios of the IPCC, impacts on fisheries have been projected based on recruitment, growth,
mortality, abundance and distribution of fish stocks, as well as changes in ocean net primary
production (NPP) and SSTs (Cheung et al. 2008; Portner et al. 2014). In this regard, Polovina et al.
(2011) suggested that, under the IPCC’s scenario (SRES A2) by 2100 relative to 2000, the fish catch in
the North Pacific Ocean subtropical biome is projected to increase by 26% through expansion of the
biome, while catches in the temperate and equatorial biomes may decrease by 38 and 15%,
respectively. Moreover, following the SRES A1B scenario, global climate change is projected to cause
a large-scale redistribution of global catch potential, with an average 30 to 70% increase in yield at
high latitudes, whereas a 40 to 60% drop will occur in the tropics and in Antarctica by the 2050s
relative to the 2000s (Blanchard et al. 2005; Cheung et al. 2010). Although maximum fisheries catch
potential is projected to increase at high latitudes and decrease at low latitudes by 2050 under these
climate scenarios, quantifying such projections is constrained by uncertainties in projected primary
production rates, biological responses (such as species interactions), and in projected effects of

multiple climate drivers and human activities (Portner et al. 2014).

7.3. Implications and perspectives for management

Although climate change is expected to have a major effect on the distribution and abundance of
fish through its influence on recruitment, differences in rates of survival along a latitudinal range will
be attributable not only to thermal tolerance, but also to match-mismatch dynamics between the
timing of reproduction relative to the production of larval food and predators (Cushing 1990; van
der Veer et al. 2000; Platt et al. 2003; Temming et al. 2007) or to the connectivity between spawning
sites and required nursery areas of early life stages (Wilderbuer et al. 2002). Furthermore, sea
warming can alter the growth, survival or reproduction rates of individuals, favouring warm-adapted
species and disadvantaging cold-adapted ones, that is to say, it is expected to change the species
composition of fish communities in a given region, replacing colder-water species with warmer-
water ones (Drinkwater et al. 2010). The increasing abundance of warm-water species in the
northernmost parts of the western Mediterranean may have important consequences for other
coastal species that may be ecologically affected by predation or competition for common resources.
Particularly, the predatory behaviour of top predators, such as P. saltatrix and S. viridensis, which
feed on other small fish species, can be threatening the native fauna. This raises further intriguing
questions as to whether the thermophilic fauna is affecting the temperate fish populations, as
observed by the presence of juveniles of the temperate S. sphyraena in the diet of S. viridensis. Either
by predation or competition, the climate-driven establishment of non-indigenous thermophilic fauna

in the NW Mediterranean might be causing a community reassembly that could seriously alter food
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web structure, for example, causing shifts in trophic pathways and changes in food availability which
would then affect fish stocks (Parsons & Lear 2001; Kirby & Beaugrand 2009; Kirby et al. 2009;
Brown et al. 2010).

Furthermore, through species shifts, climate change may also cause overlap of habitats of species
targeted by fishing with that of threatened species, potentially increasing the chances of the invading
species of being caught as bycatch (Jones et al. 2013). This kind of reshaping of the fisheries could
have negative effects including the loss of traditional fisheries, decreases in profits and jobs, conflicts
over new fisheries that emerge because of distribution shifts, food security concern, and a large
decrease in catches in the tropics (Cheung et al. 2013). In the latter case, climate change has been
thought to impact both fishers’ livelihoods (Badjeck et al. 2010) and fish production (Barange &
Perry 2009), where the consequences of climate change on fishing coastal communities could be
determined by (a) their climate change exposure, as some locations will be affected more than
others; (b) the sensitivity of climate change in terms of targeted species and the ecosystem on which
fishers and communities depend; and (c) on the fishers and their communities’ ability to adapt to
change (Quentin Grafton 2010). However, it is a fact that fishing communities as well as consumers
will need to adapt to new species appearing in fishing nets and the dwindling presence of traditional

species.

