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List of abbreviations  

AEPM= annual egg production method 
 

AM= advanced mode 
 
Bb = Balbiani body 

 
CA= cortical alveolar oocyte developmental stage 
 

CA1 = primary cortical alveolar oocyte developmental stage. Few cortical alveoli in the cytoplasm, 
mainly at the periphery of the oocyte 

 
CA2 = secondary cortical alveolar oocyte developmental stage. Increased number of cortical alveoli 
appearing throughout the cytoplasm, from the periphery of the oocyte to the nucleus 

 
CA3 = final cortical alveolar oocyte developmental stage. Cytoplasm is filled with cortical alveoli before 

the presence of yolk globules 
 
CLSM= confocal laser scanning microscopy 

 
DAPI Ґ пΩΣс-diamidino-2-phenylindole 
 

DEPM = daily egg production method 
 

DEV = developing reproductive phase 
 
DFRM = daily fecundity reduction method 

 
DiOC6 = 0.3% aqueƻǳǎ ǎƻƭǳǘƛƻƴ ƻŦ оΣо-dihexyloxacarbocyanine iodide 
 

EPM = egg production methods 
 

ESG = early secondary growth oocytes 
 
ESG:LPG ratio = the numerical ratio of early secondary growth and late primary growth oocytes 

 
f = spawning frequency 
 

FB = batch fecundity 
 

FPOF = number of POFs  
 
GSI = gonadosomatic index  

 
GVBD = germinal vesicle break down oocyte developmental stage 

 
GVM1 = early germinal vesicle migration oocyte developmental stage 
 

GVM2 = late germinal vesicle migration oocyte developmental stage 
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HYD = hydration oocyte developmental stage 
 

ISI = interspawning interval 
 

LPG= late primary growth oocytes 
 
NEA = Northeast Atlantic  

 
Nv = postovulatory follicles density  
 

OD = oocyte diameter 
 

OGP = oocyte growth period 
 
OPD = oocyte packing density 

 
OSFD = oocyte size frequency distributions 
 

OV = ovary volume 
 

OW = gonad weight 
 
OWs = Subsamples of gonad tissue 

 
PBS = phosphate buffered saline 
 

PCACT = significant PCA scores served as an activity index 
 

PFA = paraformaldehyde 
 
PG= primary growth 

 
POF method = postovulatory follicle method 

 
POFDA = postovulatory follicle diameter 
 

POFPD = the adjusted for POFs packing density method 
 
POFs = postovulatory follicles 

 
REST = resting reproductive phase 

 
RFAM = the mean values of advanced mode relative batch fecundity  
 

RFB = the relative batch fecundity (oocytes*gҍ1) 
 
RFci = cohort specific fecundity 

 
RFPOF = relative POF fecundity 

 
RNPG = the relative number of primary growth oocytes (oocytes*gҍ1) 
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RNSG = the relative number of secondary growth oocytes (oocytes*gҍ1) 

 
S = daily spawning fraction 

 
SG = secondary growth 
 

SPC = spawning capable reproductive phase 
 
SSB = spawning stock biomass 

 
TEM = transmission electron microscopy 

 
Vi = volume fraction of postovulatory follicles 
 

VTG = vitellogenic 
 
VTG1 = early vitellogenic oocyte developmental stage 

 
VTG2 = secondary vitellogenic oocyte developmental stage 

 
VTG3 = final vitellogenic oocyte developmental stage 
 

Wev = eviscerated weight  
 
WT = total weight  

 
Wv = viscerated weight (without gonads) 

 
Yg = yolk granules 
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Glossary  

Balbiani body = a structure exhibiting cytoplasmic asymmetry during primary growth phase 
 

Capital breeding strategy = species whose reproduction (gamete development, reproductive 
behaviuor, spawing migrations, etc.) is based on the energy acquired before spawning 
 

Determinate fecundity type = the recruitment of the secondary growth oocytes is completed before 
the onset of the spawning activity 
 

Fecundity type = the way and timing of the production of oocytes to be spawned 
 

Income breeding strategy = species whose reproduction (gamete development, reproductive 
behaviuor, spawing migrations, etc.) is based on the energy acquired during spawning 
 

Indeterminate fecundity type = the recruitment of the secondary growth oocytes also occurs after 
the onset of the spawning activity  

 
Iteroparous reproductive strategy = two or more reproductive cycles occur during lifetime 
 

Multiple batch spawners= fish that spawn more than one batches of oocytes during a spawning period 
 
Oogenesis = the morphological and functional processes that lead to the production of fertilizable 

eggs 
 

Oogonia = germ cells that may divide mitotically to maintain their population within the germinal 
epithelium or may enter meiosis and give rise to oocytes  
 

Oogonial proliferation = mitotic division of an oogonium into two new oogonia  
 

Postovulatory follicle = follicular layers that remain in the ovary after the release of the ovum during 
spawning  
 

Postovulatory follicle cohort = all postovulatory follicles originated from a single spawning event  
 
Reproductive cycle = the period from the onset of secondary growth recruitment till the completion 

of spawning activity of a fish stock 
 

Reproductive phases = Maturity phases of the ovary considered along the reproductive cycle 
 
Semelparous reproductive strategy = a single reproductive cycle occurs in lifetime  

 
SG recruitment = recruitment of new oocytes from the primary growth to the secondary growth phase 
of oogenesis  

 
Spawning fraction = the percentage of females spawned per day 

 
Spawning frequency = the number of spawning events per unit time, the time lag between two 
successive spawning events 

 
Spawning interval = the time lag between subsequent spawning events 



13 

 

Spawning period = the period between the release of the first and the last batch of eggs by the females 
of a fish stock 

 
Total oocyte release strategy = all mature oocytes are released in a single spawning event within the 

spawning period  
 
Vitellogenesis = accumulation of yolk protein in the oocyte cytoplasm 
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Summary 

Fish species have a high diversity of reproductive traits in order to survive in their habitats and 

successfully reproduce increasing the survival of offspring. Extended knowledge of their reproductive 

traits is provided by the connection between oocyte dynamics during oogenesis and spawning 

throughout time. The fish fecundity type (determinate, indeterminate) is defined by the pattern of 

oocyte recruitment according to the spawning period. The fecundity type is an important parameter 

in fisheries management for selecting the appropriate egg production method (EPM) for estimating 

spawning-stock biomass (SSB). However, many details concerning the fecundity type of many fish 

stocks are still unclear or controversial. In that respect, the principal aim of this study was to shed light 

on previously undiscovered aspects of different phases of oogenesis in highly commercial pelagic fish 

species with distinct spawning dynamics and to show the link between the spawning and ovarian 

dynamics as well as how both shape the fecundity type of species and their impact on the applicability 

of egg production methods. 

 

The fish species in this study were selected mainly based on their distinct spawning dynamics. 

Specifically, the early phase of oogenesis was studied throughout the reproductive cycle in the 

Mediterranean sardine, Sardina pilchardus, and the European anchovy, Engraulis encrasicolus, two 

closely related phylogenetic species with different spawning frequency and feeding strategies. The 

secondary phase of oogenesis was investigated using the Atlantic sardine, Sardina pilchardus, the 

Atlantic horse mackerel, Trachurus trachurus, and the Atlantic mackerel, Scomber 

scombrus, examining the ovarian dynamics of those species with different spawning dynamics. Thus, 

the selected species provided the opportunity to investigate the early phase of oogenesis in 

indeterminate spawners, and to examine the link between ovarian and spawning dynamics in the 

secondary phase of oogenesis, and its impact on egg production methods application.  

 

Three main scientific questions were explored in the present study. The chapters were organized 

based on the phases of oogenesis, beginning with the early phase of oogenesis and continuing with 

the secondary phase of oogenesis. Specifically, the fine structure of early oocytes during their 

development, as well as the oogonial proliferation and early oocyte dynamics were investigated in S. 

pilchardus and E. encrasicolus in chapter 3. In chapter 4, the dynamics of secondary growth oocytes 

were studied in different ovarian stages of three commercially important fish species with 

indeterminate fecundity but distinct spawning dynamics, S. pilchardus, T. trachurus, and S. scombrus. 

Furthermore, the dynamics of released egg remnants in the ovary (postovulatory follicles, POFs) were 

investigated in two fish species, S. pilchardus, and S. scombrus, with different spawning frequency. 

 

In conclusion, this study provided important answers for each one of the main scientific questions. 

