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“The first law of ecology is  

  that everything is connected to everything.” 

  In “The Closing Circle”, 
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General Introduction 

Understanding of ecosystem functioning 

Understanding ecosystem functioning is needed to comprehend the environment in which we 

live and on which we depend. Ecosystem functioning is a wide term that encompasses 

ecosystem properties and services. Thereby ecosystem properties (or processes) describe the 

energy stock and flow in an ecosystem, as well as their stability over time (Srivastava and 

Vellend, 2005; Pacala and Kinzig, 2013). Ecosystem services depend on ecosystem properties 

and  are defined as “conditions and processes through which natural ecosystems, and the 

species that make them up, sustain and fulfil human life.” (Daily, 1997). Air and water 

purification, maintenance of soil fertility, pollination, aesthetic beauty, climate regulation, 

maintenance of atmospheric composition and food provisioning are examples of ecosystem 

services (Christensen et al., 1996; Daily, 1997). Provision of seafood is thereby among the most 

exploited ecosystem services and overall marine ecosystem services are estimated to 

represent a value of $50 trillion per year (Costanza et al., 2014; Lomartire et al., 2021). 

Being part of ecosystems, anthropogenic influence on the environment is a natural process 

but the intensity of some anthropogenic pressures like greenhouse gas emissions and other 

pollution, fisheries, eutrophication or habitat modification affect the functioning of 

ecosystems and therewith also the provision of ecosystem services (Pauly et al., 1998; Smith, 

2003; Millennium Ecosystem Assessment, 2005; Halpern et al., 2008; Cardinale et al., 2012; 

IPPC, 2014). Thus, management measures have to be realized to adapt or mitigate 

anthropogenic pressures in a way that ecosystem functioning is maintained (Lomartire et al., 

2021). Due to the complexity and interrelatedness of ecosystem compartments, management 

measures should consider and be based on the ecosystem as a whole as aimed at in 

ecosystem-based management (Brussard et al., 1998; McLeod et al., 2005). A critical step of 

ecosystem management is the development of a thorough ecosystem understanding, 

however (Brussard et al 1998), which remains an immense challenge due to the complexity 

and temporal dynamics of ecosystems. In order to contribute to a better understanding of 

marine ecosystem functioning the present thesis focused on zooplankton that play a crucial 

role in marine ecosystems (Richardson, 2008).  
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The role of plankton in marine ecosystem functioning 

Plankton are organisms that live suspended in the water column. As autotrophic primary 

producers, phytoplankton sequester carbon, are estimated to produce 50 - 70 % of the 

atmospheric oxygen (Walker, 1980; Behrenfeld et al., 2001), and constitute the energetic and 

nutritional foundation of the oceans. By grazing on phytoplankton, zooplankton regulate 

biogeochemical cycles, water quality, and the biological carbon pump, ultimately affecting the 

climate (Figure 1). In addition, zooplankton transfers energy and nutrients, such as proteins 

and long chain polyunsaturated fatty acids, to higher trophic levels like small pelagic fish 

(Richardson, 2008; Arts et al., 2009; De Troch et al., 2012). Small pelagic fish such as herring 

or sardine, occupy an intermediate trophic level between planktonic organisms and higher 

trophic levels like piscivorous fish, marine mammals, seabirds and human beings (Cury et al., 

2000; Richardson, 2008; Beaugrand et al., 2014; Olin et al., 2022) (Figure 1). Understanding 

the functioning of zooplankton communities within the ecosystem, particularly its interactions 

with both phytoplankton and higher trophic levels, is central to understand, predict and 

manage marine ecosystems and finally for the implementation of ecosystem-based-

management (Tam et al., 2017; Lomartire et al., 2021).  
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Figure 1 Role of zooplankton in marine ecosystems and resulting ecosystem services. By feeding on 

phytoplankton and microplankton zooplankton channels energy to small pelagic fish that in turn transfer energy and 

nutrients to higher trophic levels like piscivorous fish and marine mammals. Furthermore, sinking carcasses and 

fecal pellets are an energy source for benthic communities. This central role in the energy transfer makes 

zooplankton a crucial part for the ecosystem service food production, which is indicated in the schema with a “1”. 

Zooplankton contribute to carbon export to the deep sea which functions as potential carbon sink, by the excretion 

of fecal pellets, sinking of carcasses, diurnal vertical migration and by facilitating the existence of subsequent trophic 

levels that themselves might export carbon due to sinking carcasses. Thus, zooplankton contribute to climate 

regulation indicated with a “2”. Excretion of nutrients like dissolved organic carbon and nitrogen and ammonium as 

well as decomposition of zooplankton fecal pellets by bacteria contribute to nutrient recycling that in turn promotes 

primary production. This ecosystem service is indicated with a “3”. All silhouette pictures used were obtained from 

https://www.phylopic.org/. The chlorophyte silhouette was created by Sergio A. Muñoz-Gomez and of Mytilus spp. 

by Harold N. Eyster. 

 

However, behind the group of zooplanktonic organisms lies a complex diversity in terms of 

size (ranging from pico to mega), taxonomy, life history traits and behaviours (Teodosio and 

Barbosa, 2020), allowing for complex interactions within the ecosystem. Zooplankton include 

both unicellular and multicellular organisms (Boyce et al., 2015), spanning 15 phyla and 

accounting for approximately 40 % of the world’s marine biomass (Hatton et al., 2021). 

Zooplankton can be divided into holoplankton, which spend their entire life cycle as plankton, 
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and meroplankton, which only remain planktonic during their egg and larval stages. Many 

benthic organisms, such as bivalves, crustaceans, polychaetes, and echinoderms, have 

meroplanktonic eggs and larvae. Fish eggs and larvae also belong to this category and are 

referred to as ichthyoplankton (Teodosio and Barbosa, 2020). In terms of size (Figure 2), 

zooplankton span over seven orders of magnitude, ranging from pico-plankton (0.2 - 2 µm) to 

nano- (2 - 20 µm), micro (20 - 200 µm), meso- (200 - 2000 µm), macroplankton (2 - 20 cm) and 

megaplankton (20 - 200 cm), with the latter including organisms like large jellyfish (Boyce et 

al., 2015). 

 

 

Figure 2 Plankton classed by size. Silhouette images used in this figure were obtained from 

https://www.phylopic.org/. The amphipod silhouette (mesoplankton) was created by Collin Gross. 
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Zooplanktonic organisms exhibit a range of feeding modes, including heterotrophic and 

mixotrophic behaviours, herbivorous, omnivorous or carnivorous feeding modes, and diverse 

feeding strategies. For ambush-feeders, predator-prey encounters depend on prey’s motility 

and prey may be encountered passively, intercepted directly, or detected remotely before 

being actively captured. Other organisms are filter-feeders, using a feeding current targeting 

remotely detected prey, or passing water through filtering structures that screen prey 

particles. Other filter-feeders capture prey unselectively, using structures such as tentacles. In 

contrast, cruise-feeding predators are motile and actively move toward prey detected 

remotely. These different feeding strategies influence trophic interactions and planktonic 

community dynamics, as each approach favours prey of distinct characteristics. Furthermore, 

zooplankton organisms display a range of survival strategies including chemical and 

morphological defence mechanisms, diurnal vertical migration, dormancy and starvation 

tolerance, to cope with predators or unfavourable conditions. Reproduction among 

zooplankton is equally diverse, with organisms reproducing asexually, hermaphroditically or 

sexually. Sexual reproduction varies between broadcast spawners and species that carry eggs 

attached to their body. Fertilization takes place externally and internally and in some cases, 

sexual reproduction leads to spawning aggregations, which can attract predators and thus 

influence zooplankton community dynamics (Litchman et al., 2013).   

Given the complexity of zooplankton and their interactions, it becomes clear that 

understanding their role within the ecosystem, especially in relation to spatio-temporal 

variations of abiotic and biotic drivers, is a significant challenge. 

 

Need for understanding of zooplankton functioning in the context of 

climate change 

Ocean warming is affecting and is expected to continue influencing zooplankton community 

composition, planktonic food webs, and overall zooplankton biomass (Richardson, 2008; 

Schmidt et al., 2020; Heneghan et al., 2023) with potential consequences for ecosystem 

functioning. When summarizing general trends of the effect of ocean warming on 

zooplankton, it is crucial to keep in mind that strong regional variations exist (Richardson, 

2008; Chust et al., 2014; Heneghan et al., 2023). Warming has been observed to influence the 

phenology of various zooplankton taxa (Edwards and Richardson, 2004) and to drive 
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biogeographical shifts (Beaugrand et al., 2002b) that modify community compositions 

(Beaugrand et al., 2002b; Edwards and Richardson, 2004; Richardson, 2008). Additionally, 

increased water temperatures have been found to decrease zooplankton body size, either by 

direct effects on the individuals or by favouring smaller species (Daufresne et al., 2009; Brosset 

et al., 2016). As ocean warming also affects phytoplankton, zooplankton is further influenced 

indirectly through bottom-up effects. Increased stratification can reduce nutrient 

replenishment of surface waters leading to a reduction in phytoplankton biomass and size, 

which in turn can result in decreased zooplankton biomass (Richardson, 2008; Chust et al., 

2014). A shift from large sized phytoplankton cells to picophytoplankton will further alter 

planktonic food web structures. Smaller phytoplankton favours filter-feeders and carnivores, 

while omnivorous zooplankton are disadvantaged leading to a reduction in their biomass 

(Heneghan et al., 2023). Furthermore, a decline in the nutritional quality of phytoplankton is 

predicted, particularly in terms of long-chain polyunsaturated fatty acids (Litzow et al., 2006; 

Galloway and Winder, 2015; Hixson and Arts, 2016; Vagner et al., 2019; Schmidt et al., 2020). 

As zooplankton are important prey for larval and adult fish such as herring and sardine, 

changes in zooplankton communities will influence higher trophic levels through the transfer 

of energy and nutrients, potentially affecting fisheries (Brosset et al., 2017). In the North Sea, 

a reduction in euphausiids, copepod size, and abundance of the copepod Calanus finmarchicus 

has contributed to a long-lasting decline in cod recruitment (Beaugrand and Kirby, 2010; 

Bedford et al., 2020). Similarly, decreased zooplankton biomass in the Northern Californian 

Current has been linked to reduced growth and survival rates of juvenile salmon and herring 

(Mackas et al., 2013; Daly et al., 2017). In the Mediterranean, the decline in size and condition 

of sardine and anchovy have been attributed to community change from larger to smaller 

species with lower lipid content (Feuilloley et al., 2020). 

 

Studying zooplankton functioning in the ecosystem 

A mechanistic understanding of the changes in zooplankton communities and their effects on 

the ecosystem is crucial for developing adequate management measures and to predict how 

zooplankton and the ecosystem in which they are embedded will respond to a changing 

environment. However, acquiring this level of understanding is challenging due to the diversity 

and complexity of zooplankton and their interactions within the ecosystem. Ecosystem  
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models often oversimplify zooplankton, which can lead to inaccuracies in model output and 

predictions (Girardin et al., 2018; Bracis et al., 2020; Chenillat et al., 2021; Ito et al., 2023; 

Ratnarajah et al., 2023; Thorpe, 2024). Grazing by zooplankton on phytoplankton is often 

modelled using a simple biomass-based relationship. However, incorporating the size 

composition of both phyto- and zooplankton, as well as the proportion of herbivores versus 

omnivores in the zooplankton community, can provide a more realistic representation of this 

trophic interaction and decrease model uncertainty (Chenillat et al., 2021). The impact of a 

predator, like plaice larvae, on a zooplankton community can vary depending on whether the 

larvae are specialist or generalist feeders. Specialist or generalist feeders will respond 

differently to changes in the zooplankton community due to different strengths of trophic 

interactions (Thébault and Loreau, 2006). Thus, while simplification of zooplankton diversity 

is often necessary to limit computational burden, it is essential to recognize the diversity of 

zooplankton in terms of taxonomy, size and behaviour. Trait-based approaches appeared as a 

good compromise between simplification and maintenance of the zooplankton diversity 

required to understand zooplankton functioning in the ecosystem (Mlambo, 2014; Hébert et 

al., 2017; Benedetti et al., 2019). Traits are characteristics of organisms related to behaviour, 

physiology or morphology (Litchman et al., 2013; Mlambo, 2014). Trait information for most 

zooplankton taxa is scarce, however (Hébert et al., 2021; Ratnarajah et al., 2023), except for 

certain groups like copepods (Benedetti et al., 2015; Ratnarajah et al., 2023). Furthermore, 

the choice of traits adequate to represent zooplankton in a study requires a clear definition of 

the ecosystem function of interest and prior knowledge on the ecosystem and zooplankton 

studied (Hooper et al., 2005; Litchman et al., 2013; Hébert et al., 2017; McQuatters-Gollop et 

al., 2019; Bedford et al., 2020). A theoretical framework investigating diversity in relation to 

ecosystem functioning is Multitrophic Biodiversity Ecosystem Functioning (MBEF) (Thompson 

et al., 2012). This framework aims at creating a link between community ecology and 

ecosystem ecology using tropic relationships. Community ecology focuses on the composition 

and distribution of taxa, providing mechanistic insights into drivers of community dynamics 

and health. However, community ecology often concentrates on small parts of the ecosystem 

(e.g., specific trophic levels) and does not fully integrate and connect this knowledge with the 

entire ecosystem. Conversely, ecosystem ecology examines stocks and flows of energy and 

nutrients, and biomass distributions to understand the functioning of the ecosystem as a 

whole, but it tends to overlook species composition and interaction. Food web ecology can 
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connect these approaches by incorporating taxonomic details, interspecific links and 

relationships, body mass and body size while quantifying these relationships through trophic 

energy flows (Thompson et al., 2012).  

Considering zooplankton crucial role as intermediate trophic level, MBEF appears promising 

to investigate zooplankton functioning in the ecosystem by allowing the integration of 

zooplankton diversity in relation to lower and higher trophic levels. Thus, this approach was 

chosen to investigate zooplankton in the present thesis considering phytoplankton as lower 

and fish (larvae or adults) as higher trophic levels. 

Zooplankton composition and function will vary in space due to spatial variation in biotic 

drivers like benthic communities and abiotic drivers such as temperature, distribution of water 

masses, stratification and nutrient concentration (Hooper et al., 2005; Thompson et al., 2012; 

Grandremy et al., 2023). Furthermore, marine environments can be spatially distinguished 

with regard to migration routes, feeding and spawning grounds and nursery areas for 

example. Thus, assessing spatial variation in zooplankton functioning and investigating its 

drivers is important to understand ecosystem processes and to inform ecosystem-based 

management (Bedford et al 2020). 

 

Study area 

Shelf and coastal seas display high productivity due to high rates of primary production and 

elevated diversity of primary producers nourished by riverine and oceanic nutrient inputs 

(Thomas et al., 2005; Sharples et al., 2013). These areas provide 90 % of global fish catches 

(Pauly et al., 2002; Sharples et al., 2013) but suffer from intense anthropogenic pressures. 

The North Sea was proposed to have experienced several regime shifts in the past (Beaugrand, 

2004; Alvarez-Fernandez et al., 2012; Boersma et al., 2015) and recent studies suggest that 

the zooplankton community is changing in this area (Bedford et al., 2020; Semmouri et al., 

2023). Less information is known about zooplankton communities and their sensitivity to 

environmental pressures in the English Channel but regime shifts are also proposed to have 

occurred in this region based on data from a stationary long-term sampling station in the 

Western English Channel (Reygondeau et al., 2015).  

The Southern North Sea and the English Channel, which harbour key spawning and nursery 

grounds for several fish species like herring (Clupea harengus), plaice (Pleuronectes platessa), 
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sardine (Sardina pilchardus), cod (Gadus morhua), sole (Solea solae) and whiting (Merlangius 

merlangus), were chosen as study area of the present thesis (Coombs et al., 2005; Bolle et al., 

2009; Kanstinger and Peck, 2009; Martin et al., 2009; Corten, 2013) (Figure 3). 

 

 

Figure 3 Bathymetric map of study area (English Channel and Southern North Sea) in a bigger spatial 

context. Pointed line indicates transition between Northern and Southern North Sea.   

North Sea 

The North Sea is a European shelf sea being connected to the Atlantic Ocean in the North and 

to the English Channel in the South (OSPAR Commission, 2000; Krause et al., 2003; Winther 

and Johannessen, 2006). It can be divided in a northern and southern part due to its 

bathymetry, hydrology (OSPAR Commission, 2000; Krause et al., 2003; Lenhart et al., 2004) 

and ecology (Beaugrand et al., 2001; Lenhart et al., 2004) with a proposed border between 

Middlesbrough and Esbjerg (Lenhart et al., 2004) or the river Humber and Skagen (Krause et 

al., 2003) (Figure 4).  
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Figure 4 Circulation pattern of different water masses of the North Sea. Blue names indicate rivers, red 

names indicate orientation points to divide the North Sea in a Southern and a Northern part. Adapted from OSPAR 

Commission (2000).  
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Due to the domination of Atlantic water and its greater depth, the Northern North Sea is a 

rather oceanic system (Thomas et al., 2005). It displays depth between approximately 100 to 

150 m at the shelf and exceeds 700 m in the Norwegian trench (OSPAR Commission, 2000; 

Thomas et al., 2005; Winther and Johannessen, 2006). Stratification of the deeper basins of 

the Northern North Sea allows for sinking of particulate organic matter (POM) to the 

subsurface layer and export of dissolved inorganic carbon to the North Atlantic ocean (Lenhart 

et al., 2004; Thomas et al., 2005). 

The Southern North Sea (SNS) by contrast is shallow with depth less than 50 m south of the 

Dogger Bank (Thomas et al., 2005) and it is mainly controlled by riverine input as the Atlantic 

water entering via the Dover Strait in the south accounts for only 10 % of total Atlantic water 

input in the North Sea (OSPAR Commission, 2000; Lenhart et al., 2004; Thomas et al., 2005) 

(Figure 4). Furthermore, only a minor fraction of the Atlantic water inflow in the North reaches 

the area beyond the Dogger Bank (approx. 55°N3°E) (Turrell, 1992; Lenhart et al., 2004; 

Thomas et al., 2005). Due to the continuously mixed water POM does not sediment and is 

mineralized within the water column leading to a high turnover of carbon and nutrients 

(Lenhart et al., 2004; Thomas et al., 2005).  