The evidence available still includes many uncertainties about the future of affected fish species
and also their harvesters who may be impacted (negatively or positively) by changes in fish stocks
due to climate change. However it is quite clear that the fishing communities which are dependent on
local resources of just a few species are likely be the most vulnerable to fluctuations in high-valued
fish stocks, whether due to overfishing or climate change or other causes (Brander 2010). Therefore,
where climate-driven ecological changes are significant, countries and communities will need to
adapt through, for example, changes in fishing practices and operations because the impacts of
climate change on the fisheries sector will have implications for availability of the marine resources

and food security (Allison et al. 2009).

Given the complexity and regional variability of marine ecosystems and their responses to
climate change, it is difficult to provide detailed adaptation strategies for fisheries management;
however, it is possible to suggest management practices that are likely to be helpful (IPCC 2014). In
this sense, the suggested adaptive responses to reduce the vulnerability of fisheries and fishing
communities include, among others: management approaches and policies that strengthen the
livelihood asset base; improved understanding of the existing response mechanisms to climate
variability to assist in adaptation planning; recognizing and responding to the new opportunities
brought about by climate change; monitoring biophysical, social, and economic indicators linked to
management and policy responses; and adoption of multi-sector adaptive strategies to minimize

negative impacts (Allison et al. 2009; Daw et al. 2009; Badjeck et al. 2010).
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If we want to counteract the impacts of climate change on marine communities, the best strategy
would involve fisheries management, so that native fish stocks could increase their resilience, i.e. by
reducing the fishing pressure (Cochrane et al. 2009) or preserving their essential fish habitats (EFH)
- where fish spawn, breed, feed, or grow to maturity - as marine protected areas (MPAs) (Bellido et
al. 2008). Maintaining their resilience should prevent a fishery from failing to deliver benefits by
nurturing and preserving those ecological features that enable it to renew and reorganize itself, and
thus increasing the chances of those fish stocks developing better life-history traits (condition,
growth and reproductive potential) in order to tackle the impacts of climate change. In this sense,
several studies have recognized that fishing negatively affects the life-history traits of marine
populations, which in turn makes them more vulnerable to climate change impacts (Begg et al. 1999;
Lundberg et al. 2000; Lehodey et al. 2006; Ottersen et al. 2006; Bradford et al. 2009; Planque et al.
2010). As exploitation can affect the way populations respond to climatic forcing, it is likely that
recovery to a given population abundance or biomass will not be sufficient to also restore the
patterns of population responses to climate. As fishing mortality increases, these changes in life-
histories could in some cases partially compensate for the lost reproductive value. A series of recent
studies have found that another key factor in increasing a stock’s resilience is the age structure of the
spawning populations, since older and larger females are not only more fertile (the number of eggs
per gram of body weight is generally rather constant), but they also produce larger eggs, more viable
larvae and spawn in a different temporal and spatial window (Marteinsdottir & Thorarinsson 1998;
Cardinale & Arrhenius 2000; Berkeley et al. 2004a; Birkeland & Dayton 2005). From this point of
view, the population’s reproductive potential is greater if larger/older individuals are proportionally
more abundant, and the presence of older individuals in the spawning stock should increase the
viability of the eggs and larvae leading to potentially higher chances of survival and recruitment

success under a wider range of environmental conditions (Berkeley et al. 2004b).

On the basis of the issues described in the previous paragraph, Lloret et al. (2015a) have made
several recommendations to minimize the effects of climate change on fish security and safety,
including: (a) the reduction in fishing effort, (b) the promotion of environmental-friendly fishing
techniques that minimize the discards and that avoid degradation and loss of marine habitats; (c) the
promotion of integrated and ecosystem approaches (ecosystem-based fisheries management), (d)
the establishment of new marine protected areas to increase not only fish abundance and biomass,
but also to enhance fish energetic reserves, and (e) the promotion of sustainable harvesting practices
that allow individual replacement associated with the maximum catch in a long term perspective.
The latter can be achieved following the three rules summarized by Froese (2004): (1) let fish spawn
(the target would be to let all fish spawn at least once before they are caught to rebuild and maintain
healthy spawning stocks); (2) let fish grow (the target would be to catch all fish at sizes close to their
optimum length; and (3) let the mega-spawners live (no mega-spawners being caught because the