Specifically, the pattern of oogonial proliferation and early oocyte dynamics was different throughout 

the reproductive cycle among indeterminate spawners, and the cytoplasmic development of primary 

and early secondary growth oocytes varied among closely related phylogenetic fish species indicating 

differences in the functional path during the development of their oocytes. In addition, the intensity 
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of oocyte recruitment from the primary to secondary growth phase as well as the secondary growth 

oocyte dynamics differed among indeterminate species with distinct spawning dynamics, showing 

that the fecundity type is flexible from determinacy to indeterminacy along a continuum. Moreover, 

POF dynamics varied among species with distinct spawning intervals, showing that sardine, with long 

spawning interval, had only a single daily POF cohort in the ovaries, whereas mackerel, with shorter 

spawning interval, exhibited co-occurrence of multiple daily POF cohorts. The coexistence of multiple 

daily POF cohorts in ovaries is an obstacle in the proper assessment of important parameters, such as 

spawning fraction, used in the application of the daily egg production method (DEPM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

ʃʶˊʾ˂ʹ˕ʹ  

ʆʰ ɻ̔ ʱ˒ˇˊʰ ʶʾʵʹ ʽ˔ʻˏ˖˄ ̫ ˔ˇˎ˄ ʰ˄ʰˉˍˏ˅ʶʽ ˃ʶʴʱ˂ʹ ˉˇʽˁʽ˂ˈˍʹˍʰ ˋˍʰ ʰ˄ʰˉʰˊʰʴ˖ʴʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ, 

ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˉʽʲʽ˗ˋˇˎ˄ ˋˍʰ ʶ˄ʵʽʰʽˍʺ˃ʰˍʰ ˁʰʽ ˄ʰ ʰ˄ʰˉʰˊʰ˔ʻˇˏ˄ ˃ʶ ʶˉʽˍˎ˔ʾʰ, ʰˎ˅ʱ˄ˇ˄ˍʰˌ ˍʹ˄ 

ʶˉʽʲʾ˖ˋʹ ˍ˖˄ ʰˉˇʴˈ˄˖˄Φ ɶ ʶʽˌ ʲʱʻˇˌ ʴ˄˗ˋʹ ˍ˖˄ ʰ˄ʰˉʰˊʰʴ˖ʴʽˁ˗˄ ˍˇˎˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ 

ˉ́ ˇːˉˇʻʷˍʶʽ ˍʹ ˋˏ˄ʵʶˋʹ ˃ʶˍʰ˅ˏ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˍ˖˄ ˖ˇˁˎˍˍʱˊ˖˄, ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ˖ˇʴʷ˄ʶˋʹˌ, 

ˁʰʽ ˍʹˌ ˖ˇˍˇˁʾʰˌ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍˇˎ ˔ˊˈ˄ˇˎΦ ʁ ˍˏˉˇˌ ʴˇ˄ʽ˃ˈˍʹˍʰˌ ˍ˖˄ ʽ˔ʻˏ˖˄ όˁʰʻˇˊʽˋ˃ʷ˄ʹΣ 

ʰˁʰʻˈˊʽˋˍʹ) ˇˊʾʸʶˍʰʽ ʰˉˈ ˍˇ ˃ˇˍʾʲˇ ˋˍˊʰˍˇ˂ˈʴʹˋʹˌ ˍ˖˄ ˖ˇˁˎˍˍʱˊ˖˄ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ˄ ˉʶˊʾˇʵˇ 

˖ˇˍˇˁʾʰˌΦ ʁ ˍˏˉˇˌ ʴˇ˄ʽ˃ˈˍʹˍʰˌ ʶʾ˄ʰʽ ˃ʽʰ ˋʹ˃ʰ˄ˍʽˁʺ ˉʰˊʱ˃ʶˍˊˇˌ ˋˍʹ ʵʽʰ˔ʶʾˊʽˋʹ ˍʹˌ ʰ˂ʽʶʾʰˌ, ʴʽʰ ˍʹ˄ 

ʶˉʽ˂ˇʴʺ ˍʹˌ ˁʰˍʱ˂˂ʹ˂ʹˌ ˃ʶʻˈʵˇˎ ˉʰˊʰʴ˖ʴʺˌ ʰˎʴ˗˄ ό9taύ ˃ʶ ˋˁˇˉˈ ̱ ʹ˄ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ʲʽˇ˃ʱʸʰˌ ˍˇˎ 

ʰˉˇʻʷ˃ʰˍˇˌ ʰ˄ʰˉʰˊʰʴ˖ʴʺˌ ό{{.ύΦ ʍˋˍˈˋˇΣ ˉˇ˂˂ʷˌ ˂ʶˉˍˇ˃ʷˊʶʽʶˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍˇ˄ ˍˏˉˇ ʴˇ˄ʽ˃ˈˍʹˍʰˌ 

ˉˇ˂˂˗˄ ʰˉˇʻʶ˃ʱˍ˖˄ ʽ˔ʻˏ˖˄ ʁ ʾ˄ʰʽ ʰˁˈ˃ʹ ʰˋʰ˒ʶʾˌ ʺ ʰ˃˒ʽ˂ʶʴˈ˃ʶ˄ʶˌΦ ɴˍˋʽΣ ˇ ˁˏˊʽˇˌ ˋˍˈ˔ˇˌ ʰˎˍʺˌ ˍʹˌ 

˃ʶ˂ʷˍʹˌ ʺˍʰ˄ ˄ʰ ʵʽʰ˂ʶˎˁʱ˄ʶʽ ˉˊˇʹʴˇˏ˃ʶ˄ʶˌ ʱʴ˄˖ˋˍʶˌ ˉˍˎ˔ʷˌ ˍ˖˄ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˒ʱˋʶ˖˄ ˍʹˌ 

˖ˇʴʷ˄ʶˋʹˌ ˋʶ ʶʾʵʹ ˉʶ˂hɹ ʽˁ˗˄ ʽ˔ʻˏ˖˄ ˃ʶ ˎ˕ʹ˂ˈ ʶ˃ˉˇˊʽˁˈ ʶ˄ʵʽʰ˒ʷˊˇ˄, ˉˇˎ ʷ˔ˇˎ˄ ʵʽʰ˒ˇˊʶˍʽˁʺ 

ʵˎ˄ʰ˃ʽˁʺ ˖ˇˍˇˁʾʰˌ, ˁʰʽ ˄ʰ ʵʶʾ˅ʶʽ ˍʹ ˋ˔ʷˋʹ ˃ʶˍʰ˅ˏ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˍʹˌ ˖ˇˍˇˁʾʰˌ ˁʰʽ ˍ˖˄ ˖ˇʻʹˁ˗˄Σ 

ˁʰʻ˗ˌ ˁʰʽ ˍˇ ˉ˗ˌ ʰˎˍʺ ʹ ˋ˔ʷˋʹ ɻ ʽʰ˃ˇˊ˒˗˄ʶʽ ˍ̌  ˄̱ ˏˉˇ ʴˇ˄ʽ˃ˈˍʹˍʰˌ ˍ˖˄ ʁ ʽʵ˗˄ ˁʰʽ ˍ̌  ˄h ˄ˍʾˁˍˎˉˈ ˍʹ̩ 

ˋˍ́˄ ʶ˒ʰˊ˃ˇʴʺ ˍ˖˄ ˃ʶʻˈʵ˖˄ ˉʰˊʰʴ˖ʴʺˌ ʰˎʴ˗˄Φ 

 

ʆʰ ʶʾʵʹ ʽ˔ʻˏ˖˄ h ˎˍʺ ̩ˍʹ̩ ˃ʶ˂ʷˍʹ ̩ʶˉʽ˂ʷ˔ʻʹˁʰ˄ ˁˎˊʾ˖ˌ ˃ʶ ʲʱˋʹ ˍʹ ʵʽʰ˒ˇˊʶˍʽˁʺ ʵˎ˄ʰ˃ʽˁʺ ˖ˇˍˇˁʾʰˌ 

ˍˇˎˌΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʹ ˉˊ˗ʽ˃ʹ ˒ʱˋʹ ˍʹˌ ˖ˇʴʷ˄ʶˋʹˌ ˃ʶ˂ʶˍʺʻʹˁʶ ˁʰʻϥ ˈ˂ʹ ˍʹ ʵʽʱˊˁʶʽʰ ˍˇˎ 

ʰ˄ʰˉʰˊʰʴ˖ʴʽˁˇˏ ˁˏˁ˂ˇˎ ˋˍʹ ɾʁ ˋˇʴʶʽʰˁʺ ˋʰˊʵʷ˂ʰΣ Sardina pilchardusΣ ˁʰʽ ˋˍˇ˄ ɳˎ ˊ˖ˉʰʿˁˈ ʴʰˏˊˇΣ 

Engraulis encrasicolusΣ ʵˏˇ ˒ˎ˂ˇʴʶ˄ʶˍʽˁʱ ˋˍʶ˄ʱ ˋˎʴʴʶ˄ʽˁʱ ʶʾʵʹ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁʺ ˋˎ˔˄ˈˍʹˍʰ ˖ˇˍˇˁʾʰˌ 

ˁʰʽ ˋˍˊʰˍʹʴʽˁʷˌ ʵʽʰˍˊˇ˒ʺˌΦ ɶ ʵʶˎˍʶˊˇʴʶ˄ʺˌ ˒ʱˋʹ ˍʹˌ ˖ˇʴʷ˄ʶˋʹˌ ʵʽʶˊʶˎ˄ʺʻʹˁʶ ˋ̱ ʹ ˋʰˊʵʷ˂ʰ ˍˇˎ 

ɮˍ˂ʰ˄ˍʽˁˇˏΣ Sardina pilchardusΣ ˍˇ ʴˁˊʽʸˇˋh ˏ́ʽʵˇ ˍˇˎ ɮˍ˂ʰ˄ˍʽˁˇˏΣ Trachurus trachurus ˁʰʽ ˍˇ 

ˋˁˇˎ˃ˉˊʾ ˍˇˎ ɮˍ˂ʰ˄ˍʽˁˇˏΣ Scomber scombrusΣ ʶ˅ʶˍʱʸˇ˄ˍʰˌ ˍʹ ʵˎ˄ʰ˃ʽˁʺ ˍ˖˄ ˖ˇʻʹˁ˗˄ ˋˍʰ ˍˊʾʰ ʶʾ ʵʹ 

ˉˇˎ ʷ˔ˇˎ˄ ʵʽʰ˒ˇˊʶˍʽˁʺ ʵˎ˄ʰ˃ʽˁʺ ˖ˇˍˇˁʾʰˌΦ ɴˍˋʽΣ ˍʰ ʶˉʽ˂ʶʴ˃ʷ˄ʰ ʶʾʵʹ ˉʰˊʶʾ˔ʰ˄ ˍʹ˄ ʶˎˁʰʽˊʾʰ ˄ʰ 

ʵʽʶˊʶˎ˄ʹʻʶʾ ʹ ˉˊ˗ʽ˃ʹ ˒ʱˋʹ ˍʹˌ ˖ˇʴʷ˄ʶˋʹˌ ˋʶ ʶʾʵʹ ˃ʶ ʰˉˊˇˋʵʽˈˊʽˋˍˇ ˍˏˉˇ ʴˇ˄ʽ˃ˈˍʹˍʰˌ ˁʰʽ ˄ʰ 