Rivers entering the SNS are the Elbe, Weser, Rhine, Meuse, Scheldt, Thames and Humber 

(Figure 4). River discharge from the Dutch and Belgian coast (Rhine, Meuse, Scheldt) including 

the Dutch Wadden Sea, account for 91-97 km3 per year, whereas the discharge coming from 

the English east coast encompassing the rivers Tyne, Tees, Humber and Thames and from the 

Danish and German coasts account for 32 km3 per year, respectively (OSPAR Commission, 

2000). Although the Northern North Sea receives with around 300 km3 higher freshwater 

inputs than the SNS (OSPAR Commission, 2000; Lenhart et al., 2004), the influence of 

freshwater in the northern area is of minor importance, as freshwater is retained in a current 

flowing along the Norwegian coast and thus does not mix with the rest of the basin (Svendsen 

et al., 1991; Thomas et al., 2005). By contrast, the freshwater input in the much smaller, 

shallower and continuously stirred SNS is mixed with marine water masses, thus exerting a 

higher influence on the ecosystem (Thomas et al., 2005). Overall, North Sea water is a varying 

mixture of North Atlantic water and freshwater run-off (OSPAR Commission, 2000). The 

circulation and distribution of water masses are determining factors for the biology and 

ecology of the North Sea (Williams et al., 1993; OSPAR Commission, 2000; Krause et al., 2003; 

Lenhart et al., 2004). Svendsen et al. (1991) described the accepted general mean pattern of 
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North Sea circulation and distribution of water masses (Figure 4) that can be distinguished by 

their salinity (Krause et al., 2003). Atlantic water enters the North Sea in the North by the Fair 

Isle current and over the eastern Shetland shelf area (Otto et al., 1990; Turrell, 1992). Only a 

small fraction of this Atlantic water protrudes further south as 'Scottish Coastal water'. 

Atlantic water flowing towards the center transforms to 'Central North Sea water' (OSPAR 

Commission, 2000; Krause et al., 2003) and is directed eastwards by the Dogger Bank (Otto et 

al., 1990). East of the Dogger Bank part of the 'Central North Sea water' is flowing into the SNS 

(Svendsen et al., 1991; Krause et al., 2003). 'Scottish Coastal water' flows along the British 

coast into the SNS, where it mixes with fresh water (decreasing salinity to 34 - 34.75) and 

becomes the 'Southern North Sea water'. This water mass prevails in the open SNS. Entering 

the North Sea via the Dover Strait, the saline 'Channel Water' dominates in the Southern Bight. 

Flowing northwards along the east coast, the 'Channel Water' is mixed with freshwater inputs, 

transforming it to 'Continental Coastal water', displaying a lower but more variable salinity 

(31-34) compared to the 'Southern North Sea water' (OSPAR Commission, 2000; Krause et al., 

2003).  

Being a temperate shelf Sea, the North Sea displays a pronounced seasonal cycle caused by 

varying solar radiation. Furthermore, the influence of Atlantic water fluctuates seasonally, 

partially retreating during summer and occupying a wider area in winter. Thus, hydrological 

fluctuations contribute to the seasonal dynamics of plankton communities in this area (Krause 

et al., 2003). 
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English Channel 

The English Channel is a shallow epicontinental sea, bordering with the Celtic Sea in the west 

and the SNS in the east (Dauvin, 2012) (Figure 5). 

 

Figure 5 English Channel. Bathymetric map of the English Channel. Blue names indicate rivers terminating in the 

Eastern English Channel. Arrow indicates main flow direction from the Celtic Sea towards the Dover Strait. 

Entering the English Channel from the west, Atlantic water flows north-eastwards, 

constituting the main water mass circulation although strong tidal currents create local gyres 

(Richirt et al., 2021 and references therein). Based on differing hydrologic and oceanographic 

features, the English Channel can be divided in a western and an eastern part roughly 

separated at the Cap de la Hague (Stanford and Pitcher, 2004; Dauvin, 2012). Whereas the 

Western English Channel (WEC) is more saline due to the influence of Atlantic water, the 

Eastern English Channel (EEC) is characterized by important fresh water inputs from the rivers 

Seine and Somme creating a northward flowing coastal current of desalinated water (Brylinski 

et al., 1991; Dauvin, 2012) (Figure 5). The Seine accounts for two thirds of the drainage area 

of the English Channel (Pawson, 1995). Furthermore, differing depth profiles influence 

stratification and temperature. The WEC displays a depth of around 100 m at its entrance 

deepening to 174 m in its central trench, while the EEC is rather shallow with a depth of 40 m 

in the Dover Strait (Dauvin, 2012; Stanford and Pitcher, 2004). This results in seasonal 

occurrence of stratification in summer in the WEC whereas water in the EEC remains mixed 

throughout the year (Dauvin, 2012; Stanford and Pitcher, 2004). Compared to the WEC, the 

EEC is generally warmer in summer and colder in winter (Stanford and Pitcher, 2004). These 

distinct hydrologic and oceanographic features were found to cause differences in biological 
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features regarding fish stocks and benthic invertebrates for instance (Araùjo et al., 2005; 

Cabioch and Gentil, 1977; Dupont et al., 2007). 

 

Higher trophic levels 

In the present thesis, I mainly focused on three economically and ecologically important fish 

species, which consume zooplankton at various stages of their development: sardine, herring 

and plaice. Some consideration will also be given to the early stages of other fish species/taxa 

(e.g., Ammoditidae, Gadidae, Gobiidae) in chapter 1. Herring and sardine belong to the group 

of small pelagic fish and therefore represent an important intermediate trophic level due to 

their abundance, schooling behavior, energy density and planktivorous feeding mode which 

they sustain throughout their life span (Cury et al., 2000; Rosa et al., 2010; Garrido et al., 2015; 

ICES, 2022a). Plaice is a benthic flatfish species that feeds on benthos and channels energy to 

several piscivorous predators (Ellis et al., 1996; van der Veer et al., 2000; Martin et al., 2009; 

Girardin et al., 2018). The larvae of all three species are planktivorous. As a result of data 

availability, I focused on specific ontogenetic stages for these species: adults (sardine) and 

larvae (herring, plaice).  

 

Herring 

Atlantic herring (Clupea harengus) is a pelagic species of the Clupeidae family found mostly 

associated to the continental shelf (Whitehead, 1986) (Figure 6). Herring maximal size is 

reported to be 40 cm but most fish in the North Sea measure 20 – 30 cm. Their maximum life 

span is 7 – 10 years (ICES, 2004). 

 

Figure 6 Adult Herring (Clupea harengus). Photograph Pierre Porché, Ifremer. 



General Introduction 

15 
 

Geographical distribution of species and stocks 

Atlantic herring occur in the Northern Atlantic from the northern Bay of Biscay to Greenland 

into the Barents Sea in the east and from South Carolina to Labrador in the west (Whitehead, 

1985, 1986). The North Sea Autumn Spawning Herring (NSASH) stock, who lives their entire 

lifespan in the North Sea, is structured in four different spawning components (Orkney-

Shetland, Buchan, Banks, Downs) which are characterized by different growth rates, migration 

routes, spawning times, spawning grounds and recruitment patterns (Dickey-Collas et al., 

2010) (Figure 7). During spring and early summer, all spawning components gather on feeding 

grounds located in the western North and Central North Sea (Corten, 2001) (Figure 7B). The 

Downs component, which this thesis will focus on, was the first of the four NSASH components 

to collapse due to overexploitation in the 1960’s and took the longest to recover (Dickey-Collas 

et al., 2009). In recent years, however, the contribution of the Downs component to the 

overall NSASH stock increased and it is now considered larger than the contribution of the 

other three NSASH components (ICES, 2023a). 

 

Figure 7 Feeding, spawning and nursery areas of Autumn Spawning North Sea Herring. A: Drifting routes of 

herring larvae from the spawning grounds of the different spawning components in the northwestern, western and 

southern North Sea to the main nursery areas in the eastern North Sea. Adapted from Corten (2013); B: Annual 

migration of adult herring between feeding and spawning areas. Red arrow indicates migration route of Downs 

herring. Adapted from Corten (2001). 
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Reproduction and life cycle 

Herring are determinate single batch demersal spawners that attach their eggs to gravel beds 

on distinct spawning grounds (Geffen, 2009). They attain maturity at an age of 2 – 3 years 

(ICES, 2004). The Downs component migrates to the EEC and the Southern Bight of the North 

Sea to spawn between November and January (Schmidt et al., 2009). During spawning 

migration herring stop feeding (Slotte, 1999; Van Ginderdeuren et al., 2014a; McBride et al., 

2015) as gonads occupy the major part of their abdominal cavity. Thus, gonad development, 

migration and routine metabolism are fuelled by energy storages accumulated during the 

feeding period (McBride et al., 2015). Herring larvae (Figure 8) of the Downs component are 

drifted to the nursery areas along the Dutch coasts and in the German Bight (Figure 7A). 

Juveniles leave the nursery areas to join adults on the feeding grounds between ages 1 - 3 

(Dickey-Collas, 2005). 

 

 

Figure 8 Larvae of herring (Clupea harengus) of stage 1 to 4. Stage 1: yolk sac stage, stage 2: pre-flexion stage, 

stage 3: flexion stage, stage 4: post flexion. Graphic from Joly et al. (2021). 
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Trophic role in the ecosystem  

Herring display trophic plasticity depending on feeding conditions. Their prey spectrum varies 

with size, location, season and year (Dickey-Collas et al., 2010). Although herring are mainly 

planktivorous, using particulate- and filter-feeding, they also prey on nektobenthos, 

zoobenthos and juvenile fish (Batty et al., 1990; Gibson and Ezzi, 1992; Casini et al., 2004; 

Dickey-Collas et al., 2010). In the North Sea, Calanus spp., Temora spp., Pseudocalanus spp., 

Oikopleura spp., Sagitta spp., amphipods, juvenile Ammodytidae, fish eggs and larvae are the 

major constituents of adult herring diet (Segers et al., 2007). With regard to higher trophic 

levels, adult NSASH channel energy to gadoids and marine birds (ICES, 2008; Lindegren et al., 

2011), while juveniles are mostly preyed on by mackerel and horse mackerel (ICES, 2007, 

2008). Historically herring have been the main prey for bluefin tuna that disappeared from the 

North Sea in the early 1950s (Dickey-Collas et al., 2010).  

Herring larvae start feeding three days post hatch (Joly et al., 2021). A variety of planktonic 

organisms ranging from micro- to mesozooplankton organisms contribute to their diet, with 

the copepods genera Para- and Pseudocalanus proposed to be major prey organisms (Alvarez-

Fernandez et al., 2015; Denis et al., 2016; Bils et al., 2022). Further details on herring larval 

feeding are given in chapter 1 and 2. 

 

Fisheries 

Herring is further an economically important species with landings for human consumption in 

the entire North Sea accounting for 421 000 tonnes in 2023. In the SNS and the EEC catches 

accounted for 41 075 tonnes in 2023 (ICES, 2023a). Herring has a long history of exploitation, 

including stock collapse due to recruitment overfishing and the quasi-extinction of the Downs 

population in the mid-1970s (Geffen, 2009; Payne et al., 2009; Dickey-Collas et al., 2010). Since 

1996 a recovery plan was implemented to reduce fishing mortality and the stock of autumn 

spawners is seen as recovered with regard to the biomass threshold that is supposed to secure 

recruitment (Dickey-Collas et al., 2010) (Figure 9).  
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Figure 9 Stock development over time for North Sea Autumn Spawning Herring in Subarea 4 and divisions 

3.4 and 7.d. Fishing pressure above the FMSY indicates overexploitation of the stock. Spawning stock biomass 

(SSB) below MSY B trigger indicates the SSB being too low for the stock to be in a good ecological state. Adapted 

from ICES (2024a). 

. 

Since 2002, however, North Sea herring has experienced sustained poor recruitments despite 

spawning stock biomass above MSY (Maximum Sustainable Yield) level (Payne et al., 2009; 

ICES, 2024b). Increased larval mortality due to increased temperature and a regime shift in 

the planktonic communities in the North Sea, possibly combined with other factors (e.g., 

predation, poor hatching conditions) were evoked as possible drivers of these low 

recruitments (Corten, 2013).  
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Sardine 

Atlantic sardine or European pilchard (Sardina pilchardus) (Figure 10) (afterwards referred to 

as sardine) is a coastal pelagic species of the family Clupeidae (Nunes et al., 2011; Garrido et 

al., 2015). Although being able to attain an age of 14 years with a length of 27.2 cm (Silva et 

al., 2008) Atlantic sardine is often considered as short lived (Neves et al., 2021) or moderate 

lived (7 - 8 years) (Silva et al., 2006) species. 

 

Figure 10 Adult sardine (Sardina pilchardus). Photograph Ifremer. 

 

Geographical distribution of species and stocks 

Sardines are found  in the Northeast Atlantic, from the North Sea to Mauritania/Senegal, with 

the Azores being their western distributional limit which extents eastward to the 

Mediterranean and the Black Seas (Parrish et al., 1989). Within its distributional range, 

sardines are divided into several populations and stocks, though definitions vary depending 

on the methods or discriminant features used (Neves et al., 2021). In European Atlantic 

waters, three stocks are differentiated: the Northern stock in the Celtic Sea and the English 

Channel (ICES area 7), the Central stock in the Bay of Biscay, and the Southern stock spanning 

from the Cantabrian Sea to the Gulf of Cadiz (ICES, 2017; Neves et al., 2021) (Figure 11A). This 

thesis will focus on the Northern stock, and more specifically its English Channel component. 
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Figure 11 A: European North Atlantic sardine stocks. Adapted from ICES (2022a); B: Egg abundance in eggs/10 

m3 obtained from the surveys EVHOE (Bay of Biscay) and CGFS (English Channel) conducted by Ifremer in 2019. 

Graphic from https://campagnes.flotteoceanographique.fr/series/11/; C: Distribution of juvenile sardines of the 

Northern stock. Graphic from Campanella and van der Kooij (2021). 
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Reproduction and life cycle 

Sardines are indeterminate multiple batch spawners releasing pelagic eggs several times 

during the spawning season. For indeterminate batch spawners, potential annual fecundity is 

not fixed before the onset of spawning (Murua and Saborido-Rey, 2003) and gamete 

production relies on both stored energy and energy directly acquired from feeding (Bandarra 

et al., 1997). Sexual maturity is attained mainly in the age-groups 0-1 year (Silva et al., 2006). 

Two peaks of spawning were observed in the English Channel with one from May – July and a 

second one in autumn (October) (Coombs et al., 2005; Stratoudakis et al., 2007). Despite clear 

spawning seasonality, residual spawning takes place year around (Stratoudakis et al., 2007). 

In contrast to herring, no distinct spawning grounds are defined for sardines in the English 

Channel (Coombs et al., 2005) but data coming from the CGFS survey conducted in autumn 

indicate the westernmost part, the Baie de Somme and the eastern part of the EEC being 

regions of increased egg abundance (Figure 11B). Information about nursery areas only exist 

for the WEC. While juveniles were especially abundant in the center of the WEC from January 

to April, from September to December the spatial distribution was less distinct (Campanella 

and van der Kooij, 2021) (Figure 11C).   

 

Trophic role in the ecosystem  

Sardines display an opportunistic feeding behavior that varies ontogenetically, spatially and 

temporally (Garrido et al., 2007a; Costalago et al., 2015; Garrido et al., 2015; El Mghazli et al., 

2020). They switch between filter-feeding and therewith preying on small copepods, micro- 

and phytoplankton and particulate feeding ingesting mesozooplankton and fish eggs. Thus, 

their diet encompasses a wide range of prey sizes (Bode et al., 2004; Garrido et al., 2007a; 

Nikolioudakis et al., 2012). Feeding mode in sardine is not considered density-dependent  but 

influenced by the prey size available (Garrido et al., 2007a). 

Sardines serve themselves as prey for many piscvorous taxa such as harbour porpoise 

(Phocoena phocoena), bottlenose dolphin (Tusiops truncatus), striped dolphin (Stenella 

coeruleoalbe), white-sided dolphin (Lagenorhynchus acutus) and common dolphin (Delphinus 

delphis), with the latter extracting 6000 to 9000 tonnes of sardines annually in Galician waters 

(Marçalo et al., 2018; ICES, 2022a).  
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Fisheries 

Sardine fisheries have strong socio-economic interests and are one of the most valuable 

fisheries in the Atlantic (De Leonardis and Macciola, 2004; Neves et al., 2021) with annual 

landings from the Bay of Biscay and the Iberian Pensinula above 100 000 tonnes since the late 

1970 (Silva et al., 2015a). Looking at European sardine catches during the last decade, a 

decline can be observed and nearly all stocks are recognized as fully or heavily exploited (FAO, 

2018, 2019; ICES, 2018). Biomass of the European Southern stock for instance decreased by 

71 % between 2006 and 2013 due to a period of low recruitment (ICES, 2018). A comparable 

decrease in biomass together with a decrease in size and condition was observed in the 

Mediterranean, increasing the risk of over exploitation (FAO, 2018). By contrast, off Morocco 

and Mauritania, stock biomass appears to be stable and total catch increased by 4 and 17 % 

in 2016 - 2017, respectively (FAO, 2019). The Northern Stock is a non-quota stock without 

implementation of management measures at international level (ICES, 2022b). The stock and 

exploitation status in relation to the maximum sustainable yield (MSY) is not assessed but 

according to the reference point used in the precautionary approach (Istat) the stock biomass 

is above a critical limit (ICES, 2024c) (Figure 12). In the English Channel sardine landings varied 

between 6157 and 29 287 tonnes between 2002 and 2019 (ICES, 2022b) (Figure 12).  
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Figure 12 Stock development over time of sardine (Sardina pilchardus) in Subarea 7 (Southern Celtic Seas 

and English Channel). Upper panel: Catches since 2002, including catches below minimum size (BMS) and 

discards; lower panel: Biomass index obtained from the PELTIC survey (Western English Channel). Horizontal 

orange lines indicate biomass index for 2023 and the average for 2021 – 2022. Adapted from ICES (2024c). 
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Plaice 

Plaice (Pleuronectes platessa) (Figure 13) is a benthic flatfish species mostly living on sandy 

habitats and belonging to the family of Pleuronectidae (Zijlstra et al., 1982; Berghahn, 1986). 

They can attain a maximum length of 1 m and an age of 50 years (Muus and Nielsen, 1999).  

 

Figure 13 Adult plaice (Pleuronectes platessa). Photograph Pierre Porché, Ifremer. 