quantity and quality of the eggs they spawn are higher than those of smaller spawners).
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According to the report entitled Assessment of Potential Effects and Adaptations for Climate
Change in Europe (ACACIA 2000), the main planning strategy for adaptation or mitigation of future
impacts of climate change on regional fisheries is to promote economic incentives to switch target
species or use other fishing gears to counteract the climate-driven impacts of fish distribution
changes and species composition. However, the decision of fishers on whether to change target
species and gear depends on several factors, such as resource abundance, commercial value,
information from other fishers, weather conditions, distance to fishing grounds, cultural aspects and
fisheries management measures, and thus, any adaptation of fisheries to the changes in the fish
communities is unlikely to be as fast or easy as thought (Christensen & Raakjeer 2006). On the
Portuguese coast, Gamito et al. (2013) have observed an increasing relative importance of
subtropical species caught mainly by the multi-gear fisheries, and these authors suggested that an
easier way to adapt Portuguese fisheries to the effects of climate change on fish distribution would
be to promote the use of trammel nets since these can catch a wider variety of species and a wider
size range than other multi-gear fisheries (such as gill nets or longlines), with fishers focusing on

subtropical species.

On the other hand, there have been some fishing initiatives to eradicate invasive alien species
from marine ecosystems such as that for the pufferfish (Lagocephalus sceleratus) within the Eastern
Mediterranean where this species is considered nowadays as a pest by fisheries and a potential
threat to biodiversity and to humans due to its lethal poison effects (Bentur et al. 2008; Kalogirou
2013). The Bern Convention on the Conservation of European Wildlife and Natural Habitats has
developed a European Strategy on Invasive Alien Species (Genovesi & Shine 2004) in which
eradication programmes are encouraged to mitigate the threats. However, in marine environments,
eradication is very difficult to carry out, especially if the species is not in the earliest stages of
invasion, and thus, for many long-established invasive alien species, eradication will simply not be
feasible. Similarly, the Florida Fish and Wildlife Conservation Commission (FWC) encourages people
to remove lionfish (Pterios volitans and P. miles) from Florida waters to help limit negative impacts to
native marine life and ecosystems within the Western Atlantic. However, due to the extent of the
lionfish invasion, Barbour et al. (2011) suggested that complete eradication of this species through
fishing is unlikely, and a substantial reduction of adult abundance will require a long-term
commitment and may be feasible only in small, localized areas where annual exploitation can be
intense over multiple consecutive years. Otherwise control strategies as attempts to eradicate
existing lionfish populations would be impractical and probably unsuccessful. However, these
targeted removal regimes could indeed lower the densities of lionfish populations, thus reducing
detrimental predation of particularly vulnerable fish species (Frazer et al. 2012). Regardless of the
viability and effectiveness of these interventionist measures on the invasive alien species, these
strategies are unlikely to be able to restore the ecosystem balance, but it is hoped it may perhaps

slow it down.
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At present, none of the thermophilic species studied in this thesis (P. saltatrix, P. incisus, S.
viridensis or T. ovatus) are considered fishing targets; they are merely bycatch species in the fishing
ports of the NW Mediterranean and their landings correspond mainly to the artisanal and coastal
small-scale fishing fleets which target a wide range of fish species. Therefore, a good adaptive
response to climate-driven changes in species distributions in the NW Mediterranean would
probably be to promote the fishing of some thermophilic fish, which in turn may increase the
resilience of stocks of native temperate species that are currently under high fishing pressure. Lloret
et al. (2015a) have suggested that for certain small and medium-sized pelagic fish, the promotion of
invasive warm-water (often not exploited or little exploited) and less accepted species among
consumers over cold-water (often overexploited) species, might be a feasible management strategy.
In the NW Mediterranean, the consumption of warm-water species such as Sardinella aurita,
Pomatomus saltatrix, Sphyraena viridensis and Trachinotus ovatus could be promoted. However, this
recommendation must be considered case-by-case with extreme caution, and will be not desirable in
the case of certain warm-water species that have life history traits that render them very vulnerable
to fishing such as thermophilic groupers or billfishes, which are also spreading into new areas

because of sea warming (see e.g. Lloret et al. 2015Db).