ʶ˅ʶˍʰˋˍʶʾ ˋʶ ʵʽʰʶʽʵʽˁˈ ʶˉʾˉʶʵˇ ʹ ˋ˔ʷˋʹ ˃ʶˍʰ˅ˏ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˍ˖˄ ˖ˇʻʹˁ˗˄ ˁʰʽ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˍʹˌ 

˖ˇˍˇˁʾʰˌ ˋˍʹ ʵʶˎˍʶˊˇʴʶ˄ʺ ˒ʱˋʹ ˍʹˌ ˖ˇʴʷ˄ʶˋʹˌ ˁʰʽ ʹ ʶˉʾʵˊʰˋʺ ˍʹ̩  ˋˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˍ˖˄ ˃ʶʻˈʵ˖˄ 

ˉʰˊʰʴ˖ʴʺˌ ʰˎʴ˗˄Φ 

 

ʆˊʾʰ ˁˏˊʽʰ ʶˉʽˋˍʹ˃ˇ˄ʽˁʱ ʶˊ˖ˍʺ˃ʰˍʰ ʵʽʶˊʶˎ˄ʺʻʹˁʰ˄ ˋˍʹ˄ ˉʰˊˇˏˋʰ ˃ʶ˂ʷˍʹΦ ʆʰ ˁʶ˒ʱ˂ʰʽʰ 

ˇˊʴʰ˄˗ʻʹˁʰ˄ ˃ʶ ʲʱˋʹ ˍʽˌ ˒ʱˋʶʽˌ ˍʹˌ ˖ˇʴʷ˄ʶˋʹˌΣ ˅ʶˁʽ˄˗˄ˍʰˌ ʰˉˈ ˍʹ˄ ˉˊ˗ʽ˃ʹ ˒ʱˋʹ ˍʹˌ ˖ˇʴʷ˄ʶˋʹˌ 

ˁʰʽ ˋˎ˄ʶ˔ʾʸˇ˄ˍʰˌ ˃ʶ ˍʹ ʵʶˎˍʶˊˇʴʶ˄ʺ ˒ʱˋʹΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʹ ˂ʶˉˍʺ ʵˇ˃ʺ ˍ˖˄ ˉˊ˗ʽ˃˖˄ ˖ˇˁˎˍˍʱˊ˖˄ 

ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ʰ˄ʱˉˍˎ˅ʺˌ ˍˇˎˌΣ ˁʰʻ˗ˌ ˁʰʽ ˇ ˉˇ˂˂ʰˉ˂ʰˋʽʰˋ˃ˈˌ ˍ˖˄ ˖ˇʴˇ˄ʾ˖˄ ˁʰʽ ʹ ʵˎ˄ʰ˃ʽˁʺ 

ˍ˖˄ ˉˊ˗ʽ˃˖˄ ˖ˇˁˎˍˍʱˊ˖˄ ˋˍh ʁ ʾʵh S. pilchardus ˁʰʽ E. encrasicolus ʰ˄ʰ˂ˏˇ˄ˍʰʽ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ оΦ ʅˍˇ 

ˁʶ˒ʱ˂ʰʽˇ пΣ ʶ˅ʶˍʱʸʶˍʰʽ ́ ʵˎ˄ʰ˃ʽˁʺ ˍ˖˄ ˖ˇˁˎˍˍʱˊ˖˄ ʵʶˎˍʶˊˇʴʶ˄ˇˏˌ ʰ˄ʱˉˍˎ˅ʹˌ ˋʶ ʵʽʰ˒ˇˊʶˍʽˁʱ 

ˋˍʱʵʽʰ ˍʹˌ ˖ˇʻʺˁʹˌ ˍˊʽ˗˄ ʶ˃ˉˇˊʽˁʱ ˋʹ˃ʰ˄ˍʽˁ˗˄ ʶʽʵ˗˄ ʽ˔ʻˏ˖˄ ˃ ʶ ʰˉˊˇˋʵʽˈˊʽˋˍ ̱̌ ˏˉˇ ʴˇ˄ʽ˃ˈˍʹˍʰˌ 

ʰ˂˂ʱ ʵʽʰ˒ˇˊʶˍʽˁʺ ʵˎ˄ʰ˃ʽˁʺ ˖ˇˍˇˁʾʰˌΣ S. pilchardus, T. trachurus ˁʰʽ S. scombrus. ɳˉʽˉ˂ʷˇ˄, 

ʵʽʶˊʶˎ˄ʺʻʹˁʶ ʹ ʵˎ˄ʰ˃ʽˁʺ ˍ˖˄ ˎˉˇ˂ʶʽ˃˃ʱˍ˖˄ h ˉˈ ˍʰ ʰˉʶ˂ʶˎʻʶˊ˖˃ʷ˄ hʰˎʴʱ (ˁ ʶ˄ʱ ˖ˇʻˎ˂ʱˁʽʰΣ thCǎύ 

ˋˍʹ˄ ˖ˇʻʺˁʹΣ ̀ ʶ ʵˏˇ ʶʾʵʹ ʽ˔ʻˏ˖˄, S. pilchardus ˁʰʽ S. scombrusΣ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁʺ ˋˎ˔˄ˈˍʹˍʰ ˖ˇˍˇˁʾʰˌΦ 
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ʅˎ˄ˇ˕ʾʸˇ˄ˍʰˌΣ ʰˉˈ ʰˎˍʺ ˍ́  ˃ʶ˂ʷˍʹ ʶ˅ʱʴˇ˄ˍʰʽ ʴʶ˄ʽˁʱ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ʴʽʰ ˁʱʻʶ ʷ˄ʰ ʰˉˈ ˍʰ ˁˏˊʽʰ 

ʶˉʽˋˍʹ˃ˇ˄ʽˁʱ ʶˊ˖ˍʺ˃ʰˍʰΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˍˇ ˃ˇˍʾʲˇ ˉˇ˂˂ʰˉ˂ʰˋʽʰˋ˃ˇˏ ˍ˖˄ ˖ˇʴˇ˄ʾ˖˄ ˁ ʰʽ ʹ ʵˎ˄ʰ˃ʽˁʺ 

ˍ˖˄ ˉˊ˗ʽ˃˖˄ ̟̌ ˁˎˍˍʱˊ˖˄ ʵʽʷ˒ʶˊʰ˄ ˋʶ ˈ˂ˇ ˍˇ˄ ʰ˄ʰˉʰˊʰʴ˖ʴʽˁˈ ˁˏˁ˂ˇ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇ ʶʽʵ˗˄ ˃ʶ 

ʰˉˊˇˋʵʽˈˊʽˋˍˇ ˍˏˉˇ ʴˇ˄ʽ˃ˈˍʹˍʰˌΣ ˁʰʽ ʹ ˁˎˍˍʰˊˇˉ˂ʰˋ˃ʰˍʽˁʺ ʰ˄ʱˉˍˎ˅ʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ˖ˇˁˎˍˍʱˊ˖˄ 

ˉˊ˖ˍˇʴʶ˄ˇˏˌ ˁʰʽ ˉˊ˗ʽ˃ʹ ̩ʵʶˎˍʶˊˇʴʶ˄ˇˏˌ ʰ˄ʱˉˍˎ˅ʹˌ ʵʽʷ˒ʶˊʶ ˃ʶˍʰ˅ˏ ʶʽʵ˗˄ ʽ˔ʻˏ˖˄ ˃ʶ ˋˍʶ˄ ̋

˒ˎ˂ˇʴʶ˄ʶˍʽˁʺ ˋ˔ʷˋʹΣ ˎˉˇʵʶʽˁ˄ˏˇ˄ˍʰˌ ʵʽʰ˒ˇˊʷˌ ˋˍ h˂ʶʽˍˇˎˊʴʽˁ ɦ˃ˇ˄ˇˉʱˍʽʰ ˁʰˍʱ ˍʹ ʵʽʰʵʽˁʰˋʾʰ 

ʰ˄ʱˉˍˎ˅ʹ ̩ˍ˖˄ ˖ˇˁˎˍˍʱˊ˖˄ ˍˇˎˌΦ ɳˉʾˋʹˌ, ˍˇ ˉˇˋˇˋˍˈ ˍ˖˄ ˖ˇˁˎˍˍʱˊ˖˄ ˉˇˎ ʰˉˈ ˍʹ˄ ˉˊ˖ˍˇʴʶ˄ʺ 

ʶʽˋʷˊ˔ˇ˄ˍʰʽ ˋˍʹ ʵʶˎˍʶˊˇʴʶ˄ʺ ˒ʱˋʹ ʰ˄ʱˉˍˎ˅ʹˌ, ˁʰʻ˗ˌ ˁʰʽ ʹ ʵˎ˄ʰ˃ʽˁʺ ˍ˖˄ ʵʶˎˍʶˊˇʴʶ˄˗˄ 

˖ˇˁˎˍˍʱˊ˖˄ ʵʶ˄ ʺˍʰ˄ ʹ ʾʵʽʰ ˃ʶˍʰ˅ˏ ˍ˖˄ ˍˊʽ˗˄ ʶʽʵ˗˄ ˃ʶ ʰˉˊˇˋʵʽˈˊʽˋˍˇ ˍˏˉˇ ʴˇ˄ʽ˃ˈˍʹˍʰˌ ʰ˂˂ʱ ˃ʶ 

ʵʽʰ˒̌ ˊʶˍʽˁʺ ʵˎ˄ʰ˃ʽˁʺ ˖ˇˍˇˁʾʰˌΣ ʵʶʾ˔˄ˇ˄ˍʰˌ ˈˍʽ ˇ ˍˏˉˇˌ ʴˇ˄ʽ˃ˈˍʹˍʰˌ ʶʾ˄ʰʽ ʶˎʷ˂ʽˁˍˇˌ ʰˉˈ 