 

Geographical distribution of species and stocks 

The biogeographical distribution of plaice ranges from the western Mediterranean Sea, along 

the European coast to the White Sea, Iceland and Greenland (Nielsen, 1986). Plaice in the 

North Sea and the English Channel are managed as three different stocks, one associated to 

the WEC, one to the EEC and the third being the North Sea stock although individuals of all 

management components mix spatially at some point of their life cycle (ICES, 2021). Tagged 

animals in the EEC were found in the WEC and North Sea (ICES, 2021) and the assessment of 

the North Sea stock includes 50 % of the mature specimen of the EEC stock due to its presence 

in the North Sea during the first annual quarter (ICES, 2023b). Several spawning populations 

exist that mix during feeding in summer and separate for spawning migration in winter (De 

Veen, 1978; Hunter et al., 2004). 
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Reproduction and life cycle 

Plaice are determinate multiple batch spawners, spawning several batches of pelagic eggs 

during the spawning season while feeding is nearly completely ceased during the spawning 

period (Urban and Alheit, 1988; Rijnsdorp, 1989; Sauger et al., 2023). Males attain maturity at 

2 to 3 years and females between the age of 4 to 5. Possibly resulting from an evolutionary 

response to fishing mortality, a shift to earlier maturation was found in the early 1980s 

(Rijnsdorp and Van Beek, 1991; Rijnsdorp et al., 1991; Grift et al., 2003). Plaice spawn offshore 

on distinct spawning grounds to which they display fidelity (Figure 14). During spawning 

migration tidal currents are used selectively by ascending in mid-water to move downstream 

with the tide and staying at the bottom during opposing tide (Harding, 1978). On the spawning 

grounds in the WEC, EEC and the Southern Bight spawning starts in December and January 

while spawning on the spawning grounds south of the Dogger Bank occurs in February and 

March (Houghton and Harding, 1976; Arnold and Metcalfe, 1996; Bolle et al., 2009; Loots et 

al., 2010; Hufnagl et al., 2013; Lelièvre et al., 2014) (Figure 14).  

 

 

Figure 14 Approximate position of spawning grounds of plaice (Pleuronectes platessa) in the Eastern 

English Channel and the Southern North Sea reflected by egg abundance. Graphic from Bolle et al. (2009). 

 

Depending on the spawning ground, larvae are transported to different coastal nursery areas 

located along the coasts in the EEC and Southern North Sea (Bolle et al., 2009). After 
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metamorphosis from a round to a flat body (Figure 15), plaice settle preferentially on sand 

habitats (Zijlstra et al., 1982; Berghahn, 1986). Close to attaining adulthood plaice move from 

coastal into deeper areas (De Veen, 1978; Hunter et al., 2003). 

 

 

Figure 15 Larvae of plaice (Pleuronectes platessa) at different developmental stages. Stage 1: yolk sac stage, 

stage 2 pre-flexion stage, stage 3: post-flexion stage, stage 4: metamorphosis, juvenile. Photographs Michele 

Pernak. 

 

Trophic role in the ecosystem 

Plaice are important predators for benthic invertebrates like annelid polychaetes, bivalves, 

coelenterates, crustaceans and echinoderms and of small fish. In the English Channel they live 

in competition for food with crustaceans, whiting (Merlangius merlangus) and other demersal 

fish (Martin et al., 2009; Girardin et al., 2018). While adult and juvenile plaice are preyed upon 

by cod, common skate, starry ray, dogfish, cormorants and grey seals (Hammond et al., 1994; 

Ellis et al., 1996; van der Veer et al., 2000), plaice eggs are eaten by herring and sprat (Segers 

et al., 2007). 

Plaice larvae mainly feed on the appendicularian species Oikopleura dioica (Shelbourne, 1953, 

1957, 1962; Last, 1978). Further details about plaice larvae feeding will be given in chapters 1 

and 2. 
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Fisheries 

The EEC plaice stock is overexploited with the spawning stock biomass being below the MSY 

reference point indicating a critical ecological state of the stock (ICES, 2024d) (Figure 16). The 

North Sea plaice stock suffered from overexploitation until approximately 2008 but fishing 

effort was adapted and is now below FMSY. The ecological state of the stock was critical from 

beginning of the 1990’s until the 2000’s. Afterwards the stock recovered and was in a good 

ecological state during the last two decades with regard to the MSY reference point (ICES, 

2024e) (Figure 17). In the first quarter of 2022 25 543 tonnes of plaice were caught in the 

North Sea of which 283 tonnes were attributed to the stock of the EEC (ICES, 2023b). In the 

EEC the landings in 2022 accounted for 1601 tonnes (ICES, 2023b).  

 

 

Figure 16 Stock development over time for plaice in the Eastern English Channel (Division 7.d). Fishing 

pressure above the FMSY indicates overexploitation of the stock. Spawning stock biomass (SSB) below MSY B 

trigger indicates the SSB being too low for the stock to be in a good ecological state. Adapted from ICES (2024d). 
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Figure 17 Stock development over time for North Sea plaice (Subarea 4 and Subdivision 20). Fishing pressure 

above the FMSY indicates overexploitation of the stock. Spawning stock biomass (SSB) below MSY B trigger 

indicates the SSB being too low for the stock to be in a good ecological state.  Adapted from ICES (2024e) 

 

Several perspectives of zooplankton diversity in the context 

of MBEF 

Trophic potential is defined by both prey quantity and quality (Schoo et al., 2012). When 

considering zooplankton as prey for higher trophic levels, food availability and quality are 

influenced not only by the taxonomic composition and abundance of zooplankton but also by 

their biochemical stoichiometry and size. Zooplankton taxa vary with regard to their carbon 

content: gelatinous zooplankton have a low carbon content of 0.5 %, while crustaceans and 

microzooplankton contain 12 % and 15 % of carbon, respectively (Heneghan et al., 2023). 

Furthermore, the proportion of essential fatty acids, largely contributing to prey nutritional 

quality, is driven by a combination of phylogenetic and environmental factors (Persson and 

Vrede, 2006).  

Size was suggested to be a ‘master trait’ in ecology as it determines metabolic rates and 

productivity that in turn are related to abiotic variables like temperature. Thus, size represents 

an indirect way to measure energy and nutrient transfer in relation to abiotic conditions 
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(Brown et al., 2004; Giraldo et al., 2024). Furthermore, size plays a determining role in 

predator-prey interactions and mortality rates (Anderson, 1988; Cohen et al., 1993). Fish 

larvae depend on distinct prey size due to the size of their mouth gape, for instance (Last, 

1978). Thus, considering not only taxonomic diversity but also size and biochemical diversity 

within the MBEF framework may be necessary for a more mechanistic understanding of 

zooplankton diversity in the ecosystem.  

 

Thus, the aim of the present thesis was to contribute to a better understanding of ecosystem 

functioning by studying zooplankton functioning in the English Channel and the Southern 

North Sea within the MBEF framework. I considered several aspects of zooplankton diversity 

in relation to lower and higher trophic levels, accounting for spatial variation and potential 

abiotic drivers.  

 

Perspective 1: Taxonomical composition 

In the first chapter, I investigated the spatial distribution of zooplankton and ichthyoplankton 

taxa during winter in the EEC and SNS in relation to biotic and abiotic drivers with the aim to 

better understand and assess zooplankton winter assemblages and spatial variability of 

feeding conditions for winter spawned fish larvae.  

 

The principal question in chapter 1 was: Which mesozooplankton and ichthyoplankton 

assemblages are present in the SNS-EEC during winter and which abiotic and biotic factors 

drive their composition and distribution? 

 

Perspective 2: Plankton size structure: an isotopic approach 

In the second chapter, I investigated the size structure of plankton ranging from nano- to 

mesoplankton and their contribution to the diet of herring and plaice larvae in the EEC using 

stable isotopes. 

 

The principal questions of chapter 2 were: What is the size structure of plankton in the EEC 

with regard to their isotopic signature during winter? Which plankton size classes are 

characteristic for plaice and herring larval diet? 
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Perspective 3: Biochemical composition: a fatty acid approach 

In the third chapter, I focused on the biochemical composition of mesozooplankton with 

regard to fatty acids (FA) and their transfer to higher trophic levels represented by sardine. 

The FA profiles of mesozooplankton and sardine were analysed in combination with the 

taxonomical composition of zooplankton and phytoplankton in the entire English Channel 

accounting for spatial variation in relation to environmental drivers. 

 

The principal question asked in this chapter was: How does the FA profile of zooplankton and 

sardine vary spatially in the English Channel and what are the drivers of the spatial variability 

in the trophic transfer of these essential nutrients between these two trophic levels? 
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CHAPTER 1  -  1. Perspective – Taxonomical composition 

Historically, the word plankton was used to refer to organisms that were thought to be 

randomly and uniformly distributed in space (Hensen, 1887; Lussenhop, 1974; Lomartire et 

al., 2021). Today, we know that plankton display distinct vertical and horizontal distribution 

patterns that are driven by biotic and abiotic factors (Krause et al., 1995; Hays et al., 2001; 

Grandremy et al., 2023). As the composition and distribution of zooplankton communities can 

influence lower and higher trophic levels through grazing, nutrient recycling and energy 

transfer (Legendre and Rassoulzadegan, 1995; Sommer and Lewandowska, 2011; Pitois et al., 

2012), the first chapter aimed at understanding the spatial distribution of meso- and 

ichthyoplankton during winter in the SNS and the EEC, a period for which information 

concerning zooplankton remain limited. 

 

The work in this chapter was published in the scientific journal PLOS ONE (in press): 

 

Winter distribution of zooplankton and ichthyoplankton 

assemblages in the North Sea and the English Channel 

Carolin Julie Neven, Carolina Giraldo, Raphaël Girardin, Alain Lefebvre, Sébastien Lefebvre, 

Christophe Loots, Cédric Leo Meunier, Paul Marchal  
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Winter distribution of zooplankton and 

ichthyoplankton assemblages in the 

North Sea and the English Channel 

1.1 Introduction 

In temperate regions, the annual abundance of zooplankton organisms follows a seasonal 

cycle. This cycle starts with a phytoplankton spring bloom facilitating an increase of 

zooplankton abundance and biomass characterized by a succession from herbivorous to 

predatory taxa (Sommer et al., 2012; Teodosio and Barbosa, 2020). Depending on hydrological 

conditions and community structure, a second abundance peak may occur in autumn 

facilitated by the phytoplankton autumn bloom growing on remineralized nutrients and 

terminating the productive period (Teodosio and Barbosa, 2020). But what happens outside 

of these periods? How and where do zooplankton organisms survive or live during low primary 

production and winter conditions? Some insight is coming from studies on overwintering 

strategies and seasonality of marine copepods (Hay et al., 1991; Hay, 1995; Halsband and 

Hirche, 2001; Engel and Hirche, 2004; Halsband-Lenk et al., 2004; Wesche et al., 2007). 

Whereas the copepod Acartia clausi was found to undergo a reproductive dormancy probably 

regulated by intrinsic factors as egg production increased irrespective of environmental 

conditions, Temora longicornis and Centropages typicus can reproduce throughout winter 

(Wesche et al., 2007) albeit reproduction rate may be driven by prey availability and 

temperature, respectively (Dam and Lopes, 2003; Wesche et al., 2007). Some species like T. 

longicornis seem to display a mixed strategy consisting of hibernal (winter) reproduction and 

production of resting eggs (Halsband and Hirche, 2001; Engel and Hirche, 2004; Wesche et al., 

2007). Further overwintering strategies of zooplankton are diapause, seasonal vertical 

migration, building of energy storage, reduced growth and metabolic rate, for instance (Varpe, 

2012). Zooplankton overwintering stocks are of importance as their size and distribution were 

found to influence year-to-year variations in the general abundance and distribution of 

zooplankton in the North Sea (Colebrook, 1984, 1987) functioning like a seed (Hay et al., 1991) 

ready to flourish as soon as conditions are adequate. Evidence suggests that depending on the 
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size and composition of the zooplankton overwintering stock the phytoplankton spring bloom 

might be exploited differently with regard to time, biomass, phytoplankton species and size 

classes (Sommer and Lewandowska, 2011). As discussed by Nielsen and Richardson (1989) 

small overwintering populations might leave a major part of the spring bloom unexploited. 

High initial copepod overwintering stocks by contrast might introduce top-down control 

earlier during the spring bloom development, prolonging the time span of nutrient availability 

for phytoplankton by remineralization. This might have further consequences for plankton 

succession and carbon sequestration (Sterner, 1986; Nielsen and Richardson, 1989; Spilling et 

al., 2018). Although overwintering strategies are complex and our understanding remains 

limited (Wesche et al., 2007), spatial and temporal variation of zooplankton overwintering 

stocks can be expected. Temperature and prey availability are control mechanisms of 

overwintering. Thus, ocean warming (Edwards and Richardson, 2004; Wiltshire and Manly, 

2004; Boersma et al., 2015) and observed changes in the phenology, composition and 

abundance of primary producers (Edwards et al., 2002; Hawkins et al., 2003; Edwards and 

Richardson, 2004) might have taxa-specific influences on zooplankton overwintering (Wesche 

et al., 2007). This in turn, might have potential consequences for phytoplankton spring bloom 

succession (Sommer and Lewandowska, 2011; Friedland et al., 2016).  

Zooplankton were extensively studied in the North Sea (e.g. Alvarez-Fernandez et al., 2012; 

Beaugrand et al., 2014, 2001; Fransz et al., 1991; Friedland et al., 2016; Hawkins et al., 2003), 

albeit winter populations have been less studied than spring-summer assemblages, despite 

growing acknowledgment of the importance of this period (Colebrook, 1984; Fransz et al., 

1991; Sommer and Lewandowska, 2011; Hufnagl et al., 2015; Dudeck et al., 2021; Akimova et 

al., 2023). Furthermore, studies describing spatial distribution of single species or assemblages 

in detail remain scarce, spatially limited or describe the distribution of zooplankton at the end 

of the last century. Krause and Martens (1990) and Krause et al. (1995) assessed the 

zooplankton community of the entire North Sea sampled during winter 1987 and provided 

maps displaying the distribution of abundance and biomass for each taxon found. With regard 

to abundance three overall patterns of taxa distribution were revealed constituting the 

affiliation to Northern North Sea water, the central North Sea or coastal neritic areas (Krause 

et al., 1995). With regard to biomass, centers of relatively high biomass were localized in the 

SNS associated to eastern river deltas, off the British coast towards the Dogger Bank and in 

the Skagerrak region (Krause and Martens, 1990). Van Ginderdeuren et al. (2014) described 
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the zooplankton assemblage in the Belgian part of the North Sea in winter 2009 as single 

neritic zooplankton assemblage dominated by T. longicornis and A. clausi with presence of 

oceanic species depended on Atlantic water inflow. In a recent study, Dudeck et al. (2021) 

evaluated data sampled from 1991 to 2013 in the EEC and the Southern Bight to investigate 

temporal change in size and overall abundance of zooplankton considering potential spatial 

variation. Whereas zooplankton individual size displayed a decreasing trend, zooplankton 

abundance was found to increase with no difference among the four regions defined based 

on zooplankton congregations. A similar pattern was found in the Bay of Biscay where there 

was a decline in zooplankton body size but an increase in abundance leading to no changes in 

the overall biomass (Grandremy et al., 2023). None of these studies, however, defined and 

concurrently described the defined zooplankton assemblages and their spatial distribution in 

the SNS and EEC (SNS-EEC), and ichthyoplankton (fish larvae and eggs) was never included 

comprehensively. Furthermore, although being a period of relatively low prey abundance 

(Krause and Martens, 1990), several fish species spawn in winter in the SNS-EEC (Munk and 

Nielsen, 2005; Martin et al., 2008; Coppin et al., 2009). The SNS-EEC harbor spawning sites, 

larval drifting routes and nursery areas and constitute therewith an important area for winter 

spawning fish, particularly for herring (Clupea harengus) and plaice (Pleuronectes platessa) 

(Martin et al., 2008; Bolle et al., 2009; Coppin et al., 2009). The Downs herring spawning 

component, for instance, spawns in the EEC and Southern Bight of the North Sea from 

November until February (Coppin et al., 2009; Dickey-Collas et al., 2009) and larvae hatching 

in the EEC are transported to eastern North Sea nursery grounds (Bolle et al., 2009). The 

Downs population has recovered after almost disappearing in the late 1970es, and it is now a 

major contributor to the overall North Sea herring recruitment (ICES, 2022b, 2023a). 

Fluctuations in Downs herring year class strength are driven by favorable environmental 

conditions combined with match-mismatch dynamics (Cushing, 1990; Nash and Dickey-Collas, 

2005; Peck et al., 2012). In particular, Downs herring larvae feed on overwintering plankton, 

and the lack of knowledge about the distribution and composition of these prey was 

mentioned as a major gap in understanding their survival (Akimova et al., 2023).  

A large scale approach aiming at the definition of plankton assemblages in the North Atlantic 

and its adjacent Seas using seasonally integrated data indicated the existence of several 

plankton assemblages in the SNS (Kléparski et al., 2021). Although the data used in this study 

did not cover the Southern Bight and EEC and detailed information about the assemblages in 
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the SNS-EEC remained limited, this study gives rise to the hypothesis that different 

zooplankton assemblages may exist in this area during winter. With the aim to shed light on 

the described knowledge gap, the present study intends to investigate the spatial distribution 

of winter zooplankton assemblages integrating mesozooplankton and ichthyoplankton in the 

SNS-EEC, and to discuss them with regard to potential environmental drivers. Understanding 

the distribution and composition of assemblages can be complex (Gabaldón et al., 2019) as 

they might be influenced by several factors like abiotic condition (e.g. temperature, oxygen, 

depth) (Luo et al., 2014), predation (Maes et al., 2005; Daewel et al., 2014) and food 

availability (Luo et al., 2014). Also food quality was shown to influence zooplankton 

abundance (Nobili et al., 2013; Meunier et al., 2016). The dissolved N/P ratio in the sea water 

was shown to reflect the phytoplankton quality in terms of prey for herbivorous zooplankton, 

as the N/P ratio in phytoplankton varies with the ratio of dissolved nutrients in surrounding 

sea water (Sterner and Elser, 2017). Phytoplankton displaying an N/P ratio close to the 

Redfield ratio of 16:1 were found to represent food of higher quality for copepod species 

(Nobili et al., 2013). These examples show that factors shaping assemblages are diverse and 

we aim to elucidate their relationships with the assemblages found by using a comprehensive 

set of potential environmental drivers. 

Analyzing mesozooplankton and ichthyoplankton data concomitantly is methodologically 

challenging as these different zooplankton compartments are surveyed using different 

sampling schemes, resulting in datasets with distinct sampling resolution and coverage. In this 

study, we propose the use of a geostatistical method developed in agronomics (Tisseyre et al., 

2018) to define a common spatial grid adapted to the data and allowing for common analysis 

of those datasets. Using a clustering approach, we then defined zooplankton assemblages and 

assessed inter-annual variation of the spatial extent and composition of the assemblages 

found. As present knowledge about hibernal zooplankton assemblage composition and 

distribution is scarce, the outcome of the present study will allow to recognize potential future 

changes of zooplankton assemblage composition and distribution and help to better 

understand spring plankton succession/development in the context of climate change.     
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1.2 Materials & Methods 

1.2.1 Data 

All zooplankton and most environmental data used in this study were sampled in January-

February during the first quarter International Bottom Trawl Survey (IBTS) in 2008 and 2022, 

onboard of the French Thalassa Research Vessel from the French Oceanographic fleet. 

Additional details on sampling protocols are given below and are accessible using the survey’s 

DOI (2008: 10.17600/8040010, 2022: 10.17600/18001811). 