All the above mentioned operational strategies must be set up on a regional level since it is highly
probable that the regional effects of climate change will contribute towards the perturbation of sea
activities in the Mediterranean where the pelagic, demersal and benthic species are severely affected
by artisanal, semi-industrial and industrial fleets. Moreover, further programmes must contribute to
the knowledge on the effects of climate change on the marine and coastal biodiversity and to the
knowhow in terms of adaptation and implementation of solutions for the conservation of ecosystems
and natural resources. Adopting action plans stemming from holistic concepts, such as integrated
management of the ecosystem approach, are urgently needed even if it means having complex

governance mechanisms at several spatial levels (local, regional, national, and trans-national).

7.4. Final overview

The results of this thesis highlight the important fact that, beyond studying the increases in
abundance and biomass of warm-water species worldwide due to climate change, it is also necessary
to study the biology of such thermophilic species because it will help us improve our understanding
of the biological mechanisms of these sea warming driven changes in the marine communities. To
date, most of the published studies have focused mainly on the study of changes in the abundance
and biomass of fish communities and their ecological assemblages based on complex models
(Brander 2003, 2007; Perry et al. 2005; Lehodey et al. 2006; Collie et al. 2008; Dulvy et al. 2008;
Graham & Harrod 2009; Jennings & Brander 2010; Cheung et al. 2013; Hollowed et al. 2013; Gamito
et al. 2015), however these models often fail to reveal the biological mechanisms behind the

temporal and spatial changes in species abundance. The results presented here in this thesis show
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that these changes can be addressed more properly by studying the physiology and bioenergetics of
those species, so that we can adequately predict and better understand the impact of climate change
on the distribution of marine organisms. Moreover, the results of this research introducing biological
data of fish - such as reproduction and condition - suggest that the climate-driven changes in fish
populations can also be investigated by assembling comparative data from populations inhabiting
environments with different temperature regimes. This kind of spatial comparative approach may
enable us to study the links between water temperature and life-history traits when long-term series

of temporal (inter-annual) data is lacking.

7.5. Recommendations in future researches

In future research, firstly, it is crucial to continue the monitoring of sea water temperatures
within the study area in order to improve our knowledge about the processes and changes underway
in the NW Mediterranean which may be influencing the observed changes in the marine
communities. Secondly, it is highly recommended that proper abundance-based monitoring
programmes be implemented with regard to the fish species studied here (as well as for other non-
native warm-water species) in order to study the status, growth and establishment of their
populations within the NW Mediterranean Sea. Diet ecology and fish assemblages studies are also
encouraged in order to achieve a more comprehensive understanding of the biological interactions,

feeding ecology and space occupation between native and non-native species.

Finally, it is crucial to continue to undertake studies on the life-history traits of fish in relation to
sea warming so that we can understand the biological mechanisms behind the changes in abundance
and biomass of fish related to climate change. Such knowledge would provide adequate suitable
foundation on which ecosystem-level complexities can be addressed. This conceptual framework
needs to be considered for developing further hypotheses which will deepen our integrative

understanding of the effects of climate change on fish.
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7.6. Conclusions
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Although water temperature clearly influences the presence and spawning phenology of the
bluefish (Pomatomus saltatrix), its northward expansion may have been facilitated not only by
favourable temperatures but also by the higher productivity in the northernmost area, as

evidenced by the increased fish condition in these waters.

The bastard grunt (Pomadasys incisus) is taking advantage of its ability to show a certain degree
of plasticity in the spawning strategies by trading-off egg size and quality for higher egg numbers

in areas with colder environmental conditions.

The life-history traits of the European barracuda (Sphyraena sphyraena) are, at present, better
suited to the environmental conditions of the NW Mediterranean compared to the more
physically restricted life-history traits of the non-native yellow-mouth barracuda (S. viridensis).
However, the thermophilic S. viridensis has a considerably higher reproductive potential which
may favour its population growth within the study area, especially if the present-day sea

warming continues.