ˉˊˇˋʵʽˇˊʽˋ˃ʷ˄ˇ ̀ ʶ ʰˉˊˇˋʵʽˈˊʽˋˍˇ ˃ʶ ˉˇʽˁʾ˂˂ʶˌ ʶ˄ʵʽʱ˃ʶˋʶˌ ˁʰˍʰˋˍʱˋʶʽˌΦ ɳˉʽˉ˂ʷˇ˄Σ ʹ ʵˎ˄ʰ˃ʽˁʺ ˍ˖˄ 

ˁʶ˄˗˄ ˖ˇʻˎ˂ʰˁʾ˖˄ (POF) ʺˍʰ˄ ʵʽʰ˒ˇˊʶˍʽˁʺ ˃ʶˍʰ˅ˏ ˍ˖˄ ʶʽʵ˗˄ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁʱ ʵʽʰˋˍʺ˃ʰˍʰ ˖ˇˍˇˁʾʰˌΣ 

ʵʶʾ˔˄ˇ˄ˍʰˌ ˈˍʽ ʹ ˋʰˊʵʷ˂ʰΣ ˃ʶ ˃ʶʴʱ˂ˇ ʵʽʱˋˍʹ˃ʰ ˖ˇˍˇˁʾʰˌΣ ʶʾ˔ʶ ˃ˈ˄ˇ ˃ʾʰ ʹ˃ʶˊʺˋʽʰ ˁˇˈˊˍʹ thC ˋˍʹ˄ 

˖ˇʻʺˁʹΣ ʶ˄˗ ˍˇ ˋˁˇˎ˃ˉˊʾΣ ˃ʶ ˃ʽˁˊˈˍʶˊˇ ʵʽʱˋˍʹ˃ʰ ˖ˇˍˇˁʾʰˌΣ ʶ˃˒ʱ˄ʽˋʶ ˋˎ˄ˏˉʰˊ˅ʹ ˉˇ˂˂ʰˉ˂˗˄ 

ʹ˃ʶˊʺˋʽ˖˄ ˁˇˇˊˍ˗˄ thCΦ ɶ ˋˎ˄ˏˉʰˊ˅ʹ ˉˇ˂˂ʰˉ˂˗  ˄ʹ˃ʶˊʺˋʽ˖  ˄ˁ ˇˈˊˍ˖  ˄thC ˋˍʽˌ ˖ˇʻʺˁʶˌ ʰˉˇˍʶ˂ʶʾ 

ʶ˃ˉˈʵʽˇ ˋˍʹ ˋ˖ˋˍʺ ʶˁˍʾ˃ʹˋʹ ˋʹ˃ʰ˄ˍʽˁ˗˄ ˉʰˊʰ˃ʷˍˊ˖˄Σ ˈˉ˖ˌ ˍˇ ˁ˂ʱˋ˃ʰ ˖ˇˍˇˁʾʰˌΣ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˍʹˌ ˃ʶʻˈʵˇˎ ʹ˃ʶˊʺˋʽʰˌ ˉʰˊʰʴ˖ʴʺˌ ʰˎʴ˗˄ (DEPM). 
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Chapter 1: Introduction 

 

1.1. Reproductive strategies in fishes 

Fish species exhibit a large variety in their reproductive strategies to adapt and inhabit the different 

marine habitats as well as to ensure the survival of their offspring (Wootton 1990; Murua and 

Saborido-Rey 2003; Patzner 2008). To cope with fluctuations in the environment, fishes display a wide 

variety of universal reproductive tactics or traits that occur in four temporal scales, 1) lifetime (e.g., 

sexual maturity, number of breeding opportunities), 2) annual (e.g., spawning seasonality, 

reproductive cycle), 3) intraseasonal (e.g., birthdate dynamics, spawning interval in batch spawners), 

and 4) diel (e.g., egg hydration, mating behaviour, spawning events) (Wootton 1984, 1990; Roff 1996; 

Murua and Saborido-Rey 2003; Lowerre-Barbieri et al. 2011). The majority of marine teleosts are 

highly fecund producing either pelagic or demersal eggs (oviparity, in which eggs are released at 

spawning and embryos develop outside the ovary) and they primarily use the r-strategy, which 

involves increasing the number of offspring while decreasing parental care, enhancing the likelihood 

that the offspring will survive (Wootton 1994; Murua and Saborido-Rey 2003). They are also 

iteroparous, which means that they spawn more than once during their lives in multiple reproductive 

cycles (Murua and Saborido-Rey 2003). However, there are fish species that spawn only once in their 

lives and then die exhibiting the semelparity type, such as the Pacific salmonids (Oncorhynchus sp.), 

capelin (Mallotus villosus), and eels (Anguilla sp.) (Murua and Saborido-Rey 2003). Fish species can 

either be total or batch spawners depending on the spawning pattern during the reproductive cycle. 

Iteroparous species which spawn in batches are the most common type among species, they develop 

and release multiple batches of eggs during a spawning period (Hunter and Macewicz 1985; Murua 

and Saborido-Rey 2003). Both iteroparous and semelparous species can be total spawners, which 

means that they spawn all their mature oocytes either in one event or over a short period (Pavlov et 

al. 2009; Lowerre-Barbieri et al. 2011). Fish species exhibit either a determinate or an indeterminate 

fecundity type depending on the pattern of oocyte recruitment during the spawning period 

(intraseasonal scale) (see Section 1.3). The connection between ovarian development and spawning 

over time provides extended knowledge of the reproductive traits in fishes. 

 

1.2. Oocyte development during oogenesis and ovarian organization 

Oogenesis is a complex process, including the transformation of oogonia into oocytes and their 

development to mature eggs, ready for fertilization (Grier et al., 2009). The general pattern of 

oogenesis in fish species is described briefly below. Oogonia are the descendants of primordial germ 

cells, derived from stem cells of the female germinal lineage (Grier, 2000; Nakamura et al., 2010; 

Nakamura et al., 2011). In mammals, oogonial proliferation occurs during the foetus stage (gestation) 

indicating that very few oogonia are formed after birth; the postnatal ovary is thought to include a 

fixed and non-renewing number of oocytes (Smith et al., 2014; Zou et al., 2009). In non-mammalian 

vertebrates, there are two oogonial proliferation patterns. Lampreys, almost all elasmobranchs, some 

teleosts, some reptiles and birds have oogonial proliferation limited to the embryonic or larval period. 

Unlike other vertebrates, in most teleosts, amphibians and reptiles, oogonia undergo periodic 
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proliferation throughout some part of the reproductive cycle (Tokarz, 1978). Focusing on fishes, in 

several species, proliferating oogonia are most abundant during the post-spawning period (Tokarz, 

1978). Oogonia divide mitotically to self-renew or produce germline cysts, whereas some oogonia 

undergo reabsorption (Nakamura et al., 2010; Nakamura et al., 2011; Quagio-Grassiotto et al., 2011).  

After a few synchronized mitotic divisions, oogonia inside the cysts (nests) transform into oocytes 

entering meiosis (chromatin nucleolus stage) (Grier et al., 2009; Nakamura, 2010; Nakamura et al., 

2011) (Fig.1.1). All oocytes of each nest develop synchronously during the chromatin nucleolus stage 

of oogenesis. This stage lasts from the onset of meiotic prophase I division through diplotene, then 

meiosis ceases and cytoplasmic basophilia indicates the beginning of the primary growth phase (PG) 

(Grier 2000).  

 

During primary growth phase, nuclei multiply and assume a perinuclear position (one-nucleolus, 

multiple nucleoli, perinucleolar stage) (Fig. 1.1). Also, an asymmetry is established in the cytoplasm of 

oocytes with the formation of the so-called Balbiani body (Bb). The Bb appears as a distinct spherical 

structure in the most teleosts (e.g., Beams and Kessel 1973; Dominguez-Castanedo and Uribe 2019; 

Elkouby et al. 2016; Elkouby 2017; Fusco et al. 2000; Grier 2012; Grier et al. 2018; Lyman-Gingerich 

and Pelegri 2007; Marlow and Mullins 2008; Zhang et al. 2008; Zelazowska and Halajian 2019), 

similarly to Xenopus laevis (Kloc et al. 2001, 2004; Kloc and Etkin 2005), however, its morphology and 

composition vary among species. It consists mainly of mitochondria, nuage (aggregation of RNA and 

proteins, generally thought to carry determinants of the germline, such as ribosomal RNA (rRNA), 

nucleolar proteins, mRNAs, Piwi-interacting RNAs), and proteins which are precursors of germplasm. 

It also contains localized maternal messenger ribonucleic acids (mRNAs), and in some cases, lipid 

droplets and lysosome-like organelles, endoplasmic reticulum, Golgi bodies, and membranous vesicles 

(Bilinski et al. 2004; Kloc et al. 2001; Kloc et al. 2004; Kloc and Etkin 2005; Kloc et al. 2007; Kloc et al. 

2008; Marlow and Mullins 2008; Selman and Wallace 1989; Tworzydlo et al. 2014, 2016). The oocytes' 

fate is influenced by the functions of the Bb. First of all, it plays a role in germline specification and 

oocyte polarity determination as it forms the animal-vegetal polarity, which is critical for embryonic 

development due to the stabilization of the embryonic axis (Coloza and De Robertis 2014; Elkouby et 

al. 2016; Langdon and Mullins 2011).Also, it transports the germplasm determinants to the vegetal 

ǇƻƭŜ όaŀǊƭƻǿ ŀƴŘ aǳƭƭƛƴǎ нллуΤ {ŀƛǘƻ Ŝǘ ŀƭΦ нлмпΤ ~ƪǳƎƻǊ Ŝǘ ŀƭΦ 2016) and contains gene products 

required for RNA processing and storage, as well as transposon suppression (Marlow and Mullins 

2008). In addition, it plays a role in follicular cell polar differentiation at the vegetal pole (Iwamatsu 

and Nakashima 1996). It is involved in the removal of malfunctioning mitochondria from oocytes, as 

well as the formation, multiplication, and accumulation of organelles in the cytoplasm (Bilinski et al. 