In 2008 (27.01.2008 to 21.02.2008) data collection included taxa-specific abundance of 

zooplankton (mesozooplankton, ichthyoplankton (eggs, larvae), taxa-specific phyto- and 

microplankton abundance and environmental parameters (particulate organic matter (POM), 

chlorophyll a, nitrate (NO3-), nitrite (NO2-), ammonium (NH4
+), phosphate (PO4

3-), silicate 

(Si(OH)4)), temperature, salinity, depth) (Figure 18A-C, Annex I Figure A 1). The ratio of 

nitrogen (sum of nitrite, nitrate and ammonium) and phosphate and the sum of nitrate and 

nitrite was calculated for further analysis. In 2022 (17.01.22 – 09.02.22) a more restricted 

spectrum of ecosystem and environmental parameters was assessed over a smaller spatial 

extent (Figure 18D-E). Data available for 2022 were mesozooplankton, fish larvae, 

temperature, salinity, depth and chlorophyll a concentration.  

For the implementation of an anomaly analysis salinity and temperature data for the period 

1998 to 2022 and chlorophyll a data available for the period 2008 – 2022 were downloaded 

from the ICES (https://www.ices.dk/data/dataset-collections/Pages/default.aspx) and Datras 

database (https://datras.ices.dk). Data of the herring larval index (1992 – 2022) were accessed 

from the 2023 report of the ICES working group HAWG (ICES, 2023a).  

 



CHAPTER 1  -  1. Perspective – Taxonomical composition 

37 
 

 

Figure 18 IBTS sampling stations. A: Mesozooplankton (IBTS 2008), black dots indicate locations delineating the 

geographical distinction between the Southern and Northern North Sea, furthermore the position of the sandbank 

Dogger Bank is indicated; B: Fish larvae (IBTS 2008); C: Fish eggs (IBTS 2008); D: Mesozooplankton (IBTS 2022); 

E: Fish larvae (IBTS 2022). 

 

1.2.1.1 Zooplankton taxa and abundance 

Mesozooplankton 

In 2008 and 2022, a total of respectively 142 and 43 mesozooplankton samples were taken 

using a WP2 net (mesh size 200 µm) which was vertically hauled from 3 m above bottom to 

surface. Sampling took place during night and daytime and no significant differences were 

found between night and day samples. 

Species determination was assisted by a ZooScan (Grosjean et al., 2004; Gorsky et al., 2010). 

Briefly, a ZooScan allows scanning zooplankton samples as pictures, which are subsequently 

used by a machine-learning algorithm for species determination. The machine-learning 

algorithm used in 2008 was Plankton Identifier (http://www.obs-
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vlfr.fr/~gaspari/Plankton_Identifier/index.php) and Eco-Taxa (http://ecotaxoserver.obs-

vlfr.fr) in 2022. Both algorithms are based on the ZooProcess software and produce 

comparable results. Samples stored in 1% formol were rinsed and specimens were divided in 

two size classes (A: 200-500 µm, B: >500 µm) to increase determination success of the 

method. To further enhance determination exactness, samples were fractionated by means 

of the Motoda method (Motoda, 1959; Grosjean et al., 2004). Finally, specialists in 

zooplankton taxonomy validated ZooScan taxonomic classification output. Since the ZooScan 

is able to detect organisms with an equivalent circular diameter of at least 300 µm (Gorsky et 

al., 2010), only the mesozooplankton size fraction >300 µm was retained in this study. In 2008, 

46 groups of specimen were determined with the finest taxonomic determination level being 

genus (Annex I Table A 1) and multiples accounted for 6.6 % of all pictures. In 2022, 62 taxa 

were found with the finest taxonomic level being species (Annex I Table A 2). Multiples 

accounted for 8.1 % of all pictures. Taxonomic resolution was adapted to the resolution of the 

2008 data set to facilitate inter-annual comparison reducing the number of taxa to 44. 

Depth integrated mesozooplankton abundance was calculated as individuals per m3. The 

water volume filtered by the WP2 bongonet was derived using equation (1), where V is the 

filtered volume of seawater in m3, T the number of turns of the volume meter, 0.3 the 

conversion factor provided by the manufacturer of the volume meter and D the net diameter 

(D=0.57 m). 

 

𝑉 = 𝑇 ∗ 0.3 ∗ [𝜋 ∗ (
𝐷

2
) ²]     (1) 

 

The abundance per taxon and station (Ab in individuals per m3) was calculated using equation 

(2), with N being the number of individuals identified per size class (A and B), F the fraction of 

the sample after application of the Motoda method (e.g.  
1

16
) and V the volume filtered per 

station / sample. 

 

𝐴𝑏 =
(

𝑁𝐴

𝐹𝐴
+

𝑁𝐵

𝐹𝐵
)

𝑉
     (2) 

Fish larvae 

In 2008 and 2022, a total of respectively 130 and 103 fish larvae samples were collected. 

Sampling took place after sunset and was realized using a MIK (Method Isaac Kid) with a mesh 
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size of 500 µm. At the sampling station the MIK was descended to the bottom and ascended 

diagonally covering the entire water column for a duration of 10 min. Samples were analyzed 

for species abundance in the laboratory using a Stereo Microscope (Olympus SZX16 with a 7x 

– 115x zoom range). The abundance per taxon and station (in individuals per 1000 m3) was 

calculated by dividing the number of individuals per station by the volume filtered. The volume 

filtered was calculated by means of equation 1.  

A total of eight taxonomic groups were found in 2008, of which four could be identified to 

species level (Annex I Table A 1). In 2022 a total of 14 taxonomic groups were found, including 

11 species, one genus and two families (Annex I Table A 2). Herring larvae (C. harengus) were 

separated into three size classes to allow for spatial analysis of larvae with different prey 

composition. Class 6-12 mm represented the yolk sac and preflexion stage (Joly et al., 2021), 

class 13–20 mm represented a critical stage with regard to a change in prey selection 

(Checkley, 1982; Denis et al., 2016), and class 21–42 mm covered the postflexion stage (Joly 

et al., 2021). No size specific data was available for the other taxonomic groups of fish larvae. 

 

Fish eggs 

In contrast to mesozooplankton and fish larvae samples, fish eggs were sampled continuously 

during the route of the research vessel. Seawater was pumped from three meters below sea 

surface by means of the Continuous Underway Fish Egg Sampler (CUFES) (Checkley Jr et al., 

1997). In total 861 samples were taken in 2008. Samples were stored in 1% formol. Taxonomic 

determination was realized using a Stereo Microscope (Olympus SZX16 with a 7x – 115x zoom 

range). The abundance per taxon (in individuals per m3) was calculated by dividing the number 

of individuals per sample by the water volume filtered.  

In 2008, the eggs of five taxonomic groups (Annex I Table A 1) were collected of which two 

were identified to species level.  

 

1.2.1.2 Phyto- and microplankton  

In 2008, phyto- and microplankton taxa composition and taxa abundance were determined 

using inverse-microscopy. The abundance per taxon and station (in cells per liter) was 

calculated by dividing the number of individuals per station by the volume filtered.  

To simplify later analysis taxa abundance of diatoms, dinoflagellates, flagellates, 

nanoflagellates, ciliates, chlorophytes and others was summed. The group of others contained 
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the taxa Phaeocystis globosa, Heterosigma spp., Eutreptiella spp., Mediophyceae, 

Crysophyceae and Cryptophyceae. These groups represented the overall diversity of phyto- 

and microplankton and its spatial distribution sufficiently for the purpose of the present study.  

 

1.2.2 Data projection on an optimized grid 

1.2.2.1 Estimation of optimal grid size 

The optimal grid cell size was determined using the most comprehensive and spatially-

extended 2008 dataset. As mesozooplankton, fish larvae and fish egg datasets differed in their 

sampling extent as weel as in their sampling resolution, a common sampling area and spatial 

grid was defined, building on an approach initially developed in agronomics (Tisseyre et al., 

2018) and to our best knowledge, for the first time applied to marine ecological data. The area 

of analysis (polygon) was restricted to the dataset covering the smallest sampling area (fish 

egg data set). Within the polygon 141 mesozooplankton samples, 129 fish larvae and 861 fish 

egg samples remained for further analysis. The optimal grid cell size (Lopt) was then defined 

as cell size that reduced the undesirable nugget variance (derived from a semi-variogram) to 

a minimum, whilst minimizing the resulting decrease in the informative variance component 

of the spatial structure (Bellehumeur et al., 1997; Tisseyre et al., 2018). In detail, Lopt was 

defined as the cell length, which optimizes the structural information in a grid cell, by 

maximizing the sum of two components. The first component is the proportion of nugget 

variance that is removed (PNR). The second component is the proportion of sill variance that 

is retained (PS). This relationship was specified in formula 3, where fv is the amount of 

information per grid cell of size v (area), PNR is the proportion of initial noise that is removed 

and PS is the proportion of remaining spatially structured variance. 

 

𝑓𝑣 = 𝑃𝑁𝑅 + 𝑃𝑠   (3) 

 

Tisseyre et al. (2018) showed that, with an exponential variogram model, equation (3) could 

be simplified as a function of the length of the raster cell (L), the range (a) estimated from the 

variogram model, and the sampling rate (r) in the study area (equation (4)).  

 

𝑓𝑣 = 𝑒𝑥𝑝 (−
𝐿

2𝑎
) + 1 −

1

𝑟𝐿2  (4) 
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To calculate Lopt, we calculated the first derivative of fv relative to L (fv’), and numerically 

sought the value of L for which fv’ was null: 

 

𝑓𝑣′ =  −
1

2𝑎
∗ 𝑒𝑥𝑝 (−

𝐿

2𝑎
) +

2

𝑟𝐿3
  (5) 

 

As the sampling resolution of the mesozooplankton and fish larvae datasets (n=141, n=129, 

respectively) was much lower than that of the fish egg dataset (n=861), only the taxa of the 

former two datasets were considered to derive Lopt. To solve equation fv‘ = 0, the ranges (a) 

of all mesozooplankton and fish larvae groups with a higher occurrence than 10 % and 

contributing to 95 % of cumulative frequency of abundance in the polygon were calculated. 

Non-stationarity data (variogram not displaying sill) with a spatial trend accounting for more 

than 20% (R² >= 0.2) of the variation were detrended using the least-square regression 

method. The trend was modelled by fitting a linear or quadratic regression to the spatial 

coordinates. If the regression model was significant with a R² higher than 0.2 the empirical 

variogram was calculated on the residuals (Loots et al., 2010). In case linear and quadratic 

regression models were significant with a similar R², quadratic residuals were chosen for 

geostatistical analysis (Annex I Figure A 2). Finally, it was not possible to fit an exponential 

variogram model for certain taxa, owing to the spatial structure of their distribution. In case 

an exponential variogram model could not be fitted to the empirical variogram (8 taxa from 

22), the respective taxonomic group was excluded from the grid cell size definition process. 

In a next step, fv’ was solved for all taxonomic groups with a nugget effect higher than zero (7 

taxa from 14) using an evolutionary algorithm running 500 iterations testing 1000 numbers 

per cycle. Finally, it was verified that the received taxon specific Lopts were bigger than the 

minimum distance between stations and smaller than the practical range (Tisseyre et al., 

2018).  

After having defined taxon-specific-Lopt (79.9 – 123.3 km) (Annex I Figure A 3), we sought a 

compromise value for which Lopt was close to the maximum taxon-specific-Lopt of all taxa, 

and for which the number of empty grid cells was kept to a minimum. For this purpose, the 

median value of the taxon-specific-Lopt was calculated resulting in an Lopt of 91.58 km 

producing a maximal information content per cell that differed by less than 1.7 % from the 

information content obtained using taxon-specific-Lopt. The minimum number of sampling 
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stations per cell was one for mesozooplankton and fish larvae and two for the egg dataset 

(Figure 19). One cell of central position did not contain sampling stations and thus was 

excluded from further analyses. The Lopt of 91.58 km was subsequently applied to project 

information from both the 2008 and 2022 datasets.  

All analyses were performed in R version 4.2.1 using the package “gstat” (Pebesma, 2004) and 

“sp” (Pebesma and Bivand, 2005) for the geostatistical analyses and the package “raster” 

(Hijmans, 2012) for definition of empty cells per grid cell size. 
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Figure 19 Number of sampling stations per cell for the 2008 dataset. A: Grid with the optimal grid cell size of 

0.83 x 0.83 degrees; B: Number of sampling stations for mesozooplankton per grid cell; C: Number of sampling 

stations for fish larvae per grid cell; D: Number of sampling stations for fish eggs per grid cell; E: Number of sampling 

stations salinity, temperature and depth; F: Number of sampling stations of water samples for phytoplankton 

community analysis; G: water samples for concentration of material in suspension and chlorophyll a. 
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1.2.2.2 Planktonic abundance and environmental parameters per grid cell 

The abundance (x) of all zooplankton taxa per sampling station was transformed with the 

log(x+1) function. This transformation allowed to downscale the high variability among the 

abundances of the different taxa (Clarke and Warwick, 2001). Using a bootstrap with the 

number of iterations set to 10000, the mean abundance per grid cell was calculated for log-

transformed and raw data of each taxon. The mean of log-transformed data was used for 

clustering whereas the mean derived from raw data was used for the determination of 

indicator taxa (Figure 20) and to investigate the relation to environmental drivers later on (see 

chapter 1.2.4). The mean of non-transformed and log(x+1) transformed environmental 

parameters and phyto-microplankton abundance was calculated using the same method. 

Using the bootstrap method reduced the bias resulting from a differing number of sampling 

or measuring stations per grid cell (Nahorniak et al., 2015). 

Summing the mean abundance of all taxa collected in a grid cell, the total mean zooplankton 

(mesozooplankton and ichthyoplankton) abundance and the total mean phyto-microplankton 

abundance per grid cell were calculated. 

 

1.2.3 Determining assemblages by means of fuzzy clustering 

An overview of the methodological steps for the assemblage definition is given in Figure 20. 

In order to define assemblages based on the most important taxa with regard to abundance 

(McKnight et al., 2019), whilst considering the ecological meaning of rarer specimens, taxa 

were separated into dominant and secondary. A taxon was considered dominant when its 

relative abundance was higher than 0.5 %, and secondary otherwise (Souissi et al., 2001). 

Dominant taxa were used for clustering. Secondary taxa were included in the calculation of 

indicator taxa (Dufrêne and Legendre, 1997). Indicator taxa were determined by means of the 

IndVal method (Dufrêne and Legendre, 1997), which reveals taxa with a high fidelity and 

specificity for a cluster. Cluster-specific taxa display a high abundance in a cluster compared 

to the others. Taxa with a high fidelity for a cluster occur in a high number of grid cells 

belonging to that cluster. All indicator taxa considered, had a higher indicator value than 0.25 

(Dufrêne and Legendre, 1997; Souissi et al., 2001). 

The broad zooplankton taxonomic groups Copepoda, Calanoida, and Crustacea nauplius were 

excluded from the clustering analysis, although dominant, to assure that each taxon only 

contributed once to the clustering analysis and to keep the finest taxonomic resolution 
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possible. The mentioned groups regroup taxa that are building a taxonomic group on their 

own in our data set. An example is the genus Temora, which is sorted by the software as 

proper group but individuals of this genus can also be found in the groups Copepoda and 

Calanoida. For the same reasons the taxa Cyclopoida and Calanoida were excluded from the 

clustering analysis applied to the 2022 dataset. 

Prior to clustering, the grid cell mean of mesozooplankton and ichthyoplankton taxa 

(calculated on log-transformed data) were transformed to relative abundance by means of 

the Hellinger transformation (Borcard et al., 2011; Frelat et al., 2022), to enhance the joint 

analysis of the different data sets (Frelat et al., 2022) (Figure 20). Furthermore, it allowed 

assigning the same weight to mesozooplankton and ichthyoplankton in the clustering analysis 

by rendering the contribution of abundant and rare species to the distance matrix similar 

(Legendre and Gallagher, 2001; Borcard et al., 2011; Legendre and Legendre, 2012). Hellinger 

distance (Borcard et al., 2011) was chosen as distance metric in this study. 
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Figure 20 Overview steps for assemblage definition.  
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1.2.3.1 Pilot study – clustering method and number of clusters  

To evaluate the most appropriate clustering approach for the present dataset a pilot study 

was conducted applying a hierarchical and a fuzzy clustering method (Borcard et al., 2011) to 

the 2008 dataset and by mapping and evaluating clustering output. Hierarchical clustering was 

applied on principal components of a Principal Component Analysis (PCA) using all dominant 

taxa and directly implemented on the data (Figure 20).  

Hierarchical clustering can be implemented using different clustering algorithms. The 

algorithm representing the original distance matrix most adequately should be used (Borcard 

et al., 2011). The most appropriate algorithm was determined testing eight different clustering 

algorithms (unweighted pair-group method using arithmetic averages, unweighted pair-group 

method using centroids, weighted pair-group method using arithmetic averages, weighted 

pair-group method using centroids, Ward’s method, single linkage, complete linkage, divisive 

hierarchical method) using Shepard-like diagrams (Borcard et al., 2011; Hattab et al., 2015).  

After having chosen the adequate clustering algorithm the number of clusters needs to be 

defined as clustering methods require an a priori definition of the number of clusters (k) or 

the cut-off level (Kreft and Jetz, 2010). To make this choice more objective, Kreft and Jetz 

(2010) proposed the use of statistical methods for the definition of the optimal k. Using three 

different methods namely the Silhouette widths, the Mantel correlation between the distance 

matrix and binary matrix computed from the dendrogram (Borcard et al., 2011) and the Kelly-

Gardner-Sutcliffe penalty function (Hattab et al., 2015) resulted in different optimal k. To 

evaluate the k most appropriate to the data set, clustering was conducted using all statistically 

derived k. The resulting clusters were mapped and their ecological meaning evaluated 

assessing the existence of indicator taxa and considering the spatial coherence of the clusters 

(membership value and spatial distribution).  

Analysis was conducted using the package “labdsv” and a p-value of 0.05 adjusted after 

Benjamini and Hochberg (Benjamini and Hochberg, 1995).  
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1.2.3.2 Fuzzy clustering 

Based on the pilot study, the fuzzy c-means clustering method was chosen as most 

appropriate for the present data. In fuzzy clustering each cell is affiliated to each cluster and 

strength of affiliation to a cluster is expressed by the membership value. The sum of per-cell 

membership values over all clusters equals 1. To assess the coherence of the assemblage, 

maps displaying the maximum membership value per cell were produced indicating cells of 

strong affiliation (high membership value) and therefore coherent clusters and cells of weak 

affiliation (low membership value) and therefore less coherent regions (Figure 21). Fuzzy 

clustering was implemented with a membership exponent of 1.2 using the function fanny () 

from the “cluster” package (Borcard et al., 2011; Maechler et al., 2023). 