Temporal variations in the reproductive traits of the pompano (Trachinotus ovatus) were
observed inter-annually, all of which might correspond to the changes in water temperatures,
indicating an important influence of the water temperature on its reproduction and explaining its

seasonal presence within the northernmost areas of the Mediterranean.

Sea warming plays a role in the northward spread and increasing abundance of warm-water
species in the NW Mediterranean Sea, mediated through physiological adaptations - such as the
changes in size-at-maturity, fecundity, spawning phenology and condition - to the rising sea
temperatures, which appear to be playing an important role in the establishment of this

thermophilic fauna into areas they did not previously occupy.

Overall, the results provided in this PhD show that not only is it necessary to continue studying
the increases in abundance and biomass of warm-water species due to climate change, there is
also a need for research into their life-history traits, particularly condition and reproduction, in
order to improve our understanding of the biological mechanisms behind the changes in marine

communities due to sea warming.

In order to enhance the resilience of local fish stocks to climate change, fishing pressure must be
maintained at sustainable levels and the essential fish habitats (EFHs) should be preserved,
providing areas for native fish species to enhance their condition, growth and reproductive
potential and thus decrease their vulnerability to ecological threats arising from the increasing
numbers of non-native thermophilic fish species that threaten the sustainability of

temperate/cold water stocks.
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APPENDIXES

Appendix 1: Box and Jenkins modelling strategy

The Box and Jenkins modelling strategy considers three steps: identify the model,
estimate the coefficients and verify the model. These procedures apply to stationary series
(time series with no systematic change in mean and variance) with data that are normally
distributed. First- or second-order differencing (non-seasonal and/or seasonal) remedies
non stationary mean, and logarithmic transformation remedies non-stationary variance
and non-normal distributions of original data. All the time series were nearly stationary. In
the same way that autocorrelation function was used to identify univariate ARIMA models,
the data analysis tool employed for the identification of transfer function models is the
cross correlation function between the input and output. Identification of the number of
terms to be included in the model was based on the examination of the autocorrelation
(ACF) and partial autocorrelation (PACF) functions of the differenced, log-transformed
time series. The coefficients of the model were estimated by the maximum likelihood

method. Verification of the model was done through diagnostic checks of residuals.

Verification of each univariate-ARIMA model was performed through diagnostic checks
of the histogram and normal probability plots of residuals and the standardized residuals
(which are found by dividing each residual by the residual standard deviation). For the
transfer function models, the ACF and the PACF functions of the residuals (noise or
disturbance) and the cross correlation functions involving input and residuals were
examined. In case of evidence of transfer model inadequacy from the behavior of
individual autocorrelations, autoregressive and/or moving-average parameters were fitted
to noise and the iterative cycle of identification, estimation and diagnostic checking was
repeated until a suitable model was found. A detailed description of the non-seasonal and
seasonal ARIMA models and the standardized notation used in this paper is provided in

Appendix 2.

The residual standard error was used to compare the accuracy between the univariate-
ARIMA and the transfer models obtained. It is important to notice that we were not
interested here in forecasting catch using temperature variable, but only in assessing the
role of the input variable (SST) in accounting for the variability of the output variable
(catch). Therefore, we simplified the transfer function models as much as we could, neither

differencing nor transforming logarithmically the raw data (all time series were nearly
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stationary), and allowing the random appearance of some outliers in the residuals of the
models (diagnostic checking of residuals did not indicate any inadequacy; disturbance

series were stationary and did not show any structure).