2017; Tworzydlo et al. 2016). Remarkably, the connection of oocyte cytoplasmic dynamics, such as the 

formation of the Bb, with the reproductive period of fish species can be useful in applied fisheries 

reproductive biology. For example, in Atlantic cod and Atlantic herring, the appearance of a 

circumnuclear ring - a structure which has been characterized as homologous to the Bb (Sorokin 1957; 

Shirokova 1977; Kjesbu and Kryvi 1989; Kjesbu et al. 2011; McPherson and Kjesbu 2012)- in the 

cytoplasm of primary growth oocytes is considered a marker of maturity as well as the onset of the 

reproductive period (Kjesbu et al. 2011; McPherson and Kjesbu 2012). 
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The secondary growth phase (SG) is gonadotropin-dependent and starts with the appearance of 

cortical alveoli or/and oil droplets (CA1, CA2, CA3 stages), followed by the vitellogenesis process, with 

the accumulation of yolk in the cytoplasm and the increase of oocyte size (VTG1, VTG2, VTG3 stages) 

(Lubzens et al. 2010; Luckenbach et al. 2008; Wallace and Selman 1981; Brown-Peterson et al. 2011). 

Then, the oocyte maturation begins with the migration of the nucleus to the animal pole (GVM1 and 

GVM2 stages), and the first meiotic division resumes (Grier 2000). After that, the germinal vesicle 

breakdown (GVBD) and the hydration phase (HYD) take place before the ovulation (Grier 2000) 

(Fig.1.1). This process is especially pronounced in species that spawn pelagic eggs (Murua and 

Saborido-Rey 2003). In ovulation, the eggs are released from the follicular complex into the ovarian 

lumen, and the second meiotic division is performed (Grier 2000). The dynamics and the recruitment 

pattern of oocytes in the ovary range among fish species.  

 

 

 

Figure 1.1. Sardina pilchardus. Phases of development (black colour) and oocyte stages (orange colour) during 

oogenesis.  

 

ɳʽˁˈ˄ʰ мΦмΦ Sardina pilchardus. ʊʱˋʶʽˌ ʰ˄ʱˉˍˎ˅ʹ ̩(˃ʰˏˊˇ ˔ˊ˗˃ʰύ ˁʰʽ ˋˍʱʵʽʰ ˖ˇˁˎˍˍʱˊ˖˄ όˉˇˊˍˇˁʰ˂ʾ ˔ˊ˗˃ʰύ 

ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ˖ˇʴʷ˄ʶˋʹˌΦ  

 

 

The dynamics of oogonia and early oocytes during the reproductive cycle have received little 

attention, despite the evidence that primary growth oocytes regulate fish fecundity (Tokarz, 1978; 

Wildner et al. 2013; Thome et al. 2012; dos Santos Schmidt et al. 2017). Furthermore, little attention 

has been given to the seasonal recruitment pattern from early (chromatin nucleolus stage) oocytes to 

PG oocytes. The majority of research has focused on PG oocytes dynamics and SG oocytes recruitment 

(e.g., Greer- Walker et al. 1994; Kjesbu 2009; Korta et al. 2010; Kjesbu et al. 2011; Schismenou et al. 

2012; Grier et al. 2018; Mouchianitis et al. 2019; Mouchianitis et al. 2020; Serrat et al. 2019). Methods, 
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such as the oocyte packing density method (OPD) (Thorsen and Kjesbu 2001; Kurita and Kjesbu 2009; 

Korta et al. 2010), facilitated the quantification of smaller oocytes, mainly PG oocytes, but the 

quantitative study of chromatin nucleolus oocytes remained difficult due to their large accumulations 

within the oocyte nests. On the other hand, the SG oocyte dynamics have been extensively examined 

at several temporal scales and in many different fish species (e.g., Ganias et al. 2004; Murua and Motos 

2006; Ganias et al. 2017). 

 

 

1.3. Fecundity type 

An important process during oogenesis is the time that the oocytes are recruited from the PG to the 

SG phase according to the spawning period, which defines the fecundity type of fish (determinate vs 

indeterminate) (Hunter et al. 1992; Kjesbu 2009; Pavlov et al. 2009; Ganias 2013) (see below Section 

1.4). Specifically, in fish with determinate fecundity type, the oocyte recruitment from PG to SG phase 

is completed before the onset of the spawning period (Fig. 1.2), whereas in fish with indeterminate 

fecundity type, new oocytes are recruited to the SG phase throughout the spawning period and during 

the spawning activity, resulting in an overlap of the secondary growth oocytes recruitment and the 

spawning period to some extent (Fig. 1.2). 

 

 

 

Figure 1.2. Temporal correlation between oocyte recruitment from primary to secondary growth phase (solid 

line) and spawning period (dashed line). A) clear temporal distinction determines the determinate fecundity 

type, and B) temporal overlap defines the indeterminate fecundity type. Adapted from Ganias (2013).  

 

ɳʽˁˈ˄ʰ мΦ2Φ ʋˊˇ˄ʽˁʺ ˋˎˋ˔ʷˍʽˋʹ ˃ʶˍʰ˅ˏ ʶʽˋʵˇ˔ʺˌ ˖ˇˁˎˍˍʱˊ˖˄ ʰˉˈ ˍʹ˄ ˉˊ˗ʽ˃ʹ ˋˍʹ ʵʶˎˍʶˊˇʴʶ˄ʺ ˒ʱˋʹ 

ʰ˄ʱˉˍˎ˅ʹˌ όˋˎ˃ˉʰʴʺˌ ʴˊʰ˃˃ʺύ ˁʰʽ ˍʹ˄ ˉʶˊʾˇʵˇ ˖ˇˍˇˁʾʰˌ όʵʽʰˁʶˁˇ˃˃ʷ˄ʹ ʴˊʰ˃˃ʺύΦ Aύ ˉ˂ʺˊʹˌ ˔ˊˇ˄ʽˁˈˌ 

ʵʽʰ˔˖ˊʽˋ˃ˈˌ ˇˊʾʸʶʽ ˍˇ ˁʰʻˇˊʽˋ˃ʷ˄ˇ ˍˏˉˇ ʴˇ˄ʽ˃ˈˍʹˍʰˌΣ ˁʰʽ ɰύ ˔ˊˇ˄ʽˁʺ ʶˉʽˁʱ˂ˎ˕ʹ ˇˊʾʸʶʽ ˍˇ˄ ʰˉˊˇˋʵʽˈˊʽˋˍˇ 

ˍˏˉˇ ʴˇ˄ʽ˃ˈˍʹˍʰˌΦ ʃˊˇˋʰˊ˃ˇˋ˃ʷ˄ˇ h ˉˈ Ganias (2013). 

 

 

Total spawners have determinate fecundity type since all SG oocytes to be spawned develop at the 

same time. On the contrary, batch spawners spawn multiple times throughout a spawning period, and 

fecundity type is often defined by the ratio of the oocyte growth period (OGP) to the spawning period 

(Rideout et al. 2005; Ganias et al. 2015; Ganias and Lowerre-Barbieri 2018) (see below Section 1.4). 

Time 
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Assessing the relationship between OGP and the duration of the spawning period, simulations of 

fecundity type demonstrated that both water temperature and latitudinal distributions have an 

impact on OGP and spawning period and that SG oocyte recruitment patterns on their own are not 

indicative of fecundity type (Ganias et al. 2015; Ganias and Lowerre-Barbieri 2018). This has significant 

consequences as waters warm under climate change scenarios in northern climates resulting in 

shorter OGPs and potential shifts in fecundity type.  

 

 

1.4. Implications of oogenesis and fecundity type to spawning stock biomass assessment (SSB) 

estimates through egg production methods  

The fecundity type is an important parameter for estimating fish stock reproductive potential and 

selecting the appropriate egg production method (EPM) for estimating spawning-stock biomass (SSB). 

SSB is widely used for the determination of stock- recruit curves and for the estimates of SSB trends 

to investigate the threshold point where the population recruitment is weakened (Hunter et al. 1985; 

Alheit 1993; Lo et al. 1993; Marshall et al. 1999; Stratoudakis et al. 2006; Armstrong and Witthames 

2012) (see BOX-1). For fish with planktonic eggs, three egg production methods have been developed 

(see Armstrong and Witthames 2012; Stratoudakis et al. 2006), the Daily Egg Production Method 

(DEPM; Parker 1980), the Annual Egg Production Method (AEPM; Lockwood et al. 1981; Saville 1964), 

and the Daily Fecundity Reduction Method (DFRM; Lo et al. 1992, 1993).  All of the aforementioned 

methods can be used on determinate spawners selected based on their reproductive biology, but only 

DEPM is intended for use on indeterminate species. The primary distinction between DEPM and the 

other two methods is the estimation of fecundity. For species with determinate fecundity type, the 

potential annual fecundity is assessed based on the total number of developing oocytes before the 

commencement of the spawning, since the recruitment of oocytes to the vitellogenic pool ended 

before the spawning period (Murua and Saborido-Rey 2003). In species with indeterminate fecundity, 

where oocyte recruitment is continuous during the spawning period, potential annual fecundity is 

estimated by parameters such as the number of oocytes spawned per batch (i.e., batch fecundity, FB), 

the spawning fraction (i.e., the percentage of females spawned per day), and the duration of the 

spawning period (Parker 1980; Hunter et al. 1985; Murua and Saborido-Rey 2003).  The spawning 

fraction is a population parameter and the most widely used for estimates of spawning frequency (f; 

i.e., the number of spawning events per unit time) in DEPM applications. Spawning frequency can be 

also assessed through an individual parameter, spawning interval (ISI; i.e., the time lag between 

subsequent spawning events; Wootton 1974). 