The number of clusters (k) was determined as described above. The statistical methods used 

proposed k values of 4 and 3 (Annex I Figure A 4). Restricting clustering to a number of 3 

produced a continuous region of lower membership values towards the center of the study 

area (Figure 21A). As this region of lower membership values turned into a cluster when 

allowing for 4 clusters (Figure 21C), setting k to 4 was judged more appropriate to describe 

zooplankton assemblages present in the study area than setting k to 3. The blurred pattern of 

lower membership values resulting from a k of 4 and 5 indicated (Figure 21C,D), that a k higher 

than 5 would not reveal further spatially-coherent clusters. As indicator species were found 

for clusters one to five, a distinctively lower mesozooplankton abundance was observed in 

cluster 5 compared to cluster 1 and abundance of herring larvae (6-12 mm) was distinctively 

higher in cluster 5 compared to cluster 1 (see Results section), a k of 5 was chosen as the most 

appropriate number of clusters.   
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Figure 21 Highest membership values per cell of clustering using different k. Fuzzy clustering evaluates the 

strength of affiliation of a cell to each cluster, which is expressed by a membership value. High membership values 

indicate coherent regions, low membership values indicate regions of low coherence. A,B: three clusters 

(maximized silhouette width), C,D: four clusters (minimized Kelly-Gardner-Sutcliffe penalty and maximized Mantel 

correlation), E,F: five clusters (quasi minimized Kelly-Gardner-Sutcliffe penalty, quasi maximized Mantel correlation 

and quasi maximized silhouette width). 

 

Clustering analysis was conducted in R version 4.1.2 using the packages “cluster” (Maechler 

et al., 2023), “vegan” (Oksanen et al., 2001) and “maptree” (White and Gramacy, 2022) and 

results were mapped by means of the packages “sf” (Pebesma, 2018), “sp” (Pebesma and 

Bivand, 2005), “EchoR” (Schramm, 2022) and “ggplot2” (Wickman, 2016).  
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To characterize the assemblages, the mean abundance of the taxa per assemblage was 

calculated using the non-transformed grid cell mean and visualized using barplots. 

Additionally, Principal Component Analysis (PCA) was applied to log(x+1) and Hellinger 

transformed grid cell means of zooplankton abundance using the package “FactoMineR” (Lê 

et al., 2008). PCA allows to reduce the dimensionality of a dataset. The position of variables 

with regard to the new dimensions created by the PCA, reveals patterns and relationships 

between variables and individuals. Thereby each new dimension explains a percentual 

proportion of the variance in the dataset and the most explaining ones are kept for 

interpretation. 

 

1.2.4 Environmental drivers of taxa distribution 

A generalized linear mixed model (GLMM) was used to evaluate potential drivers of 

zooplankton distribution and therewith assemblage composition. If available, the relation of 

one mesozooplanktonic and one ichthyoplanktonic (fish larvae) indicator taxon per 

assemblage with potential environmental drivers was tested. To synthesize the environmental 

parameters measured, two PCAs were applied on log-transformed, centered and scaled grid 

cell means of abiotic (temperature, salinity, depth, sum of nitrate and nitrite, ammonium, 

phosphate, silicate, POM, chlorophyll a) on one side and to hellinger-transformed grid cell 

means of biotic parameters (abundance of 7 phyto-microplankton groups), on the other side. 

The N/P ratio was used as supplementary variable due to its correlation to nitrogen and 

phosphate. The dimensions (principal components) of the PCAs explaining the majority of the 

variance were used as explanatory variables in the GLMM model. As principal components are 

orthogonal to each other, no problems of correlation between the dimensions of the same 

PCA in the model can be encountered. Potential correlations between the principal 

components originating from the two different PCAs were tested. To consider the spatial 

component, assemblages (cluster) were integrated as random effect. GLMMs were applied to 

untransformed grid cell means of zooplankton taxa abundance. Starting with the most 

complete model, the parameters were reduced in a step-by-step procedure excluding non-

significant covariates. The most parsimonious model was chosen with regard to the smallest 

Akaike’s Information Criterion (AIC) and significant ANOVA. The fulfillment of model 

assumptions was verified using the “DHARMa” package (Hartig, 2022). To simplify 

interpretation the most parsimonious model with variables coded as independent was chosen 
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if AIC, Anova and the fulfillment of assumptions allowed to do so. Models were run using the 

package “glmmTMB” (Brooks et al., 2017). Depending on data distribution, a “gamma” or 

“tweedie” distribution was used. 

The most complete model coding variables as interactions was constructed as follows: 

 

Model = glmmTMB(taxon_abundance ~ Dim.1abiotic* Dim.1biotic  + Dim.2abiotic* 

Dim.1biotic + (1|cluster), family = distrib), with distrib equal to tweedie () or 

Gamma(link=”log”). 

 

This model tested also the separate effect of the independent variables.   

 

1.2.5 Inter-annual comparison 

The distribution and composition of the assemblages found in 2008 were compared to data 

sampled in 2022 as zooplankton data coming from the same campaign were available for 

these two years. As the sampling extent of mesozooplankton sampled in 2022 was the 

smallest among data sets (Figure 18D), this sampling extent defined the area (polygon) serving 

for the inter-annual comparison. The clustering approach described above was applied to the 

spatially restricted data set of 2008. A k of 2 was found the most appropriate choice (Annex I 

Figure A 5). 2008 clustering (Figure 27) was then applied to calculate the mean abundance of 

the dominant (in terms of dominant and secondary) taxa sampled in 2022 per cluster. Inter-

annual differences between the total abundance of mesozooplankton and fish larvae 

respectively and of the most dominant taxa per cluster were assessed by means of GLMM. 

Spatial autocorrelation was considered by integrating coordinates grouped by year as random 

effect fitted with an exponential function. Models were run using the “glmmTMB” package in 

R. Depending on data distribution a “log-normal” or “tweedie” distribution was used. The 

model applied to single taxa and total abundance was constructed as follows: 

 

Model = glmmTBM(taxon_abundance ~ cluster + cluster:year + exp(coordinates + 0|year),   

               family=tweedie()) 

or 

Model = glmmTBM(log(taxon_abundance) ~ cluster + cluster:year + exp(coordinates +  

                0|year), family=gaussian()) 
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With the aim to place the two years examined in a broader inter-annual context, an anomaly 

analysis with data of salinity, temperature (1998 – 2022), chlorophyll a concentration (2008 - 

2022) and the herring larvae density index (1992 – 2022) sampled during the first quarter IBTS 

was conducted. Due to data availability, the region between 49°N and 55°N was used for the 

anomaly analysis. 

 

1.3 Results 

1.3.1 PCA on potential abiotic and biotic drivers 

The first two dimensions of the PCA applied to abiotic variables (Figure 22A-C) explained 64 % 

of the total variance (48 % and 16 %, respectively). The first dimension (A1) represented an 

inverse relationship between dissolved nitrogen (sum of nitrate and nitrate, ammonium), 

silicate and POM on the positive side and temperature, depth and salinity on the negative 

side. Thus, a grid cell displaying a high value of dimension one was characterized by high POM, 

nitrogen and silicate concentration and low temperature, depth and salinity (Figure 22B). The 

second dimension (A2) represented chlorophyll a and phosphate concentration (Figure 22A), 

with higher values representing cells with high phosphate and chlorophyll a concentration 

(Figure 22C). The first dimension of the PCA applied to phyto- and microzooplankton (B1) 

explained 77 % of the variance (Figure 22D). It represented the abundance and distribution of 

diatoms, nanoflagellates and the group of others (Phaeocystis globosa, Heterosigma spp., 

Eutreptiella spp., Mediophyceae, Crysophyceae and Cryptophyceae) with higher values 

indicating abundance of nanoflagellates and others whereas lower values indicated 

importance of diatoms (Figure 22E). 
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Figure 22 Potential drivers of zooplankton assemblages. A: Abiotic parameters displayed in a two-dimensional 

space constituted by the first and second dimensions of the PCA; B: Values of coordinates of first dimension of the 

PCA on abiotic parameters per grid cell. The more positive a value the higher the concentration of nutrients, and 

the lower temperature, depth and salinity and vice versa; C: Values of coordinates of second dimension of the PCA 

on abiotic parameters per grid cell; D: Phyto- and microplankton displayed in a two-dimensional space constituted 

by the first and second dimensions of the PCA; E: Values of coordinates of first dimension of the PCA on phyto-

microplankton per grid cell. High values indicate high proportion of nanoflagellates and others (Phaeocystis globosa, 

Heterosigma spp., Eutreptiella spp., Mediophyceae, Crysophyceae and Cryptophyceae), low values indicate high 

importance of diatoms; F: Total abundance of phyto- and microplankton per grid cell. 
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1.3.2 Characterization of the assemblages found  

The 2008 dataset was the most extensive in terms of spatial extent, observations and 

environmental variables available, and we first provide detailed results of the assemblages 

found with that dataset, their environmental conditions and the overall pattern. The 

assemblages found in 2008 and 2022 with a reduced spatial extent are compared 

subsequently. 

A total of five clusters was determined in the SNS-EEC representing five zooplankton 

assemblages (mesozoo- and ichthyoplankton) within the study area (Figure 23A). These 

assemblages were named as follows: cluster 1 will be referred to as ‘Rhine-Scheldt 

assemblage’, cluster 2 as ‘Northern-British coast assemblage’, cluster 3 as ‘German Bight-

Norfolk assemblage’, cluster 4 as ‘Central assemblage’ and cluster 5 as ‘Channel-Thames 

assemblage’. As each assemblage was associated to a certain region the name of the 

assemblages was used together with the term region when referring to the location of the 

respective assemblage.  

 

 

Figure 23 Assemblages and total zooplankton abundance. A: Clusters/assemblages based on 

mesozooplankton and ichthyoplankton sampled during the International Bottom Trawl survey in January and 

February 2008; B: Indicator species per cluster/assemblage with respective indicator value and adjusted p-value; 

C: Total mean abundance of zooplankton (meso- and ichthyoplankton) per grid cell. 
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1.3.2.1 Zooplanktonic and environmental profiles per assemblage 

In the following the overall pattern of characteristics within and among the assemblages will 

be described (Figure 23-26). 

For an overall comparison of the zooplankton assemblages a PCA was applied to zooplankton 

data (Figure 24). The first two dimensions explained 47.9 % of the variance. PCA revealed an 

overall segregation between northern (Norther-British coast, Central) and southern 

assemblages (Rhine-Scheldt, Channel-Thames), with the Northern-British coast assemblage 

and the Central assemblage being located on the negative side of dimension one and the 

Channel-Thames assemblage and the Rhine-Scheldt assemblage on the positive side. This 

corresponded to the relative abundance of certain taxa with Oithona spp., Gobiidae larvae, 

Metridia spp. and Calanus spp. characterizing northern assemblages whereas southern 

assemblages were related to eggs of Solea solea, Centropages spp., small and medium sized 

herring larvae and Temora spp. (Figure 24-26). The German Bight-Norfolk assemblage was 

positioned on both sides of the first dimension what corresponded to the observation that 

Pseudocalanus spp. was part of the dominant taxa in contrast to the remaining assemblages 

(Figure 24-26). 

 

 

Figure 24 PCA applied to zooplankton taxa. A: Taxa displayed in a two-dimensional space of the PCA; B: 

Assemblages/cluster displayed in the same two-dimensional space as in A. Numbers indicate grid cell ID. 

 

The Channel-Thames assemblage was characterized by small herring larvae (6 and 12 mm), 

Cirripedia nauplius larvae, zoea larvae of the infra-order Anomura, larvae of S. pilchardus and 

Trisopterus luscus that were revealed as indicator taxa (Figure 23B, Annex I Figure A 8). The 

larval assemblage was dominated by the smallest size class of herring larvae (97 %) that 
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displayed with a mean abundance of 508 individuals per 1000 m3 the highest abundance 

among assemblages (Figure 26).  

The Channel-Thames region was characterized by negative values of dimension 1 of the abiotic 

PCA (A1) meaning warmer temperature, average salinity, low nitrogen, silicate and POM 

concentration and average values on dimension 2 (A2) i.e., phosphate and chlorophyll 

concentration (Figure 22). The phyto- and microplankton community was characterized by 

diatoms that accounted for 74 % of total abundance (negative values on dimension 2 of the 

biotic PCA (B1)) (Figure 22, Annex I Figure A 6). The N/P ratio was with 20±7 slightly elevated 

with regard to the Redfield ratio. 
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Figure 25 Proportional taxa composition per assemblage. Each bar corresponds to an assemblage: C-T: 

Channel-Thames assemblage. R-Sch: Rhein-Scheldt assemblage; GB-N: German Bight-Norfolk assemblage; 

Central: Central assemblage; N-Bc: Northern-British coast assemblage. A: Mesozooplankton; B: Fish larvae other 

than herring; C: Herring larvae; D: Fish eggs. 
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Figure 26 Mean abundance of the most important taxa per cluster. From left to right: mesozooplankton, fish 

larvae other than herring, three different size classes of herring larvae, and fish eggs. Each row represents one 

assemblage. Only the most structuring taxa were displayed (excluded taxa: Centropages spp., Euterpina spp., 

Lotidae (eggs) and Solea solea (eggs)).  

 

The Rhine-Scheldt assemblage was characterized by 15 indicator taxa and covered the region 

with highest total zooplankton abundance (Figure 23C, 26). Mesoplanktonic indicator taxa 

were trochophore and metatrochophore larvae of the phylum Annelida, Crustacea nauplii, 

Temora spp., Appendicularia, Euterpina spp., Calanoida, and Paracalanus spp. Indicator taxa 

belonging to the ichthyoplankton were C. harengus size class 13-20 mm, C. harengus size class 

21-42 mm, Pleuronectidae larvae, S. solea eggs, Lotidae eggs and Pleuronectidae eggs (Figure 

23B). The Rhine-Scheldt region was characterized by elevated abundance of phyto- and 

microplankton (Figure 22F) corresponding to positive values on A2 meaning elevated 

chlorophyll a concentration (Figure 22C). The phyto-microplankton assemblage was 

dominated by diatoms (58%) and the group of others (33%) (average value on B1) (Figure 22E, 

Annex I Figure A 6). Positive values on A1 represented elevated concentration of POM, 

nitrogen, phosphate and silicate and average temperature, salinity and depth (Figure 22A). 

The N/P ratio of 17±12 indicated rather balanced nutrient availability with regard to the 

Redfield ratio (Annex I Figure A 7).  
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The German Bight-Norfolk assemblage was characterized by cyphonaute larvae of the phylum 

Bryozoa, the copepod genus Pseudocalanus and fish larvae of the family Syngnathidae. The 

east of the German Bight-Norfolk assemblage covered a region of elevated zooplankton 

abundance (Figure 23C, 26). 

The German Bight-Norfolk region was characterized by positive values on A1 meaning cold 

temperature, shallow depth and low salinity as well as elevated concentrations of POM, 

nitrogen and silicate. Negative values on A2 represented low concentration of phosphate and 

chlorophyll a (Figure 22). A low concentration of phosphate (Annex I Figure A 7) and an 

elevated concentration of nitrogen resulted in an elevated N/P ratio of 21 ±11 (Annex I Figure 

A 7). The phyto- microplankton was dominated by diatoms (42 %), others (28 %) and 

nanoflagellates (17 %) (positive values on B1) whereby nanoflagellates and dinoflagellates (10 

%) displayed the highest chair among assemblages (Figure 22, Annex I Figure A 6).  

 

Ten indicator taxa characterized the Central assemblage: Cyclopoida, Oithona spp., Metridia 

spp., Hyperiidae, Cnidaria, Calanus spp., Bivalvia, Gasteropoda and Chaetognatha, and one 

being P. platessa eggs (Figure 23B). The Central region displayed average depth, salinity, 

temperature, silicate and POM concentration (values around zero on A1). Values around zero 

on A2 mean average chlorophyll a and phosphate concentration (Figure 22). Nitrogen was low 

resulting in an N/P ratio of 6±3 (Figure 22, Annex I Figure A 7). Total phyto-microplankton 

abundance was elevated (Figure 22F) and dominated by diatoms (81%) (negative value on B1) 

(Figure 22, Annex I Figure A 6).  

 

Two indicator taxa were revealed for the Northern-British coast assemblage, namely the 

order Euphausiacea and Gobiidae larvae (Figure 23). Overall zooplankton abundance was low 

in the assemblage (Figure 23C, 26). 

With regard to environmental conditions, this region was characterized by deep depth, 

elevated salinity and warm temperature and low concentrations of POM, nitrogen, silicate 

(negative values on A1) and phyto-microplankton abundance (Figure 22). Negative values on 

A2 mean low chlorophyll a concentration (Annex I Figure A 7). N/P ratio was low (8±3). 

Diatoms dominated the phyto-microplankton assemblage as indicated by negative values on 

B1. 
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1.3.2.2 Drivers of species distribution 

The two first dimensions of the PCA applied to abiotic parameters (A1, A2) and the first 

dimension of the PCA applied to the biotic variables (B1) were used as fixed explanatory 

variables in the GLMM. Biotic and abiotic drivers explaining taxa distribution differed between 

the indicator taxa tested (Table 1). Overall, A2 significantly explained the abundances of 6 out 

of the 10 taxa tested to a different extent whereas A1 and B1 contributed to the explanation 

of the distribution of 4 out of the 10 taxa tested. For 6 out of 10 taxa the random effect cluster 

was retained in the most appropriate model (Table 1). This means that an unexplained spatial 

gradient remained once environmental variables included. The most extreme case was 

Euphausiacea with a significant random cluster effect while no significant environmental 

drivers were evidenced. For the remaining taxa (Temora spp., Pseudocalanus spp., Oithona 

spp., Gobiidae larvae), the fixed variables alone were sufficient to explain the specificity of the 

taxa to the assemblages, meaning that any spatial effects were accounted for through the 

selected environmental variables. 

The distribution of small herring larvae characterizing the Channel-Thames region was 

explained by an interactive effect of A1 and B1 with a higher importance of B1 indicated by its 

revelation as significant (Table 1). This means that the abundance of small herring larvae was 

positively correlated to nanoflagellates and other phytoplankton that were the major drivers 

for this taxon but that in regions of low nanoflagellate and other phyto-microplankton 

abundance elevated nutrient and POM concentration still positively influenced small herring 

larvae abundance. The distribution of Cirripedia nauplius larvae and medium sized herring 

larvae were solely driven by chlorophyll a concentration (and possibly phosphates) in 

accordance with the elevated chlorophyll a concentration in the Channel-Thames and Rhine-

Scheldt region. Temora spp. and Pseudocalanus spp. were further taxa positively correlated 

to chlorophyll a concentration (and possibly phosphates) but additional groups of variables 

explained their distribution and abundance. Temora spp. was additionally correlated to 

nutrient and POM concentration (A1) and Pseudocalanus spp. to nutrient and POM 

concentration (A1) and abundance of nanoflagellates and the group of other phyto-

microplankton (B1) corresponding to the characteristics of the Rhine-Scheldt and the German 

Bight-Norfolk region, respectively. Syngnathidae larvae, Oithona spp. and Gobiidae larvae 

were negatively correlated to chlorophyll a and phosphate concentration (A2). The abundance 

and distribution of Syngnathidae larvae was further correlated to nitrogen and POM 
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concentration (A1) and diatom abundance (B1) was revealed as further driver of Gobiidae 

larvae. The drivers of these two taxa corresponded to the conditions in the German Bight-

Norfolk and Northern-British coast region. Beside low chlorophyll a and phosphorous 

concentration Oithona spp. were negatively correlated to A1 and thus further driven by 

elevated salinity, temperature, depth.  
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Table 1 Outcomes of GLMM evaluating possible biotic and abiotic drivers of taxa distribution from two PCAs (dimensions = principal components). The n and y in the 

column cluster indicate if cluster was retained in the most appropriate model or not (n=no and y=yes). Significance: *** (P<0.001), ** (P<0.01), * (P<0.05), 
. (P<0.1). N indicates the 

number of sampling stations used in the model. AIC (Akaike’s Information Criterion) was the parameter used for model selection with smaller AIC for the models of the same taxon 

indicating better explanation of variance. Estimates indicate significant and non-significant positive or negative correlation between a dimension and taxon abundance. Non-significant 

correlations were not displayed in the table.  