The bivariate transfer function models are expressed by the following general equation
(Pankratz 1983, 1991): Y. = f (X = vo X: + v1 X; .1 + v2 X¢ 2 + ... a;, where coefficient vy is a
weight that states how Y; responds to a change in X; (current month change in X);
coefficient v; states how Y; responds to a change in X;.; (one month earlier change in X;);
coefficient v, states how Y; responds to a change in X (two months earlier change in X;),
and so forth. The v weights can be positive or negative. Of course, the larger the absolute
value of any weight vy, the larger the response of Y; to a change in X.x. The sum of these
weights gives the total gain. Only significant coefficients at a t-value >|2| (P < 0.05) were
considered. The a; are random shocks. Before fitting transfer function models, univariate
ARIMA models (Box and Jenkins, 1976) were built for the local temperature factor and
catch using the monthly data. There are several advantages to performing these
preliminary analyses. Firstly, univariate time series models give a baseline model for the
output series of the transfer function models. In particular, we can consider the transfer
function residual standard errors and compare them with the residual standard errors of
the ARIMA models for the output variables. Secondly, in the transfer function model testing
stage, residuals from ARIMA models for the input series are needed at the checking stage

of transfer function models.

Appendix 2: Gonad photomicrographs

Photomicrographs of ovaries and testis of the studied species showing the following
reproductive phases: (A) immature, (B) developing, (C) spawning capable, (D) regressing,
and (E) regenerating. Oocyte developmental stages are also shown as PG: primary growth,
CA: cortical alveoli, Vtgl: early vitellogenic, Vtg2: mid-vitellogenic, Vtg3: advanced
vitellogenic, AT: atretic, POF: post-ovulatory follicles, OW: ovarian wall. Germinal
developmental stages are also shown as Sgl: primary spermatogonia, Sg2: secondary
spermatogonia, Sc: spermatocyte, St: spermatid, Sz: spermatozoa, Rsz: residual

spermatozoa, and Lu: lumen.
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A2.1. Bluefish (Pomatomus saltatrix)
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A2.2. Bastard grunt (Pomadasys incisus)

°

Felhales
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A2.3. European barracuda (Sphyraena sphyraena)
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A2.4. Yellow-mouth barracuda (Sphyraena viridensis)

Females Males
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Journal of Fish Biology (2014) 84, 1940-1957
doi:10.1111/jfb.12411, available online at wileyonlinelibrary.com

Life-history traits of temperate and thermophilic
barracudas (Teleostei: Sphyraenidae) in the context of sea
warming in the Mediterranean Sea

H. ViLLEGAS-HERNANDEZ*, M. MUNOZz AND J. LLORET

Departament de Ciéncies Ambientals, Universitat de Girona, Campus de Montilivi, E-17071
Girona, Spain

(Received 16 December 2013, Accepted 29 March 2014)

This study indicated that the life-history traits of European barracuda Sphyraena sphyraena
are apparently better suited to their environmental conditions compared to the more physically
restricted life-history traits of the yellow-mouth barracuda Sphyraena viridensis, which co-habit
the north-western Mediterranean Sea. The latter thermophilic species has a considerably higher
reproductive potential as it invests its energy reserves in larger numbers of hydrated eggs per spawning
batch. This would favour its population growth rates within the study area, especially if sea warming
continues, in which case it is likely that the spawning phenclogy of this species would give it an
advantage.

© 2014 The Pisheries Society of the British lales
Key words: condition; north-west Mediterranean; reproduction; sea warming; Sphyraena sphyraena;

Sphyraena viridensis.

INTRODUCTION

When thermophilic species expand into a new habitat, or increase in abundance in
response to sea warming, native species may suffer from predation or competition
(Golani, 19934a). In some cases, these effects may be detected in closely related, confa-
milial species in which coexistence and competition may occur (Molinero ef al., 2005).
It has been shown that invading species may display deviant life-history traits showing,
for example, great plasticity in growth and fecundity as compared to well-established
conspecific populations, which in periods of rapid population growth may favour the
processes of expansion and establishment of non-native species into new habitats (Behn
et al., 2004; Ribeiro & Collares-Pereira, 2010). To understand the characteristics of
successful non-native species populations, it is necessary to improve the ability to
foresee the potential impacts on native species populations (Rosecchi ef al., 2001,
Bohn er al., 2004). Therefore, comparative life-history studies of strategies between
non-native species and closely related native species are necessary (Golani, 1993b;
Golani ef al., 2007), mainly for improving understanding and to better manage the