 

The most common method for calculating spawning fraction in multiple spawning fish is through the 

postovulatory follicle method (POF method) (Parker 1980). For the application of the POF method, 

POFs must be aged (time lag between spawning and sampling) and grouped into daily cohorts to 

identify the number of recent spawners, whose averaged fraction in the mature population provides 

an estimate of spawning fraction (Hunter and Macewicz 1985; Ganias 2013). Despite its popularity, 

the method can be quite inaccurate when its criteria are applied to other species and populations 

without prior validation (Stratoudakis et al. 2006; Ganias 2012). New approaches and procedures have 

been developed for the improvement of the application of egg production methods, especially in 
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technical aspects (Stratoudakis et al. 2006). However, expanding the knowledge and evaluating the 

parameters, such as oocyte growth rate, spawning fraction, and spawning interval in species with 

indeterminate fecundity, is important for proper application of DEPM for more accurate SSB estimates 

(e.g., Ganias et al. 2011; Uriarte et al. 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite the extensive utilization of the fecundity type in fisheries management, the fecundity type of 

many fish stocks remains controversial. Four lines of evidence have traditionally been used to assess 

fish fecundity type, i.e., whether it is determinate or indeterminate (Hunter et al. 1989; Hunter et al. 

1992; Greer Walker et al. 1994; Murua and Saborido-Rey 2003; Armstrong and Witthames 2012). 

Briefly, these criteria include, i) the presence (determinacy) or absence (indeterminacy) of a hiatus 

between PG and SG oocytes in mature ovaries (SG recruitment), ii) the seasonal dynamics in the 

number and size of advanced vitellogenic oocytes, iii) the co-occurrence of recent and imminent 

spawning markers and iv) the intensity of atresia along the spawning period (depending on when it 

appears one or the other strategy is considered). Recent methodological advancements in the 

quantification of PG oocytes (Kurita and Kjesbu 2009; Korta et al. 2010; Kjesbu et al. 2011; Ganias et 

al. 2015; Mouchlianitis et al. 2019; Serrat et al. 2019; Anderson et al. 2020) not only have improved 

our general understanding of oocyte recruitment processes in both indeterminate (e.g., European 

hake, Merluccius merluccius; Korta et al. 2010) and determinate (e.g., cod, Gadus morhua; Kjesbu et 

al. 2010) spawners, but have remarkably contributed in revising the aforementioned criteria. For 

instance, after their detailed assessment of PG oocytes, Serrat et al. (2019) concluded that 

indeterminacy in European hake is ambiguous as the pool of late previtellogenic oocyte stages 

corresponds to the potential fecundity which is a characteristic of determinate spawners. Ganias et 

al. (2017) used a revised set of criteria to show that horse mackerel, Trachurus trachurus, ceases SG 

recruitment during the latter part of the spawning period, reflecting its controversial fecundity pattern 

(Karlou-Riga and Economidis 1996). The cessation of SG recruitment during the spawning period has 

also been observed in Gulf menhaden, Brevoortia patronus (Brown-Peterson et al. 2017), in blueback 

BOX-1. Methods for the spawning stock biomass (SSB) estimates 

The most frequently used method to estimate SSB in fish species with planktonic eggs is egg 

production methods (EPM) by combining egg production estimations from ichthyoplankton surveys 

with estimations of fecundity per unit biomass from a representative sampling of mature fish at the 

proper time (Hunter and Lo 1993).  Despite their high accuracy, egg production methods are expensive 

to use, and in order to avoid biases, certain guidelines must be followed, including careful survey 

design and data collection, and the selection of the appropriate method based on the reproductive 

biology and behaviour of the target species (Hunter and Lo 1992, 1993). For the precise definition of 

the fecundity type and the application of the most suitable egg production method for each fish 

species, knowledge of oocyte growth and development as well as the reproductive biology of fish is 

particularly important. 
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herring, Alosa aestivalis (Mouchlianitis et al. 2020) and in picarel, Spicara smaris (Karlou-Riga et al. 

2020). Schismenou et al. (2012) showed for the European anchovy, Engraulis encrasicolus, another 

indeterminate spawner, that recruitment during the ovulatory cycle occurs in pulses of very short 

duration, replenishing ovulated oocytes and maintaining a dynamic balance between spawned and 

recruited oocyte batches. Mouchlianitis et al. (2020) similarly suggested a pulsating oocyte 

recruitment pattern for the Macedonian shad, Alosa macedonica that is triggered by the hydration of 

the spawning batch. All these assessments show the complexity of fish spawning dynamics that has 

been ignored until recently. 

 

Moreover, both biological and ecological mechanisms that lead to one or the other fecundity type 

remain unknown. In general, fecundity type is a dynamic characteristic influenced by many factors. 

The most accepted theory combines the fecundity type of fish species with its latitudinal distribution 

(Hunter et al. 1985; Ganias 2013; Ganias et al. 2015; Ganias and Lowerre-Barbieri 2018). Specifically, 

Hunter et al. (1985) suggested that species with boreal geographic distributions exhibit determinate 

fecundity type, whereas species from tropical and temperate environments display indeterminate 

fecundity type. This theory was also supported by other studies (e.g., Witthames and Greer-Walker 

1995; Wuenschel et al. 2013; McBride et al. 2016). Another theory correlates the fecundity types with 

seasons, such as determinate spawners spawn during the winter, while the indeterminate spawners 

during the summer (Rijnsdorp and Witthames 2005; Kjesbu 2009; Ganias and Lowerre-Barbieri 2018). 

Another approach reveals that the strategy of allocating energy to reproduction determines the type 

of fecundity (Rijnsdorp and Witthames 2005; Kjesbu and Witthames 2007; Kjesbu 2009; Armstrong 

and Witthames 2012). Capital breeders, for example, require food resources ahead of time in 

preparation for offspring production, whereas income breeders, who consume food concurrently with 

offspring production and do not store food in reservoirs, typically demonstrate indeterminate 

fecundity. Therefore, fecundity type is well recognized as an ecophenotypic reaction to environmental 

conditions. However, other factors contribute to fecundity type regulation, such as genetic drivers 

(Kjesbu and Witthames 2007; Ganias 2013), hence this issue requires further research. 

 

 

1.5 Species selection and the main scientific questions  

The purpose of this study was to shed light on previously undiscovered aspects of different phases of 

oogenesis in highly commercial pelagic fish species with distinct spawning dynamics and to show the 

link between the spawning and ovarian dynamics, as well as how both shape the fecundity type of 

species and their impact on the applicability of current egg production methods. Oogenesis was split 

into two phases for the sake of this study: early oogenesis (Chapter 3), including the oogonia and early 

oocytes dynamics up to the secondary growth phase, and secondary oogenesis (Chapter 4), containing 

dynamics of the secondary growth oocytes up to ovulation (Fig. 1.3).  

 

Specifically, in the early phase of oogenesis (Chapter 3), the fine structure of early oocytes during 

development as well as the oogonial proliferation and the early oocytes dynamics throughout the 

reproductive cycle were investigated in two pelagic fish species, the Mediterranean sardine (Sardina 
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pilchardus) and European anchovy (Engraulis encrasicolus) with indeterminate fecundity type and 

opposite spawning periods. These species were selected due to a lack of prior study on their oogonial 

proliferation and early oocyte dynamics, as well as their cytoplasmic development. The early phase of 

oogenesis has been received little attention especially in indeterminate fish species because of the 

complexity of their ovarian dynamics and the continuous recruitment from PG to SG oocytes. Thus, 

these two species were selected as both are indeterminate spawners as well as multiple batch 

spawners, releasing many oocyte batches during the spawning period. Despite the common fecundity 

type, these two species were also selected to contrast the early oogenesis dynamics as they exhibit 

distinct spawning interval (sardine: ~10-11 days, Ganias et al. 2011; anchovy: ~2-4 days, Somarakis et 

al. 2004; Somarakis et al. 2012), opposite spawning periods [sardine: autumn to spring (Bandarra et 

al. 2018; Ganias et al. 2007b; Stratoudakis et al. 2007; Ganias 2009); anchovy: spring to autumn 

(Somarakis et al. 2004; Somarakis 2005)], and different feeding strategies (sardine: capital breeder; 

anchovy: income breeder). In particular, sardine restores energy for the spawning period, indicating 

a capital breeding strategy (Ganias et al. 2007b; Mustac and Sinovcic 2009; Nunes et al. 2011; Zwolinski 

et al. 2001). Besides stored energy, little evidence demonstrates direct energetic transfer from food 

to reproduction, taking opportunistic advantage of food availability during spawning, especially in the 

Mediterranean Sea, which is a highly oligotrophic habitat (Garrido et al. 2008; Ganias 2009). Anchovy 

reproduces during the warm months of the year (spring to autumn) when the food supplies are 

abundant, and exhibit an income feeding strategy, allocating energy directly to reproduction 

(Somarakis et al. 2004; Somarakis 2005).  

 

To investigate the secondary phase of oogenesis (Chapter 4), the ovarian dynamics (including oocytes 

and postovulatory follicles dynamics) were examined in the Atlantic sardine (Sardina pilchardus), the 

Atlantic mackerel (Scomber scombrus), and the Atlantic horse mackerel (Trachurus trachurus)τthree 

pelagic fish species with different spawning dynamics. The Atlantic sardine was selected because it 

has well-known ovarian and spawning dynamics (spawning interval= ~10-11 days, Ganias et al. 2011; 

Oocyte growth rate= 45 days, Ganias et al. 2014a; Spawning period= 90 days, Stratoudakis et al. 2007). 