 

Taxa Intercept cluster N AIC

+ - + - + - + -

NO2-+NO3-, 

NH4
+
 Si(OH), 

POM

temperature, 

salinity, depth

Chlorophyll a, 

PO4
3-

nanofalgellates, 

others, 

dinoflagellates

diatoms

Temora spp. 3.54 0.62*** 1.17*** n 44 407

herring larvae  

(medium-sized)
0.71 0.34

. y 44 212

Pseudocalanus spp. 3.55 0.46*** 0.38* 2.43** n 44 408

Syngnathidae larvae -3.42 0.15
. -0.89** y 44 48

Oithona spp. 3.26 -0.43*** -1.06** n 44 312

Metridia spp. -1.09 -2.64. y 44 154

Euphausiacea -2.58 y 44 61

Gobiidae larvae 0.71 -0.74*** -3.52*** n 44 194

Cirripedia            

nauplius larvae
-0.33 1.27* y 44 139

herring larvae   

(small-sized)
0.76 6.61* -4.22* y 44 203

Dim1-abiotic (A1) x  

Dim1-phyto (B1)

Estimates

Dim1-abiotic (A1) Dim2-abiotic (A2) Dim1-phyto (B1)
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1.3.3 Inter-annual comparison between zooplankton assemblages in 

relation to the SNS-EEC environment 

 

1.3.3.1 Spatial extent and distribution of assemblages 

Using a smaller spatial extent, clustering with data from 2008 resulted in regions slightly 

different (cell 122) from clustering utilizing the full spatial extent (Figure 23, 27). As the 

distribution of the assemblages in 2008 nevertheless related to those found when using the 

full spatial extent, the same nomenclature will be applied with the orange assemblage 

corresponding to the Rhine-Scheldt and the grey assemblage corresponding to the Channel-

Thames assemblage.  

 

Figure 27 Zooplankton assemblages using the 2008 data and the small sampling extent. 

 

1.3.3.2 Inter-annual differences of assemblage composition and 

environmental condition 

When comparing 2008 and 2022 zooplankton assemblages remained overall stable with 

regard to taxa composition, relative and absolute abundance.  

With regard to relative abundance Appendicularia were not part of the dominant taxa in 2022 

in the Channel-Thames region, in contrast to 2008 as relative abundance decreased (Figure 
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28). The relative contribution of Temora spp. was higher in this assemblage in 2022 compared 

to 2008 (Figure 28). In both assemblages the relative contribution of medium sized herring 

larvae was higher in 2022 than in 2008. 

 

 

Figure 28 Comparison of relative community composition between 2008 and 2022 in the clustering output 

from 2008 (Figure 27). Fish larvae are displayed in two lines with the line positioned in the middle displaying all 

fish larvae other than herring larvae and the lowest line representing herring larvae of three different size classes. 

 

With regard to absolute abundance (Figure 29, Annex I Figure A 8), the GLMM (Table 2) 

revealed a lower abundance of Appendicularians in the Rhine-Scheldt assemblage in 2022 

compared to 2008. The absolute abundance of all other taxa tested remained stable. A striking 

difference was observed with regard to fish larvae abundance other than herring that was 

high enough to be considered in the clustering process in 2022 but not in 2008. This indicates 

a higher larval abundance of fish larvae other than herring in 2022. Furthermore, GLMM 

detected a higher total larvae abundance in the Channel-Thames region in 2022 than in 2008. 

A heatmap displaying the inter-annual differences of taxa per grid cell did not reveal a great 

inter-annual variability of taxa abundance and supported the differences and similarities 

revealed by the GLMM between the two years (Figure 29).  
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The total mean abundance of mesozooplankton and abundance of medium sized herring 

larvae was higher in the Rhine-Scheldt than in the Channel-Thames assemblage in both years 

(Table 2).  

 

Table 2 Results of GLMM testing for differences in abundance of dominant taxa between the assemblages 

independent of year and with regard to inter-annual differences in the same assemblage.  

 

 

The statistical evaluation of inter-annual changes by means of GLMM was limited by sampling 

size for several species. Models integrating cluster and the interaction between cluster and 

year as predictive variables did not meet model assumptions for Temora spp., Paracalanus 

spp. and medium sized herring larvae. The output of these models could be verified, however, 

Predictors (Intercept)
Rhine-

Scheldt

Channel-

Thames * 

year2022

Rhine-

Scheldt* 

year2022

dispersion 

parameter
n

Estimates 0.71 3.37 1.97 1.39 0.00 77

std. Error 0.73 1.13 1.00 1.28

p 0.33 0.00 0.05 0.28

Estimates 2.02 1.71 -0.10 1.19 0.00 77

std. Error 0.54 0.91 0.77 1.07

p <0.001 0.06 0.90 0.26

Estimates 1.77 2.06 -1.24 -2.57 0.21 77

std. Error 0.69 1.01 0.98 1.22

p 0.01 0.04 0.21 0.04

Estimates 1.31 1.26 0.38 0.50 0.00 77

std. Error 0.48 0.79 0.68 0.92

p 0.01 0.11 0.58 0.59

Estimates 4.67 -0.41 -0.30 0.43 13.80 57

std. Error 1.13 1.17 0.93 1.35

p <0.001 0.73 0.75 0.75

Estimates -0.73 4.32 2.32 0.35 5.84 57

std. Error 1.15 1.36 1.19 1.35

p 0.52 0.002 0.05 0.79

Estimates 4.47 1.70 0.25 0.30 0.13

std. Error 0.50 0.68 0.69 0.84

p <0.001 0.01 0.72 0.72

Estimates 3.34 1.75 1.95 0.78 0.00

std. Error 0.58 1.03 0.82 1.22

p <0.001 0.09 0.02 0.53

total abundance 

mesozooplankton
77

total abudance 

fish larvae
57

herring larvae 

(medium)

Temora spp.

Paracalanus spp.

Appendicularia

Acartia spp.

herring larvae 

(small)
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by running simplified models testing cluster and year separately allowing us to display the 

output of the complete model in Table 2, nonetheless. 

  

Figure 29 Difference in abundance between 2008 and 2022 per grid cell. Abundance in 2008 was substracted 

form abundance in 2022 per cell. A: Heatmap displaying increase or decrease per taxon and cell. Difference in 

abundance of mesozooplankton in ind/m3. Difference in abundance of fish larvae in ind/1000m3; B: Difference of 

total abundance of mesozoo- and ichthyoplankton per grid cell. 

An anomaly analysis revealed no exceptional conditions in 2008 or 2022 with regard to 

temperature, salinity, chlorophyll a and herring larvae density (Figure 30). In comparison with 
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2022 both years displayed a slight negative temperature anomaly and a comparable negative 

anomaly in the herring larvae density index which was found to be negative from 2003 to 2022 

with only two exceptions. 

 

 

Figure 30 Anomaly analysis. A: Temperature; B: Salinity; C: Chlorophyll a concentration; D: Herring larvae density 

index in billions per area. Measurements were taken in the area between 49°N and 55°N during January and 

February. 

 

1.4 Discussion 

1.4.1 Zooplankton assemblages and environmental conditions 

Five zooplankton assemblages were found in the SNS-EEC during winter, which differed with 

regard to taxa abundance and indicator taxa. The spatial distribution of the assemblages 
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appeared related to chlorophyll a concentration, dissolved N/P ratios, phyto- and 

microplankton composition, advection and fish spawning grounds. In the following, we will 

first discuss the overall pattern of zooplankton distribution with regard to environmental 

drivers and secondly the composition of the assemblages separated in their mesozooplankton 

and ichthyoplankton component with a major focus on indicator taxa.  

 

1.4.1.1 Overall patterns and environmental drivers 

The assemblage distribution and composition displayed two overall patterns representing a 

north south gradient and being related to total zooplankton abundance. The north south 

gradient was indicated by the dominance of Oithona spp. in the northern assemblages 

(Northern-British coast and Central) and of Temora spp. in the southern assemblages 

(Channel-Thames and Rhine-Scheldt) suggesting the influence of different water masses on 

the zooplankton assemblages. The northern assemblages can be hypothesized to be 

influenced by Northern North Sea water and the Central North Sea as further indicated by the 

presence of Metridia spp., Euphausiacea and Gobiidae larvae. Oithona spp. were found to 

display higher abundance in the Northern and Central North Sea in autumn thus elevated 

abundance in the SNS might indicate advection from the North and/or Center (Hay et al., 

1991). Due to high abundance of Metridia spp. around the Orkney isles the presence of this 

genera was proposed to indicate the presence of Atlantic water in the North Sea (Fransz et al., 

1991; Krause et al., 1995). The finding that the spatial component was the major driver of 

Metridia spp. among the variables tested might be interpreted as further indication of 

advection. Also Euphausiacea and Gobiidae larvae are known to have a northern distribution 

during winter and can be hypothesized to be transported by advection into the SNS (Miller, 

1986; Krause et al., 1995) (see below). Southern assemblages further characterized by herring 

and Pleuronectidae larvae (Figure 25) were most probably influenced by Channel water and 

Southern North Sea water which are richer in nitrogen and silicate due to riverine input 

(OSPAR Commission, 2000) (Figure 22B, Annex I Figure A 7) and which represent drifting routs 

of herring and plaice larvae (Arnold and Metcalfe, 1996; Bolle et al., 2009; Dickey-Collas et al., 

2009) (see below).  

The German Bight-Norfolk region was not associated to the north south gradient (Figure 24). 

It was characterized by Pseudocalanus spp. and differed with regard to phyto-microplankton 

and nutrient composition from the other assemblages. 



CHAPTER 1  -  1. Perspective – Taxonomical composition 

69 
 

The second pattern was related to the distribution of total zooplankton abundance. Total 

zooplankton abundance was elevated in the Rhine-Scheldt and the German Bight-Norfolk 

assemblage and seemed to be driven by phyto-microplankton biomass (chlorophyll a), phyto-

microplankton and nutrient composition. Elevated phyto-microplankton abundance in the 

Central assemblage did not result in increased zooplankton abundance. Relatively high 

abundance of phyto-microplankton in the Rhine-Scheldt and the Central assemblages during 

winter in comparison to the other regions was in accordance with the findings of Dudeck et 

al. (2021), Hay et al. (1991), Krause et al. (1995), Nielsen et al. (1993), Nielsen and Richardson 

(1989) and Groß et al. (2022). The low zooplankton abundance despite elevated phyto-

microplankton abundance in the Central assemblage might be due to lower phytoplankton 

biomass, differing phyto-microplankton composition and differences in dissolved N/P ratio 

compared to the Rhine-Scheldt region. Lower chlorophyll a concentration in the Central 

compared to the Rhine-Scheldt region indicated lower biomass in the former. Whereas 

diatoms dominated in the Central assemblage, the Rhine-Scheldt assemblage was more 

diverse as characterized by a mixture of diatoms and the group of other phyto-microplankton. 

The N/P ratio in the Rhine-Scheldt region was close to the Redfield ratio, which may indicate 

favorable phytoplankton quality for zooplankton, which was not the case in the Central region 

during the study period.  

The German Bight-Norfolk region displayed elevated zooplankton abundance despite low 

phyto-microplankton abundance, chlorophyll a and phosphorus concentrations and an 

elevated dissolved N/P ratio. The low phosphorus concentration found in this region was in 

accordance with Eberlein (1994) and the proportion of nanoflagellates was also reported by 

Wesche et al. (2007) who observed dominance of small flagellates with regard to 

phytoplankton biomass in winter around Helgoland. The main proportion of total zooplankton 

abundance was constituted by Para- and Pseudocalanus spp. As revealed by the GLMM 

abundance of Pseudocalanus spp. was related to nanoflagellates, the group of other phyto-

microplankton, POM, chlorophyll a and phosphate. This indicated that Pseudocalanus spp. 

might be able to profit from the prey composition in this assemblage, despite low prey 

quantity. Both Para- and Pseudocalanus spp. are known to feed on small prey in the size range 

of flagellates and dinoflagellates (Poulet, 1973; Suzuki et al., 1999) and Pseudocalanus spp. 

were reported to feed on flagellates, dinoflagellates and detritus (Peters et al., 2006). 

Furthermore, the elevated load of POM could result in a detritus based food web with 
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flagellates and dinoflagellates as intermediate food-level, upgrading prey quality in this region 

(Klein Breteler et al., 1999). Another hypothesis takes into account the low temperature in the 

German Bight-Norfolk region, which by decreasing metabolic costs, could facilitate 

zooplankton organisms to better deal with low food abundance.  

 

1.4.1.2 Mesozooplankton 

The Northern-British coast region was the assemblage displaying lowest total zooplankton 

abundance. This was in accordance with the lower total biomass concentration along the 

British coast reported by (Pitois and Fox, 2006). A possible explanation might be the deep 

depth of this region as using GAM, Dudeck et al. (2021) found a negative relationship between 

zooplankton abundance and depth. As shown by the PCAs on potential environmental drivers, 

greater depth was related to higher relative salinity and temperature and lower nitrogen 

concentration indicating a potential multifactor explanation for the low abundance observed 

in this assemblage. The abundance of the indicator taxon Euphausiacea might indicate the 

presence of Scottish coastal water in this region. A transport of Euphausiacea by Scottish 

coastal water to this part of the SNS was also hypothesized by Krause et al. (1995) who found 

a similar distribution of this taxon in winter 1987. A further indication of advection was the 

finding that all fixed variables tested to explain the distribution of abundance of this taxon 

were not found significant but the spatial component of the model explained spatial 

distribution of Euphausiacea. This could indicate that the distribution and presence of this 

taxon in the Norther-British coast assemblage was mostly due to advection to this precise area 

but not due to the preference for or avoidance of the variables tested. 

An almost similar finding was made for Metridia spp. an indicator taxa of the Central 

assemblage and known as indicator taxa for Atlantic water as discussed above. Oithona spp., 

a further indicator taxon (Ndah et al., 2022) of the Central assemblage, was driven by elevated 

salinity, temperature, deeper depth and low nutrient and chlorophyll a concentration as 

revealed by the GLMM. These set of drivers reflect the off-shore distribution of this taxon that 

was absent or very low in abundance in the southern assemblages and the German Bight-

Norfolk region, areas characterized by coastal characteristics like shallow depth and increased 

nutrient concentration, for instance (Annex I Figure A 7, 9). As proposed for other taxa 

displaying higher abundance in the Central North Sea (Krause et al., 1995), the absence or 

lower abundance of Oithona spp. in the southern assemblages might be the result of water 
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mass circulation. Northwards flowing water masses namely Channel and Southern North Sea 

water might prevent the protrusion of this genus further south in the SNS. Correlation to 

elevated salinity, temperature and deep depth might be a further indication of advection of 

this taxon from the Central and Northern North Sea as for example from the Dogger Bank 

region. In this area the egg-carrying strategy of Cyclopoid copepods (Deschamps et al., 2024) 

was hypothesized to be advantageous as pelagic eggs might encounter high mortality rates 

due to elevated predation risks by the benthic suspension feeder community in this shallow 

and well mixed area (Nielsen and Sabatini, 1996). Although chlorophyll a concentration was 

lower in this assemblage than in the Rhine-Scheldt region, the concentration of chlorophyll a 

in the Central region was not the lowest in the study area. Thus, the negative correlation of 

Oithona spp. to chlorophyll a concentration appears surprising but could be due to the low 

explanatory power of A2 axis (16 %) that represented chlorophyll a and phosphate. The finding 

of Chaetognatha and Cnidaria as indicator species for the Central assemblage was in 

accordance with Krause et al. (1995). They hypothesize that hibernal primary production in 

the Dogger Bank region in winter 1988 (Nielsen and Richardson, 1989; Hay et al., 1991; Nielsen 

et al., 1993; Krause et al., 1995) facilitated maintenance of secondary production sufficient to 

sustain predators like cnidarians (Aglantha digitale, Pleurobrachia pileus) and Chaetognaths.  

The Rhine-Scheldt assemblage appeared to be characterized by taxa associated with elevated 

phyto-microplankton abundance, biomass and the balanced N/P ratio. Appendicularians, 

micro- to macrophagous filter feeders (Lombard et al., 2011), were found to reproduce in the 

Southern Bight (Wyatt, 1973). T. longicornis was reported to reproduce year around (Halsband 

and Hirche, 2001) with highest production repeatedly observed in hibernating females (Fransz 

et al., 1990; Wesche et al., 2007) and to display increased egg production when food 

concentration is high (Dam and Lopes, 2003; Wesche et al., 2007). Moreover, high nutrient 

levels and chlorophyll a concentration were revealed as drivers of Temora spp. abundance 

and distribution. The dominance of Temora spp. in this assemblage was further in accordance 

with other investigations (Rae and Fraser, 1941; Fransz et al., 1991; Krause et al., 1995; Van 

Ginderdeuren et al., 2014b; Dudeck et al., 2021) pointing to the importance of this taxon in 

this region during winter. Also, the presence of crustacean larvae and annelid trochophore 

and metatrochophore larvae might be due to adequate feeding conditions promoting 

reproduction of these meroplanktonic taxa during winter. Polychaete-larvae were found in 

similar abundance at a similar location in winter 1987 (Krause et al., 1995).  
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The mesozooplankton assemblage of the Channel-Thames region was characterized by 

meroplanktonic taxa and displayed a mesozooplankton composition very similar to the Rhine-

Scheldt assemblage but with lower total abundances. Cirripedia larvae, Anomura larvae and 

ichthyoplankton taxa (see below) were indicator taxa for this region. Cirripedia larvae might 

find adequate feeding conditions as their abundances were positively related to chlorophyll a 

concentration that was of average concentration in this region (Annex I Figure A 7, 9). 