#Author o whom correspondence  should be  addressed. Tel: +34 972 418269;
email: haroldoswaldo.villegas@udg.edu
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Abstract

This study evaluates the influence of sea water temperature on the life-history traits of the thermophilic bastard grunt Poma-
dasys incisus along the Catalan coast. We compared two key traits of this species, condition and reproduction, from populations in
two separate areas with different thermal regimes: the Gulf of Roses (cold area) and the Ebre Delta (warm area). Specimens were
collected monthly from each area between 2010 and 2012. The results were also compared with those given in the literature from
sites where the species is more common, i.e. the southern Mediterranean and eastern Atlantic. Our findings indicate that, com-
pared to the populations in warmer environments, the population inhabiting the colder waters appears to be in significantly poorer
condition and there is some deviance in their life-history traits: egg size and quality being traded-off for higher egg numbers;
lower lengths at maturity and alterations to spawning phenology. A certain degree of plasticity in life-history traits may favour the
process of expansion and establishment of this thermophilic species into newly available but colder habitats of the north-western

Mediterranean under a scenano of climate change.

Keywords: Pomadasys incisus, bastard grunt, condition, reproduction, sea warming.

Introduction

Sea warming is allowing northward expansion of
thermophilic species in the Mediterranean (Francour et
al., 1994; Molinero et al., 2005; Perry et al., 2005, Sa-
batés et al., 2006, 2012; Lloret et al., 2014). It has been
observed, in this context, that invading species may dis-
play deviant life-history traits showing, for example,
great plasticity in growth and fecundity - as compared to
well-established conspecific populations in other areas -
which in periods of rapid population growth may favour
the processes of expansion and establishment of these
invading species in new habitats (Rosecchi et al., 2001,
Boehn et al., 2004, Ribeiro & Collares-Pereira, 2010).
The extent of this plasticity in their life-history traits,
which is a response to either fish density or environmen-
tal conditions, is dependent on adaptations to environ-
mental variation which, in turn, are limited by the inher-
ent physiological and behavioural characteristics of each
fish species (Alcaraz & Garcia-Berthou, 2007, Ribeiro
& Collares-Pereira, 2010). In this sense, fish condition
and reproduction are two key life-history traits that can
help to characterize certain components of the environ-
ment in which fish exist and thus reveal changes - such
as sea warming - in environmental conditions (Lloret ef
al., 2002, 2012, 2014; Lloret & Planes, 2003; Pankhurst
& King, 2010; Pankhurst & Munday, 2011).

Medit. Mar. Sci., 16/1, 2015, 21-30

The bastard grunt, Pomadasys incisus (Bowdich 1825),
1s a coastal demersal species inhabiting marine and brackish
waters (Pajuelo ef al., 2003a), usually near sandy or muddy
substrate, at depths between 10 and 100 m, although it is
more commonly found not far from 50 m (Kapiris et al,
2008). Its main distribution encompasses the eastern part of
the Atlantic Ocean, from Angola to Gibraltar (including the
Canary Islands, Madeira and the Cape Verde Islands). How-
ever, this subtropical and thermophilic species is currently
spreading and establishing itself within the whole Mediter-
ranean Sea (Bodilis ef al., 2013). This species naturally en-
tered the Mediterranean Sea through the Strait of Gibraltar
but the prevailing currents, sea warming and the availability
of suitable soft substrate in relatively shallow waters has
recently allowed P. incisus to establish itself in the north-
western Mediterranean basin (Francour et al., 1994; Pastor
et al., 2008; Bodilis et al., 2013). F. incisus is an example
of the latitudinal extensions and/or demographic increase of
thermophilic fishes, which are taking advantage of the cur-
rent climate change (Psomadakis et al., 2012). In the Gulf
of Roses and adjacent waters in particular (southern Gulf of
Lyon), the bastard grunt has apparently become more fre-
quent since the 1950s (Lloret ef al., 2011). However, land-
ings statistics for this area are inexistent.