Sardine exhibits an indeterminate fecundity type, matching all the traditional criteria (Section 1.4). 

The Atlantic mackerel was chosen due to its short spawning interval (~1.6-5 days, Priede and Watson 

1993), the low oocyte growth rate (OGP=140-150 days, Greer- Walker et al. 1994; more than 200 days 

ICES 2012), spawning period equal to 90 days (Costa et al. 2006) and the lack of knowledge regarding 

its ovarian dynamics (Priede and Watson 1992; Ganias et al. 2018; dos Santos Schmidt et al. 2021). 

Mackerel has been considered a determinate spawner so far (Greer- Walker et al. 1994), however, 

recent studies show evidence of indeterminacy (Ganias et al. 2018; dos Santos Schmidt et al. 2021). 

The Atlantic horse mackerel was chosen since it has an intermediate spawning interval compared to 

the other two species (~6 days, Karlou-Riga and Economidis 1997),  a short oocyte growth period 

(OGP), a spawning period of 180 days (Costa 2009; Ganias et al. 2017), and its ovarian dynamics have 

received little attention (Macer 1974; Karlou-Riga and Ekonomidis et al. 1997; Gordo et al. 2008; van 

Damme et al. 2014; Ganias et al. 2017).  The horse mackerel has a controversial fecundity type that 

exhibits varied traits (Section 1.4; Macer 1974; Karlou-Riga and Ekonomidis et al. 1997; Gordo et al. 

2008, van Damme et al. 2014, Ganias et al. 2017). Until 2004, horse mackerel was considered a 
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determinate spawner, and its SSB was estimated using AEPM (ICES 1993, 1994, 2002). However, 

evidence suggests that horse mackerel fecundity is most probably indeterminate (Karlou-Riga and 

Economidis 1997; Gordo et al. 2008; Ndjaula et al. 2009; Ganias et al. 2017), and the method used for 

SSB estimations has been re-evaluated using the DEPM since 2007 (ICES 2003, 2012; Goncalves et al. 

2009). 

 

The main scientific questions are summarized below:  

 

Q1.  Are there differences in the fine structure of oocytes during the primary and early secondary 

growth phases in closely related phylogenetic fish species? 

Q2. Are the dynamics of oogonial proliferation and early oocytes throughout the reproductive cycle 

identical in fish species with the same fecundity type? 

Q3. What is the relationship between spawning and ovarian dynamics, (SG oocytes and postovulatory 

follicles (POFs) cohorts dynamics), and how do they affect fecundity type and other fecundity 

parameters in fish species with distinct spawning dynamics? 
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Figure 1.3. Summary of the thesis structure, showing the methodology followed in each chapter to answer the 

main scientific questions (Q1-3; White boxes) investigating the two phases of oogenesis.  

 

ɳʽˁˈ˄ʰ мΦо. ʅˏ ˄ˇ˕ʹ ˍʹˌ ʵˇ˃ʺˌ ˍʹˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ˃ ʶ˂ʷˍʹˌΣ ˉˇˎ ʵʶʾ˔˄ʶʽ ˍʹ ˃ʶʻˇʵˇ˂ˇʴʾʰ ˉˇˎ ʰˁˇ˂ˇˎʻʺʻʹˁʶ ˋʶ 

ˁʱʻʶ ˁʶ˒ʱ˂ʰʽˇ ʴʽʰ ˄ʰ ʰˉʰ˄ˍʹʻˇˏ˄ ˍʰ ˁˏˊʽʰ ʶˉʽˋˍʹ˃ˇ˄ʽˁʱ ʶˊ˖ˍʺ˃ʰˍʰ όQ1-3; ɽʶˎˁʱ ˉ˂ʰʾˋʽʰύ ˉˇˎ ʵʽʶˊʶˎ˄ˇˏ˄ 

ˍʽˌ ʵˏˇ ˒ʱˋʶʽˌ ˍʹˌ ˖ˇʴʷ˄ʶˋʹˌΦ 
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Chapter 2: Methodology 

 

2.1 Samples collection 

For Chapter 3, a total of 240 female anchovies, Engraulis encrasicolus, and 320 female sardines, 

Sardina pilchardus, were collected from the local commercial purse seine fishery in the North Aegean 

Sea during one-year monthly samplings (2019- 2020) (Fig. 2.1).  

 

 

 
 

Figure. 2.1. Sampling areas (green colour) of European anchovy, Engraulis encrasicolus, and Mediterranean 

sardine, Sardina pilchardus in the North Aegean Sea.  

 

ɳʽˁˈ˄ʰ 2.1. ʃʁ ˊʽˇ˔ʷ ̩ɻ ʶʽʴ˃ʰˍˇ˂ʹ˕ʾʰˌ (ˉˊʱˋʽ˄ˇ ˔ˊ˗˃ʰύ ˍˇˎ ʶˎˊ˖ˉʰʿˁˇˏ ʴʰˏˊˇˎΣ Engraulis encrasicolus, ˁ ʰʽ 

ˍʹˌ ɾʶˋˇʴʶʽʰˁʺˌ ˋʰˊʵʷ˂ʰˌΣ Sardina pilchardus ̀ ˍˇ ʲˈˊʶʽˇ ɮʽʴʰʾˇΦ  

 

 

For Chapter 4, ovarian samples of Atlantic sardine, Sardina pilchardus, Atlantic horse mackerel, 

Trachurus trachurus, and Atlantic mackerel, Scomber scombrus, fixed in 10% neutral buffered 

formalin, were provided by European fisheries research institutes (Table 2.1) collected in the 

Northeast Atlantic (off Portugal and the Bay of Biscay) at or near their spawning peak as part of 

national egg production surveys (Fig. 2.2). Specifically, the Atlantic sardine was collected from March 

to May (spawning peak between March and April; Stratoudakis et al. 2007), the Atlantic horse 

mackerel from March to April (spawning peak between February and April; Borges and Gordo 1991), 

and the Atlantic mackerel samples from February to April (spawning peak from March to June; 

Olafsdottir et al. 2019).  
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Table 2.1.  The number of samples of each species sent by the European fisheries research institutes. 

 

ʃʾ˄ʰˁʰˌ нΦмΦ ɮˊʽʻ˃ˈˌ ʵʶʽʴ˃ʱˍ˖˄ ˁʱʻʶ ʶʾʵˇˎˌ ˍʰ ˇˉˇʾʰ ˋˍʱ˂ʻʹˁʰ˄ ʰˉˈ ɳˎˊ˖ˉʰʽˁʱ ʶˊʶˎ˄ʹˍʽˁʱ ʽ˄ˋˍʽˍˇˏˍʰ 

ʰ˂ʽʶʾʰˌΦ 

 

Institute Number of samples Species 

AZTI 79 Atlantic sardine 

 Sardina pilchardus 

10 Atlantic mackerel 

Scomber scombrus 

IEO 72 Atlantic sardine 

Sardina pilchardus 

72 Atlantic mackerel 

Scomber scombrus 

IPMA 81 Atlantic sardine 

Sardina pilchardus 

91 Atlantic horse mackerel 

Trachurus trachurus 

IMARES 76 Atlantic mackerel 

Scomber scombrus 

 

AZTI: Ciencia y technologia marina y alimentaria 

IEO: Instituto Español de Oceanografía 

IPMA: Portuguese Institute for Sea and Atmosphere 

IMARES: Wageningen Marine Research (Institute for Marine Resources and Ecosystem Studies) 

 

 

 

 

Figure 2.2. Sampling area of Atlantic sardine, Sardina pilchardus, Atlantic horse mackerel, Trachurus trachurus, 

and Atlantic mackerel, Scomber scombrus. The different species are indicated with different colours.  

https://www.ipma.pt/en/oipma/
https://www.ipma.pt/en/oipma/
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ɳʽˁˈ˄ʰ 2.2. ʃʶˊʽˇ˔ʷˌ ɻ ʶʽʴ˃ʰˍˇ˂ʹ˕ʾʰˌ  ˍʹˌ ̀ ʰˊʵʷ˂ʰˌ ̱ ˇˎ ɮˍ˂ʰ˄ˍʽˁˇˏ, Sardina pilchardus, ̱ ˇˎ ɹ ˁˊʽʸˇˋʰˏˊʽʵˇˎ 

ˍˇˎ ɮˍ˂ʰ˄ˍʽˁˇˏ,  Trachurus trachurus ˁ ʰʽ ̱ ˇˎ ̀ ˁˇˎ˃ˉˊʽˇˏ ̱ ˇˎ ɮˍ˂ʰ˄ˍʽˁˇˏ, Scomber scombrus. ʆ  hɻ ʽʱ˒ˇˊʰ ʁ ʾʵʹ 

ˎˉˇʵʶʽˁ˄ˏˇ˄ˍʰʽ ˃  ʁɻ ʽʰ˒ˇˊʶˍʽˁʱ ̝ ˊ˗˃ʰˍʰ.   

 

 

2.2 Samples processing 

Fishes were collected and immediately after capture, were sexed and females were measured for total 

weight (WT, 0.1 g), eviscerated weight (Wev., 0.1 g), viscerated weight (without gonads) (Wv, 0.1g) and 

gonad weight (OW, 0.1 g). Ovarian samples were fixed for histological analysis, confocal laser scanning 

microscopy (CLSM), and transmission electron microscopy (TEM) observations.  

 

2.3 Histological procedure 

The ovaries were fixed in 10% neutral buffered formalin for histological analysis. In the laboratory, a 

small piece of tissue was removed from the center of one ovarian lobe and was then subjected to 

histological analysis using paraffin embedding (sections~4 mm) and haematoxylin/eosin or 

haematoxylin/eosin/safran staining.  