The German Bight-Norfolk assemblage differed from northern and southern assemblages and 

was characterized by Pseudocalanus spp. and a relatively high proportion of nanoflagellates 

and dinoflagellates with regard to phyto-microplankton composition. As discussed above, 

Pseudocalanus spp. were positively correlated to nanoflagellate abundances. Furthermore, 

evidence suggests that Pseudocalanus spp. might be able to cope with low prey abundance as 

it displays a certain resilience to food shortage (Corkett and McLaren, 1970; Paffenhöfer and 

Harris, 1976; Walve and Larsson, 1999; Cotonnec et al., 2003) which could be of advantage in 

this region of low primary production. However, Pseudocalanus spp. were also positively 

correlated to high concentrations of chlorophyll a and phosphate although chlorophyll a and 

phosphate were found in low concentrations in this region. This apparently contradictory 

result could be due to the low explanatory power of A2 axis (16 %) that represented 

chlorophyll a and phosphate. A further explanation could be the fact that this genus was also 

present in the Rhine-Scheldt assemblage although in lower abundance.  

A common feature of all assemblages was the dominance of Paracalanus spp., in accordance 

with other studies (Rae and Rees, 1947; Krause et al., 1995).  

The North Sea mesozooplankton community is estimated to consist of 112 species (Brylinski, 

2009; Van Ginderdeuren et al., 2014b), while this study considered 43 taxa of which was none 

determined until species level. It should be noted that we used different levels of taxonomic 

resolution to keep a maximum of information, an approach applied by several other studies 

(Krause et al., 1995; Kléparski et al., 2021). Nonetheless, we expect the use of a finer 

taxonomic resolution to result in similar assemblages but to potentially strengthen the 

distinction of the assemblages found (Krause et al., 1995). Predicting future changes in the 

study area during winter, e.g. in response to climate change, is an interesting aspect which 

future studies should focus on. To that purpose, a taxonomic resolution at species level would 

be necessary as each species has characteristics of its own, e.g., biology, sensitivity to 
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environmental and community changes (Beaugrand et al., 2013) and may play a specific role 

in the food web (Semmouri et al., 2023). 

   

1.4.1.3 Ichthyoplankton 

Winter zooplankton assemblages also differed with regard to ichthyoplankton. Based on the 

present study the southern assemblages, Channel-Thames and Rhine-Scheldt, can be judged 

particularly important for the offspring of several fish species as they harbor spawning and 

nursery areas and drifting routes. This was specifically true for plaice and herring larvae for 

which the study period represented peak spawning time (Harding, 1978; Martin et al., 2008; 

Coppin et al., 2009; Corten, 2013). By contrast common dab (Limanda limanda), flounder 

(Platichthys flesus), sole (S. solea), whiting (Merlangius merlangus) and cod (Gadus morhua) 

were at the beginning of their spawning period indicating the potential for higher inter-annual 

variability in the contribution of these species to the assemblages. The smallest size class of 

herring larvae outnumbered the larval assemblage in the Channel-Thames region, a region 

harboring several spawning grounds of Downs herring (Coppin et al., 2009; Dickey-Collas et 

al., 2009). The drift of herring larvae spawned in the EEC can explain the finding of the size 

classes 13 – 20 mm and 21 – 42 mm being an indicator taxa of the Rhine-Scheldt assemblage 

(Dickey-Collas et al., 2009; Denis et al., 2016). Although larval drift and retention is inter-

annually highly variable (Dickey-Collas et al., 2009; Denis et al., 2016), the arrival of larvae 

bigger than 12 mm in the Southern Bight and smaller larvae being rather situated in the EEC 

at the moment of the first quarter IBTS survey appears to be a recurring pattern (Denis et al., 

2016; Akimova et al., 2023). Thus, we hypothesize that small herring larvae are a reoccurring 

characteristic component of the Channel-Thames assemblage with larger herring larvae being 

associated to the Rhine-Scheldt region. Environmental drivers differed between the two size 

classes with the small larvae being predominantly correlated to the abundance of 

nanoflagellates and the group of other phytoplankton and secondly to nitrogen, silicate and 

POM concentration whereas medium sized larvae were marginally related to chlorophyll a 

concentration indirectly corresponding to the elevated zooplankton abundance in the Rhine-

Scheldt assemblage. The high explicative power of the spatial component for the abundance 

of medium sized larvae might be interpreted as indicator of larval drift being a further driver 

of this taxon’s distribution. Nevertheless, an inter-annual variability of the contribution of the 

different herring larvae size classes to the Channel-Thames and Rhine-Scheldt assemblages 
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has to be expected. A region corresponding to the South of the Rhine-Scheldt assemblage 

(French and Belgium coast) was considered advantageous with zooplankton biomass in 

December comparable to the Buchan/Banks areas in September and low proportions of 

starved larvae (Akimova et al., 2023). Prey of medium sized herring larvae like Paracalanus 

spp. and Temora spp. (Denis et al., 2016) where of high abundance in the Rhine-Scheldt 

assemblage. Interestingly, Dickey-Collas et al. (2009) found a positive relation between the 

retention of herring larvae close to their spawning grounds (meaning larval drift not surpassing 

the Rhine-Scheldt delta) and the recruitment index of Downs herring. This indicates that 

although elevated plankton abundance was found in the entire Rhine-Scheldt assemblage in 

the present study this might not been the case in earlier years investigated by the mentioned 

authors (1988 – 2003). Or, that due to spatial variation of plankton or other factors influencing 

larval feeding within the assemblage the area until the Rhine-Scheldt delta provides better 

feeding conditions than the rest of this assemblage. Small herring larvae characterizing the 

Channel-Thames region were likely distributed in the vicinity of spawning areas. The 

correlation of these larvae with nanoflagellates could indicate a higher abundance of 

microzooplanktonic prey (Legendre and Rassoulzadegan, 1995) but a direct relation to prey 

abundance could not be revealed in this study due to the lack of detailed microzooplankton 

data. 

Pleuronectidae larvae, an indicator taxon of the Rhine-Scheldt assemblage, most probably 

consisted of plaice larvae (P. platessa) with regard to the main spawning period (Harding, 

1978; Munk and Nielsen, 2005). These larvae most probably originated from the spawning 

grounds in the EEC and Southern Bight, where spawning starts in December and January, 

respectively (Arnold and Metcalfe, 1996; Bolle et al., 2009; Hufnagl et al., 2013), and which 

are mainly connected to the nurseries in the Scheldt estuary (Hufnagl et al., 2013) and along 

the Dutch Wadden Sea (Bolle et al., 2009). As plaice larvae were found to nearly exclusively 

prey on Appendicularians in the study area (Last, 1978; Hufnagl et al., 2013), it can be 

hypothesized that the Rhine-Scheldt assemblage is suitable for drifting plaice larvae with 

regard to prey provision as abundance of Appendicularians accounted for 15 % of the 

mesozooplankton assemblage in this region. As larvae of both the EEC and the SNS spawning 

grounds provide larvae to the Rhine-Scheldt assemblage we assume that plaice larvae will 

constitute a reoccurring member of this assemblage despite the inter-annual variability in 

larval drift predicted by Bolle et al. (2009). Eggs of plaice characterized the Central assemblage 
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which is in accordance with the location of the spawning ground south of the Dogger Bank 

(Loots et al., 2010; Hufnagl et al., 2013; Lelièvre et al., 2014) for which spawning was reported 

to peak during February and March (Arnold and Metcalfe, 1996). Pleuronectidae eggs other 

than plaice were revealed as indicator species of the Rhine-Scheldt assemblage. They were 

most probably belonging to common dab (L. limanda) and flounder (P. flesus) as egg 

distribution corresponded to spawning periods and spawning grounds (Htun-Han, 1978; Van 

der Land, 1991; Martin et al., 2008; Coppin et al., 2009; Lelièvre et al., 2012). 

Further indicator species of the Rhine-Scheldt region were the eggs of S. solea and Lotidae 

which was in accordance with the spawning areas of these taxa. Spawning grounds of Lotidae 

species like Ciliata mustela are located along the eastern coast of the SNS with centers off the 

Belgian and Dutch coast up to the Frisian islands with a spawning period reported to start in 

January (Martin et al., 2008). Sole spawns in the EEC, the Thames estuary and along the 

Belgian coast (Mollet et al., 2007; Lacroix et al., 2013). 

Although spawning grounds of sardine exist in the German and Southern Bight, sardine larvae 

were observed in summer (June – August) in these areas (Kanstinger and Peck, 2009; Munk et 

al., 2024). Spawning in the EEC by contrast continued until October (July – October) (Coombs 

et al., 2005). We can thus assume that the larvae characterizing the Channel-Thames 

assemblage, displaying a size between 16 – 40 mm, were drifted to the Channel-Thames 

region from the EEC.  

Further north, the eastern part of the German Bight-Norfolk region appeared important for 

Syngnathidae larvae most probably Syngnathus rostellatus consistent with previous works 

(Muus and Nielsen, 1999; Munk and Nielsen, 2005, personal communication Patrick Polte).  

Gobiidae larvae were found to be an indicator species of the Northern-British coast 

assemblage. The only species reported to reproduce in the North Sea during winter was 

Pomatochistus minutus with a spawning period from February to June off Scotland (Miller, 

1986). One could thus hypothesize that larvae hatched off Scotland drifted into the Northern-

British coast assemblages with the Scottish Coastal water mass.  

Drivers of taxa distribution not considered in this study could further have influenced the 

distribution of the assemblages found. This was indicated by the finding that for six taxa the 

abundance in the assemblages could not be entirely explained with the explicative variables 

used as indicated by retention of the spatial component in the most appropriate model (Table 

1). A possible driver not considered in this study is the effect of top-down control that might 
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be exerted by zooplanktonic taxa like fish larvae, carnivorous copepods and by planktivorous 

fish. Although the North Sea as a whole is considered as bottom-up controlled (Daewel et al., 

2014), top- down control exerted by planktivorous fish was proposed to play a role in subareas 

of the North Sea (Daewel et al., 2014; Marques et al., 2023) and especially during autumn and 

winter when secondary production is low (Maes et al., 2005; Daewel et al., 2014; Timmerman 

et al., 2020). Whiting displayed an increased consumption of T. longicornis in the Channel-

Thames and Rhine-Scheldt region in winter (Timmerman et al., 2020) and calculated 

consumption of herring and sprat juveniles exceeded production of investigated copepod 

species in the Scheldt estuary during this season (Maes et al., 2005).  

 

1.4.2 Inter-annual changes in zooplankton assemblages 

The overall mesozooplankton taxa composition and total abundance as well as herring larvae 

abundance were relatively stable between 2008 and 2022 despite the long time span elapsed 

between these two years. This finding gives further evidence for an inter-annual persistence 

or reoccurrence of elevated secondary production in the Rhine-Scheldt assemblage during 

winter as was reported by several other studies (Krause and Martens, 1990; Krause et al., 

1995; Dudeck et al., 2021). The inter-annual comparison further supported the finding of 

medium sized herring larvae as indicator of the Rhine-Scheldt assemblage as abundance of 

this taxon was higher in this assemblage in both years. Overall, the only notable differences 

between the two periods were found in the Rhine-Scheldt assemblage with a lower 

abundance of Appendicularians in 2022 and in the Channel-Thames region with higher total 

fish larvae abundance in 2022. The decline of Appendicularians might be related by the 

increased abundance of plaice larvae (Figure 28, 29) known to feed mainly on Oikopleura 

dioika (Last, 1978; Hufnagl et al., 2013). With regard to fish larvae, abundance of species other 

than herring (plaice, sardine, Gobiidae, Ammodytidae) was higher in 2022 compared to 2008. 

This is in accordance with an increasing abundance trend of ichthyoplankton in the North Sea 

observed between 1960 and 2019 (Holland et al., 2023) and an increase in sardine larvae in 

the southern and south-eastern North Sea observed for several years (ICES, 2023a).  

Other studies have found inter-annual differences in mesozooplankton abundance in the 

study area between 2008 - 2022. An increase in mesozooplankton abundance was observed 

by Dudeck et al. (2021) between 2010 - 2013 in both the EEC and the Southern Bight. 

Semmouri et al. (2023) described a decrease in abundance of T. longicornis, A. clausi, 
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Centropages sp. and Calanus helgolandicus from 2015 to 2022 in Belgian waters. With regard 

to mesozooplankton abundance before 2008 the present study was in accordance with the 

reported decreasing trend of zoo- and holoplankton (Pitois and Fox, 2006; Alvarez-Fernandez 

et al., 2012; Bedford et al., 2020). Compared to winter 1987 (Krause et al., 1995) the 

abundance of Acartia spp. and Pseudocalanus spp. were distinctively lower, for instance. Thus, 

the stability observed when comparing 2008 and 2022 does not fully reflect the inter-annual 

variability occurring between these two years. 

However, there are reasons to believe that the assemblages found in the big polygon in 2008 

displayed a representative pattern of winter zooplankton assemblages in the study area. First, 

the assemblages were related to the distribution of different water masses and other work 

(see above) (Williams et al., 1993; Krause et al., 2003). Second, higher abundance of 

phytoplankton in the Dogger Bank region and of plankton in the Rhine-Scheldt assemblage 

were found in several years by several authors (Nielsen and Richardson, 1989; Hay et al., 1991; 

Nielsen et al., 1993; Krause et al., 1995; Dudeck et al., 2021; Groß et al., 2022). Third, the 

overall distribution of taxa was similar to 2022. Fourth, 2008 did not display strong anomalies 

with regard to salinity, temperature, chlorophyll a and herring larval density.  

 

1.5 Conclusion 

The present study suggests the existence of five zooplankton assemblages in the Southern 

North Sea and Eastern English Channel during winter that vary with regard to productivity, 

taxa abundance and composition. Chlorophyll a concentration, dissolved N/P ratios, phyto- 

and microplankton composition, water masses and fish spawning grounds were revealed as 

major driver of assemblage distribution. The Rhine-Scheldt and German Bight-Norfolk 

assemblages harbored the greatest zooplankton overwintering stocks that might influence the 

grazing pressure on phytoplankton spring production. Furthermore, elevated phyto-

microplankton abundance in the Central region indicated this assemblage being a center of 

early spring plankton production. The distribution of ichthyoplankton taxa within the 

assemblages corresponded to spawning grounds and drifting routes of fish species with the 

Channel-Thames and Rhine-Scheldt assemblages being of high importance for herring and 

plaice larvae. 
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Future studies would profit from the integration of taxonomical data of microplankton 

(<200µm) facilitating the distinction of developmental stages of copepods, for instance, that 

would enhance the understanding of fish larvae distribution with regard to prey availability 

(Denis et al., 2016; Akimova et al., 2023) and give further insight in overwintering strategies 

of zooplanktonic organisms. Anomaly analysis of environmental and biological parameters, 

comparison with zooplankton data sampled in 2022 and earlier work suggest that the 2008 

assemblages are broadly representative of the mesozooplankton and ichthyoplankton spatial 

distribution. Nonetheless, the evaluation of spatial data from other years would clearly 

enhance and verify our understanding of hibernal zooplankton assemblages and their 

potential influence on seasonal plankton succession in the context of climate change.  

 

 

 



CHAPTER 2  -  2. Perspective – Size structure 

79 
 

CHAPTER 2  -  2. Perspective – Size structure 

In the first chapter, I focused on a significant part of zooplankton organisms, namely 

holoplankton, meroplankton and ichthyoplankton. This facilitated a comprehensive insight in 

zooplankton assemblage composition and distribution in relation to the surrounding 

ecosystem. Assessing zooplankton communities in the most holistic way possible by 

incorporating a variety of zooplankton compartments is important for a comprehensive 

understanding of zooplankton functioning. Beside holoplankton like copepod species, 

meroplankton can constitute a dominant part of zooplankton assemblages, for instance 

(Lindley, 1998; Johns and Reid, 2001; Greve et al., 2004) and are relevant for fish larval feeding 

(Denis et al., 2016). Furthermore, meroplanktonic organisms were found to be indicator 

species of certain assemblages and seem to constitute reoccurring components of distinct 

winter assemblages as late polychaete-larvae were found in similar abundance at a similar 

location in winter 1987 (Krause et al., 1995) as in winter 2008 (chapter 1). Although the 

composition of ichthyoplankton will be mainly influenced by spawning time, location, 

dispersal and predation (Hjort, 1914; Miller et al., 1988; Bailey and Houde, 1989), fish larval 

distribution will further be determined by prey availability and the presence of predators 

(Miller et al., 1988). Thus, the concurrent assessment of potential prey like mesozooplankton 

organisms and fish larvae might help to understand the distribution patterns of organisms and 

assemblages also with regard to the potential top-down influence of fish larvae on 

mesozooplankton composition through predation (Bollens, 1988; Munk and Nielsen, 1994). 

As both, fish eggs and larvae, and mesozooplankton constitute prey for predators like jellyfish 

(Purcell, 1985) and fish such as herring, sardine and sprat (Garrido et al., 2007a; Segers et al., 

2007), incorporating mesozooplankton and ichthyoplankton in the same study further allows 

a more comprehensive insight in the feeding potential of zooplankton assemblages for higher 

trophic levels.  

A plankton component that was only roughly considered in the first chapter, however, were 

microplankton. As discussed in chapter 1, the consideration of microplankton in plankton 

studies could be of interest for several reasons. Among others, microplankton represent an 

important part of the planktonic food web and are important for larval nutrition.   
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Thus, in the second chapter I aimed at investigating the planktonic food web including a wide 

plankton size range encompassing microplankton and using a direct approach allowing to 

assess the contribution of different plankton size classes to fish larval diet.  

 

The work presented in this chapter is planned to be submitted for publication until my 

doctoral defence.   
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Ontogenetic and spatial variation in 

the diet of herring and plaice larvae: 

Insights from stable isotope analysis 

2.1. Introduction 

Abundance and biomass of fish populations fluctuate in time mainly due to variability in the 

recruitment process (Houde, 2016). One bottleneck of year class strength is the survival of 

early life stages (Houde, 2008). Several theories exist regarding the factors that determine the 

survival of fish larvae pointing out the importance of larval feeding. Successful feeding allows 

the larvae to overcome the change from internal to external feeding, during which mortality 

is especially high (“critical period” hypothesis, Hjort, 1914), and to grow out of the size range 

most exposed to predation (“bigger is better” hypothesis, Anderson, 1988).  

Larvae of herring (C. harengus) and plaice (P. platessa), are part of the same planktonic food 

web due to similar spawning periods and areas. The Downs component of North Sea herring 

spawns in the EEC from November to February (Coppin et al., 2009; Dickey-Collas et al., 2009) 

and plaice spawn from December to March (Harding, 1978; Munk and Nielsen, 2005). Beside 

herring larvae, which outnumber those of other fish species, plaice larvae are among the most 

abundant fish larvae during this period (Giraldo et al., 2024; Neven et al., in press, chapter 1). 

Successful larval feeding has been proposed to play an important role in the recruitment of 

both plaice and herring (Nash and Dickey-Collas, 2005; Hufnagl et al., 2013, 2015; Illing et al., 

2018; Di Pane et al., 2019).  