Information on the biology of P incisus has so far
been restricted to the Canarian Archipelago (Pajuelo et al.,
2003a, 2003b) and the Gulf of Tunis (Chakroun-Marzouk

21
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Reproduction, condition and abundance of the Mediterranean
bluefish (Pomatomus saltatrix) in the context of sea warming

HAROLD VILLEGAS-HERNANDEZ,* JOSEP
LLORET AND MARTA MUNOZ

Department of Envivonmental Sciences, Faculty of Sciences,
University of Girona, Campus Montilivi, E-17071, Girona,
Spain

ABSTRACT

This study evaluates the link hetween sea warming and three
important aspects of the population dynamics of bluefish, Po-
matomus sakaix, in the north-westem (NW) Mediterra-
nean: condition (health measures), reproduction and
abundance (as reflected in catch per unit effort, CPUE). We
compared the bluefish populations from two areas with dif-
ferent thermal regimes: the Gulf of Roses and the Ebre Delta.
First, in order to compare the condition and reproduction
parameters of the two populations, specimens were collected
from the commercial catch landed in two ports located in
these areas. Several indicatars of fish condition and repraduc-
tion such as hepatosomatic index, gonadosomatic index,
maturation timing, length-at-first maturity, fecundity, egg
quality and atresia (ovarian follicle resorption) were analysed
and compared between study aress. Second, time series
analyses of sea surface temperatures (SST) and monthly
bluefish CPUEs in the two study areas were assessed using
Box—Jenkins transfer function models. Our results indicate
that bluefish benefit from sea warming in the NW Mediter-
ranean, particularly in the northernmost zone, as evidenced
by increasing fish condition in these waters. Sea warming
may favour the changes in spawning phenology and the
northward expansion of this species. This study provides evi-
dence that a marine fish species that is able to expand or is
forced to shift its distribution as a result of sea warming may
take advantage of other environmental conditions of new
hahitats, contributing to the enhancement of the popula-

tion’s productivity in these areas.
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INTRODUCTION

The Mediterranean Sea is a semi-enclosed basin where
sea warming is likely to be more pronounced and to
become apparent sooner than in other more open
aceans (Astraldi et al., 1995; Bethoux et al., 1999;
Walther et al., 2002; Coll et al., 2010). Climate mod-
els predict that the Mediterranean basin will be one of
the regions that is most affected by the ongoing warm-
ing trend and by an increase in extreme events (Parry,
20005 Lejeusne et al., 2010; Calvo et dl., 2011; Durrieu
de Madron et dl., 2011). Subtropical species are found
mainly in the eastern basin and southern Mediterra-
nean, where water temperatures are higher, whereas
cold-temperate species inhabit the cooler northern
areas (Salat, 1996; Bianchi and Morri, 2000; Coll
et dl., 2010).

A direct consequence of sea warming is a simulta-
neous increase in the abundance of thermo-tolerant
species and the decline or disappearance of ‘cold’
stenothermal species (Lejeusne et al., 2010). In a
semi-closed system such as the Mediterranean basin
these changes may cause the progressive homogeniza-
tion of the marine hiota, the dislocation of other spe-
cies, the loss of endemic species coupled with invasion
by non-indigenous species and/or cascade effects on
food webs (Molinero et al., 2005).

Not only could marine biodiversity be seriously
affected, but climate change may also affect fisheries
directly by influencing fish stocks and the global supply
of fish for consumption. Commercial fishing would also
be affected by changes to the overall value of fish
catches owing to changes in the abundance of the spe-
cies caught. The value of the total catch may decrease
as warm water species — which can be of lower com-
mercial value — increase at the expense of other species
of greater commercial value, e.g., the increase of the
thermophilic, low value Sardinella aurita (Sabatés
et al., 2006) versus the decrease of the temperate, high
value Engraulis encrasicolus and Sardina pilchardus
(Martin et al., 2011).

The bluefish, Pomatomus saltatrix, (Linnaeus 1766),
is distributed over continental shelves and in estuaries
of temperate waters throughout most of the world,
with the exception of the northern and mid-Pacific
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