 

For Chapter 3, a total of 186 ovarian subsamples were processed histologically (embedded in paraffin, 

ǎŜŎǘƛƻƴŜŘ ŀǘ п ˃Ƴ ǘƘƛŎƪƴŜǎǎ, and stained with haematoxylin/eosin staining). The histological slides 

were digitized into high-resolution (2.3 MP) pictures using a Basler acA1920-40uc microscopy camera 

(Ahrensburg, Germany) mounted on a Zeiss Axio Lab. A1 light microscope (Jena, Germany) and 

Microvisioneer's manualWSI software (Esslingen am Neckar, Germany) (Fig. 2.3A and C). This analysis 

was carried out at the Aristotle University of Thessaloniki. Histological micrographs were used to 

assess the reproductive phase of each ovary (i.e., developing, spawning-capable, etc) (Grier et al. 

2009; Brown-Peterson et al. 2011) (see Annex 1), as well as the oocyte stages and ovary stages (see 

details in Section 1.1). 

 

In Chapter 4, the ovarian samples were processed histologically όǎŀǊŘƛƴŜ ŀƴŘ ƳŀŎƪŜǊŜƭΥ ǇŀǊŀŦŦƛƴΣ п ˃Ƴ 

ǎŜŎǘƛƻƴǎΣ ƘŀŜƳŀǘƻȄȅƭƛƴκŜƻǎƛƴ ǎǘŀƛƴƛƴƎΤ ƘƻǊǎŜ ƳŀŎƪŜǊŜƭΥ ƘƛǎǘƻǊŜǎƛƴΣ п ˃Ƴ ǎŜŎǘƛƻƴǎΣ ƘŀŜƳŀǘƻȄȅƭƛƴκ 

eosin/ safran staining). Histological sections were scanned in high-resolution micrographs using a 

digital slide scanner (NanoZoomer S60 Digital Slide Scanner, Hamamatsu) (Fig. 2.3A and B). This 

procedure was performed at the laboratory facilities of the Institute of Marine Research (IMR) in 

Bergen. The ovaries were classified into stages based on the most advanced cohort of oocytes 

according to Brown-Peterson et al. (2011) (see details in Section 1.1) and those belonging to 

vitellogenic (VTG), germinal vesicle migration (GVM), germinal vesicle breakdown (GVBD), and 

hydration (HYD) stages were selected for further analysis. In total, 41 sardine, 22 horse mackerel, and 

27 mackerel ovaries were used for the estimation of secondary growth oocytes cohorts. For POFs 

analysis, ovaries from 152 Atlantic sardines and 158 Atlantic mackerels were analysed. Specimens 

containing POFs were selected for further scrutiny and measured for the cross-sectional area of each 
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individual POF (POFxsa, ˃ Ƴ2). The number of POFs cohorts for both species was investigated through 

detailed screening of histological slides for possible co-occurrence of different POF stages. The volume 

fraction of POFs (Vi) and the POFs density (Nv) were estimated through histological slides, for the 

calculation of relative POF fecundity (number of POFs per gram eviscerated body weight; RFPOF 

=FPOF/WEV). Two methods were applied the Weibel method (Weibel et al. 1966) and the adjusted for 

POFs packing density method (POFPD) (Kjesbu et al. 2011) (see ANNEX 2 and 3).   

 

 

Figure 2.3. Equipment for histological analysis. A) Photomicrograph of an ovarian histological section, B) 

NanoZoomer S60 slide scanner, and C) BASLER acA1920-40uc camera and Zeiss Axio Lab.A1 microscope image 

capturing system. 

 

ɳʽˁˈ˄ʰ нΦ3. ɳ˅ˇˉ˂ʽˋ˃ˈˌ ʴʽʰ ɹˋˍˇ˂ˇʴʽˁʺ ʰ˄ʱ˂ˎˋʹΦ ɮύ ʊ˖ˍˇ˃ʽˁˊˇʴˊʰ˒ʾʰ ʽˋˍˇ˂ˇʴʽˁʺˌ ˍˇ˃ʺˌ ˖ˇʻʺˁʹˌΣ B) 

NanoZoomer Sсл ˋʰˊ˖ˍʺˌ ̔ ˋˍˇ˂ˇʴʽˁ˗˄ ˍˇ˃˗˄Σ ˁʰʽ C) ʅˏˋˍʹ˃ʰ ˂ʺ˕ʹˌ ʶʽˁˈ˄ʰˌ ˃ʶ ˁʱ˃ʶˊʰ BASLER acA1920-40uc 

ˁʰʽ ˃ʽˁˊˇˋˁˈˉʽˇ Zeiss Axio Lab.A1. 

 

 

2.4 Whole-mount procedure 

In Chapter 4, the ovarian samples were analysed through whole mount procedures. Subsamples of 

ovarian tissue of 0.05ς0.1 g, depending on the ovarian stage, were dissected and weighed (OWs, 0.001 

g). Oocytes were separated ultrasonically (Vibra-Cell VCX 130FSJ, Sonics & Materials Inc., US: 130 

Watt, 50% amplitude, for 10 s; see also Anderson et al. 2020) (Fig. 2.4A)Σ ǎƛŜǾŜŘ όрл ˃Ƴ ƳŜǎƘύ ǘƻ 

discard oogonia and very small primary growth oocytes and stained with toluidine blue. The whole 

mount was captured under a Jenoptik Progress C3 camera and a Euromex NZ 80 stereomicroscope 

(Fig. 2.4B). This procedure was performed at the Institute of Marine Research (IMR) in Bergen. The 

oocyte number and diameter were automatically measured using the open-source image analysis 

program ImageJ (v. 1.52, https://imagej.nih.gov/ij/) with the plugin ObjectJ 

(https://sils.fnwi.uva.nl/bcb/objectj/)  and an adapted variant of the elliptical oocytes project 

(https://sils.fnwi.uva.nl/bcb/objectj/examples/oocytes/Oocytes.htm) (see Thorsen and Kjesbu 2001; 

Ganias et al. 2010; Ganias et al. 2014b; Anderson et al. 2020). Oocyte size frequency distributions were 

https://sils.fnwi.uva.nl/bcb/objectj/
https://sils.fnwi.uva.nl/bcb/objectj/examples/oocytes/Oocytes.htm
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generated and the threshold diameter values between primary and secondary growth oocytes were 

determined for each species (see Annex 4) to estimate the relative number of primary growth oocytes 

(RNPG, oocytes*gҍ1), the relative number of secondary growth oocytes (RNSG, oocytes*gҍ1) and the 

relative batch fecundity (RFB, oocytes*gҍ1) using the gravimetric method (see Annex 5). Also, the 

advanced mode (AM) of each oocyte size frequency distribution was determined, and the batch 

fecundity (FB) was assessed through the advanced mode (AM) corresponding to the spawning batch. 

 

 

 

 

Figure 2.4. Equipment for particle analysis. A) Ultrasonic system Vibra-Cell VCX 130FSJ for separation of oocytes, 

B) Stereomicroscope image capturing system consisted of a Jenoptik Progress C3 camera and a Euromex NZ 80 

stereo microscope. 

 

ɳʽˁˈ˄ʰ нΦ4. ɳ˅ˇˉ˂ʽˋ˃ˈˌ ʴʽʰ ʰ˄ʱ˂ˎˋʹ ˋ˖˃ʰˍʽʵʾ˖˄Φ A) ʅˏˋˍʹ˃ʰ ˎˉʶˊʺ˔˖˄ Vibra-Cell VCX 130FSJ ɹ ʽʰ ʵʽʰ˔˖ˊʽˋ˃ˈ 

˖ˇˁˎˍˍʱˊ˖˄Σ ɰύ ʅˏˋˍʹ˃ʰ ˂ʺ˕ʹˌ ˒˖ˍˇʴˊʰ˒ʽ˗˄ ʰˉˇˍʶ˂ˇˏ˃ʶ˄ˇ ʰˉˈ ˁʱ˃ʶˊʰ WŜƴƻǇǘƛƪ tǊƻƎǊŜǎǎ /о ˁʰʽ 

ˋˍʶˊʶˇˋˁˈˉʽˇ 9ǳǊƻƳŜȄ b½ ул. 

 

 

2.5 Confocal laser scanning microscopy (CLSM) procedure 

In Chapter 3, a total of 186 ovarian samples were processed for CLSM observations carried out at the 

Aristotle University of Thessaloniki. Specifically, an ovarian subsample from the centre of each lobe 

was fixed in 8% paraformaldehyde (PFA) in phosphate buffered saline (PBS) (pH 7.2) for 2 h, and then 

stored in PBS at 4oC in preparation for CLSM observations. The ovarian samples were first washed in 

PBS. Then, the stored samples were first incubated in a 0.3% aqueous solution of 3,3-

dihexyloxacarbocyanine iodide (DiOC6) (Panteris et al. 2004) for 1 h in the dark and washed 3 times in 

PBS for staining of membranous structures (mitochondria, endoplasmic reticulum, etc.). They were 

ǘƘŜƴ ƛƳƳŜǊǎŜŘ ƛƴ 5!tL ώлΦф Ƴa ǎǘƻŎƪ ǎƻƭǳǘƛƻƴ ƻŦ пΩΣс-diamidino-2-phenylindole in DMSO and further 

diluted 1:1000 in PBS (Pappas et al. 2020)] for 2 h in the dark and washed 3 times in PBS to stain DNA 

(tubulin protein). The subsamples were mounted between the microscope slide and coverslip with a 

PBS and glycerol mixture (1:2 v/v) supplemented with 0.5% (w/v) p-phenylenediamine as an anti-fade 

agent. Ovarian subsamples were examined under a Zeiss Observer.Z1 (Carl Zeiss AG, Munich, 

Germany) microscope, equipped with the Zeiss LSM780 CLSM module, with suitable filters for each 
























































































































































