The larval phase of a fish can be separated in several periods according to developmental 

stages ranging from the yolk-sac larvae to the juvenile fish. The first three larval stages of 

plaice are pelagic and feeding success during this pelagic phase was proposed as one factor 

influencing year-class strength (Bolle et al., 2009; Di Pane et al., 2019). Larvae attaining good 

condition before metamorphosis might more successfully compete for feeding resources on 

the nursery grounds. This might be of importance as in general the carrying capacity of feeding 

grounds was proposed to be limited with regard to prey availability (Di Pane et al., 2019). 

Metamorphosis starts at stage 4 at a size of 9 to 11 mm transforming the bilaterally 
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symmetrical body form of pelagic larvae to a flat body form (Shelbourne, 1957; Hovenkamp, 

1990; Silva et al., 2015b). During metamorphosis larvae start to descend in the water column 

to finally settle down for a benthic life style in the nursery areas (Bolle et al., 2009).  

For herring, several studies suggest that the major factor influencing year-class strength is the 

survival of larvae before metamorphosis (<20 mm) (Nash and Dickey-Collas, 2005; Corten, 

2013; Hufnagl et al., 2015). This could be related to several critical periods during this 

developmental phase. Herring larvae open their mouth three days post hatch at a size of 8 to 

9 mm and ingest first prey items, which likely serve as preparation for external feeding. 

Between 9 and 14 mm, the yolk sac is absorbed, larvae attain the pre-flexion stage (stage 2) 

relying entirely on external feeding. Metamorphosis starts at the end of stage 4 (post-flexion 

stage) when the larvae reach approximately 15 - 30 mm (Joly et al., 2021). Based on 

fluctuations in quantities of liver reserves, Joly et al. (2021) suggested that the transition from 

pre-flexion to flexion and onset of metamorphosis are highly energy-demanding, making 

these periods particularly sensitive to feeding condition. Similarly, changes in larval condition 

and prey composition have been identified as critical period for herring larvae within the size 

range of 13 - 20 mm (Denis et al., 2016, 2017).  

Thus, understanding the feeding strategies of herring and plaice across different 

developmental stages is crucial for enhancing our knowledge of the variability in their 

recruitment. This is of particular interest for herring that displays a period of low recruitment 

since 2002 (ICES, 2023) and in the context of climate change. Climate change was shown to 

influence zooplankton community composition in the study area (Beaugrand et al., 2014; 

Bedford et al., 2020; Semmouri et al., 2023), and might have consequences for the planktonic 

food web, potentially affecting the quantity and quality of fish larvae prey.  

Several recent studies using different approaches advanced the knowledge about Downs 

herring larval feeding while knowledge about plaice larval feeding was mostly gained from 

earlier research. Studies considering the feeding of both larvae simultaneously are rare (but 

see Giraldo et al. (2024)). 

Herring larvae are proposed to be omnivorous feeders feeding on a wide variety of prey (Denis 

et al., 2016). Analysis of larval stomach contents using electron microscopy suggests a major 

contribution (~60 - 70%) of Paracalanus parvus, Pseudocalanus elongatus and invertebrate 

eggs with lower contributions (~20 - 40%) of copepod and cirripedia nauplii as well as the 

copepods Euterpina acutifrons and T. longicornis (Denis et al., 2016). A strong correlation 
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between herring larval abundance and the abundance of P. elongatus was also observed by 

Alvarez-Fernandez et al. (2015) in the North Sea. Similar to stomach content analysis, stable 

isotope analysis suggests a major (~60 %) proportion of the copepods Acartia clausi, 

Paracalanus spp., Pseudocalanus spp. and Ditrichocorycaeus anglicus to herring larval diet. 

Beside mesozooplankton organisms (200 - 500 µm), microplankton (20 - 200 µm), including 

protists (unicellular organisms) and multicellular organisms, were proposed to represent a 

relevant part of herring larval nutrition (Denis et al., 2016; Bils et al., 2022; Akimova et al., 

2023). Depending on larval size, microplankton (20 - 200 µm) accounted for 4 - 38 % of the 

diet based on physiological modeling (Akimova et al., 2023). Microplanktonic prey included 

diatoms, dinoflagellates and ciliates (Denis et al., 2016; Akimova et al., 2023).  

The major prey of plaice larvae in the study area from January to March is the appendicularian 

species O. dioica that was found to constitute ~80 to 100 % of the investigated stomach 

contents (Shelbourne, 1953, 1957, 1962; Last, 1978). Beside O. dioica, nauplii of P. parvus and 

P. minutus, other nauplii, polychaete larvae, gastropod veliger larvae and T. longicornis 

belonged to prey items ingested by larval plaice (Shelbourne, 1953; Last, 1978). A study based 

on stable isotopes suggests a contribution of A. clausi, Paracalanus spp., Pseudocalanus spp. 

and D. anglicus to plaice larval diet (Giraldo et al., 2024). Comparing abundance of 

zooplankton taxa in stomach contents and in water samples, Shelbourne (1953) suggested 

that plaice displays selective feeding on distinct taxa. In other regions like the Irish Sea, 

Scottish coastal waters and around Plymouth, O. dioica was not found to dominate plaice 

larval diet, but the annelid larvae, Evadne normanni, mollusk larvae and small copepod species 

were found to be major prey items (Shelbourne (1962) and references therein). Although the 

importance of microplankton for fish larval nutrition is more and more recognized (Bils et al., 

2022; Akimova et al., 2023), to our best knowledge no study exists investigating the role of 

microplankton in the feeding of plaice larvae.  

Studying larval feeding is challenging as prey organisms are small and rapidly digested (de 

Figueiredo et al., 2005), stomach content can get lost during the sampling process due to 

regurgitation (Denis et al., 2016) and fish larvae as part of the planktonic food web might feed 

on a variety of different prey items of varying taxonomy and size (de Figueiredo et al., 2005; 

Denis et al., 2016). Stable isotope analysis (SIA) allows analyzing the structure of a trophic 

system with regard to trophic levels and food sources used by its members. δ15N can be used 

as an indicator for trophic position as the percentage of 15N relative to 14N in tissues increases 
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with increasing trophic position in a progressively and predictably manner (Schoo et al., 2018). 

Between two trophic levels a fractionation of δ15N of around 3.4‰ (Minagawa and Wada, 

1984) takes place with values in aquatic systems suggested to be around 2.3‰ (McCutchan Jr 

et al., 2003). Due to different mechanisms of primary producers for the fixation of atmospheric 

carbon, dietary sources can be differentiated based on δ13C (Fry, 2006). Using SIA to study 

larval feeding delivers dietary information integrated in tissues over a certain period of time 

and is therewith complementary to stomach content analysis that represents a temporal 

snapshot of larval nutrition. SIA might further allow to assess the contribution of 

microplankton to larval diet that is digested rapidly due to small organism sizes (de Figueiredo 

et al., 2005).  

Considering plankton in terms of size rather than taxonomic composition has proven useful in 

trophic ecology. This is because the taxonomic composition varies between different size 

classes, such as nanoplankton, microplankton and mesoplankton (Reynolds, 2006). Size-based 

classification is also crucial because different developmental stages (and therefore sizes) of 

the same species can exhibit distinct stoichiometries and energy requirements, which 

influence their role in energy pathways and trophic interactions (Brooks and Dodson, 1965; 

Meunier et al., 2016). For instance, smaller plankton may have different nutritional profiles 

compared to larger ones (Mayzaud et al., 2011, 2016), affecting their availability and suitability 

as prey for various predators. This size-dependent variability can significantly impact predator-

prey dynamics and energy transfer within the food web (Tesán-Onrubia et al., 2023). 

However, information about meso- and microplankton in the study area during winter are 

scarce (Hufnagl et al. (2015), chapter 1) and few studies exist delivering information about 

isotopic signature of small plankton size classes (Tesán-Onrubia et al., 2023), leading to a lack 

of information necessary for the assessment of larval nutrition.  

Different larval stages of fish species often exhibit distinct spatial patterns due to larval drift, 

although multiple stages may co-occur in the same areas (Neven et al., in press, chapter 1). 

Understanding the spatial variability in larval dietary composition is essential to 

comprehensively assess how larval dispersal influences the survival of early life stages (Morote 

et al., 2010). This includes accounting for how environmental parameters influence larval 

feeding condition and prey availability (Arula et al., 2012; Shideler and Houde, 2014; Akimova 

et al., 2023). The EEC is characterized by strong environmental gradients with regard to depth, 

salinity and temperature (Brylinski et al., 1991; Giraldo et al., 2017). Although on a larger 
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spatial scale the EEC was suggested to harbor a relatively homogenous mesozooplankton 

assemblage (Neven et al., in press, chapter 1), a study building on a higher spatial resolution 

unveiled spatial variation in EEC plankton assemblage composition (Dudeck et al., 2021).  

 

The second chapter aims at gaining further insight into the prey composition and feeding 

strategies of herring and plaice larvae within a planktonic food web. By integrating both size-

based and spatial considerations, we hope to better understand the complex interplay 

between larval development, environmental variability, and recruitment success. In detail, we 

intended to answer the following questions: 

a) Which plankton size classes are characteristic of larval diet?  

b) Does the contribution of different size classes to larval diet change with ontogenetic 

development (i.e. size/stage)? 

c) How does the contribution of different plankton size classes to larval diet vary with 

spatial location? 

d) Do herring and plaice larvae display similar feeding strategies with regards to their 

trophic niches?  

 

2.2. Materials & Methods 

2.2.1. Sampling 

Sampling took place in January-February 2021 (15.01. - 08.02.2021) during the first quarter of 

the IBTS survey, onboard of the French Thalassa Research Vessel of the French Oceanographic 

fleet. Additional details on sampling protocols are accessible using the survey’s DOI 

(10.17600/18001237).  

Salinity and temperature were measured at the surface by means of a thermosalinometer, 

while depth was measured using a bathysonde (Figure 31B). Several size classes 

(microplankton, mesozooplankton) of plankton were sampled including larvae of herring and 

plaice (Figure 31A). The size class <20 µm was collected at 11 stations using a Niskin bottle 

and a sieve to obtain the targeted size fraction. Microplankton (20 - 200 µm) was sampled at 

nine stations by means of phytoplankton nets with a mesh size of 20 and 80 µm. The 20 µm 

mesh size allowed to sample the fractions 20-50 µm and 50-80 µm that were separated by 

sieving the collector content through sieves with different mesh sizes. The fractions 50 - 80 
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µm and 80 - 125 µm were collected using an 80 µm mesh size and size-adapted sieving. 

Mesozooplankton was collected by means of a WP2 and a bongo net (mesh size 200 µm and 

500 µm respectively) at 12 stations and sieved with respective mesh sizes to obtain the size 

fractions 200 - 500 and 500 - 1000 µm. All nets mentioned above were vertically hauled from 

3 m above bottom to surface. All size fractions sampled were transferred on glass microfiber 

filters of the type GF/F of a diameter of 47 mm. Sampling of herring and plaice larvae was 

realized using a MIK net with a mesh size of 500 µm. Per station 8 - 10 herring and plaice larvae 

were sampled. All samples were stored at -80°C until further analysis. 

To obtain information about riverine inputs during the study period, data of the daily 

discharge of the Seine river, which represents the river with the greatest catchment area in 

the study area, was downloaded from https://www.hydro.eaufrance.fr/. 

 

 

 

Figure 31 Sampling stations. A: Sampling stations of herring larvae (blue squares), plaice larvae (yellow dots) 

and different plankton size classes (red triangles). Blue names indicate the location of the rivers terminating in the 

EEC; B: Sampling stations for temperature, salinity and depth.  

 

2.2.2. Isotope analysis 

The stable isotope composition (δ13C, δ15N) from the different plankton size classes and fish 

larvae were used to gain information about the size structure and trophic relationships in the 

study area. Larvae were measured, individually stored in Eppendorf tubes, freeze-dried and 
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ground to a fine powder. All other plankton samples were freeze-dried, screened under a 

stereomicroscope to remove organisms not fitting the size class and to decide if samples of 

mesozooplankton should be acidified to remove sources of inorganic carbon. In case sand, 

shell debris and/or phytoplankton were detected on the filter, half of the sample was fumed 

with HCL before subsequent δ13C analysis to remove inorganic carbon. The other half of the 

sample was kept for δ15N analysis. Zooplanktonic sources of inorganic carbon such as 

cirripedia nauplius larvae or chaetognaths were not judged to bias the sample as samples 

consisted of a mixture of plankton organisms.  

Isotope ratios were measured with a Thermo Delta V isotope mass ratio spectrometer, 

interfaced to a NC2500 elemental analyzer. The accuracy of the isotopic ratio measurements 

was verified by analyzing an in-house standard after every 10th sample with an overall 

standard deviation of 0.21‰ for δ15N and 0.09‰ for δ13C. Stable isotopes ratios were 

expressed in accordance with the classical δ notation with:  

𝛿𝑋 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ∗ 103 

where X corresponds to δ13C or δ15N, and R to the isotopic ratios (13C/12C or 15N/14N, 

respectively) of the samples measured and of international standards (Vienna Pee Dee 

Belemnite for C and atmospheric nitrogen for N). 

 

2.2.3. Statistical analysis 

2.2.3.1. Predicting source isotope signature at larvae sampling stations 

Nano-, micro- and mesoplankton were not sampled at all larvae sampling stations. To explore 

the contribution of the different size classes to herring and plaice larval diet we predicted δ13C 

and δ15N values of the different plankton size classes (from <20 to 1000 µm) at the larvae 

sampling stations using hierarchical generalized additive models (HGAM) (Pedersen et al., 

2019). These models allowed to take into account spatial variation in the isotope data 

considering potential differences between size classes. Generalized additive models (GAM) 

allow to consider data with different distributions and non-linear relationships between a 

variable and its predictor by using smooth terms (Zuur, 2012). HGAM allows to explore if a 

non-linear relationship between a variable and a predictor varies within a group applying a 

smooth term per group level. In the present study we used two models per stable isotope, 

one predicting values of microplankton including all size classes <200 µm and another 
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predicting values of mesozooplankton (>200 - 1000 µm).  In these models all size classes taken 

together corresponded to ‘group’ that could be separated into different group levels 

represented by the size classes. This allowed to predict the isotope values of a group of size 

classes in a single model by allowing for different smooth terms per size class (group level). 

Three different GAM models, each incorporating increasing levels of complexity to account 

for spatial variability by size class were compared. The simplest (simple) model, predicted δ13C 

or δ15N by a spatial component represented by the coordinates of the sampling stations. The 

simple model did not allow for group-level (size-classes) differences, thus predicting the 

overall variation of the isotopic signatures in space for nano-microplankton and 

mesozooplankton, respectively. The second model (intermediate) allowed for a differing 

intercept per group-level (size class). The third and most complex model (advanced) allowed 

for a differing intercept and spatial smooth term per group-level (size class). 

 

Simple: δ13C or δ15N ~ smooth (long, lat) + ε 

               with ε following gaussian or gamma distribution with as log, inverse or identity link 

               function  

Intermediate: δ13C or δ15N ~ smooth(long,lat) + size class + ε 

               with ε following gaussian or gamma distribution with as log, inverse or identity link  

               function  

Advanced: δ13C or δ15N ~ smooth(long,lat, by = size class) + size class + ε 

               with ε following gaussian or gamma distribution with as log, inverse or identity link  

               function 

 

The GAM models were run using the package “mcgv” (Wood, 2011). Each model was verified 

to meet model assumptions by plotting residuals versus fitted values, versus each group-level 

and by verifying overall residual distribution using the gam.check() function and the “Dharma” 

package (Hartig, 2022). Furthermore, it was verified if the spatial terms were significant. If 

assumptions were not met the model was revised by first, testing different smooth terms: 

tensor product interactions (ti), tensor product smooth (te), alternative tensor products (t2); 

second, testing different smoothing basis (e.g., tp, bs, ts), and finally, testing different 

distributions by applying gaussian and gamma distribution with identity, inverse and log 

functions.  As δ13C data contained negative values that are not allowed when using log link 
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functions and gamma distributions, the value 30 was added as a constant to δ13C before 

modeling. After verifying that all models satisfied the required assumptions, the AIC values for 

the simple, intermediate, and advanced models were compared. The model with the lowest 

AIC was selected as the most appropriate. Models that failed to meet the assumptions 

following the revision process were excluded from the AIC comparison. In cases where the 

spatial pattern of the isotope modeled was similar between size classes (as indicated by similar 

intercepts and estimated degrees of freedom of the smooth terms) these size classes were 

grouped and the model was compared to models with ungrouped size classes using the AIC.   

 

2.2.3.2. Stable isotope mixing models 

Stable isotope mixing models (MixSIAR) were used to assess the contribution of different size 

classes to the larvae's nutrition (Stock et al., 2018). These models are based on the principle 

that the isotopic signature of a consumer reflects the mixture of the isotopic signatures of the 

consumed food sources, relative to their contribution to the consumer’s diet. The mixture is 

adjusted for the isotopic fractionation taking place during digestion, metabolism and 

assimilation using trophic enrichment factors (TEF) (Post, 2002). Based on outputs of the GAM 

models serving for stable isotope value prediction, plankton in a size range of 20 - 125 µm 

were aggregated to a single size class a priori as they displayed a similar spatial pattern and 

similar values in both isotopes. Model assumptions were verified by confirming that the 

consumer (larvae) isotopic signatures were in the isotopic space of the food sources (plankton 

size classes) after correction for trophic enrichment and by inspecting correlation coefficients 

between the isotopic values of prey sources.  

MixSIAR models were applied using TEF values of 0.8 for carbon and 2.3 for nitrogen as 

previously proposed for zooplankton food webs (Schwamborn and Giarrizzo, 2015; Figueiredo 

et al., 2020). Models were run in the “long” setting with the following parameters: 300 000 

chain length, 200 000 k burn-ins, and thin number 100 for three parallel Markov Chain Monte 

Carlo (MCMC) chains. The Gelman-Rubin test and Geweke test (MixSIAR default) were used 

to assess convergence. 

 

Several MixSIAR models were run to investigate different research questions: 
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Global model: The global model did not include any covariate and aimed to predict the global 

contribution of the different size classes per species. 

Spatial model: The space model included ‘sampling station’ as a random effect, allowing for 

spatial variation in the proportion of plankton size classes contributing to larval nutrition. 

Stage-space model: For plaice larvae, the space model indicated a spatial trend correlated 

with the spatial distribution of larval stages. Therefore, a third model was applied for plaice 

including ‘sampling station’ and ‘ontogenetic stage’ as covariates. Ontogenetic stage was used 

instead of larval size as a continuous variable because the latter did not converge due to 

restricted sample sizes.  

 

For illustration purposes of larval diet composition, the 20 - 125 µm and 200 - 500 µm size 

classes were grouped a posteriori and displayed as ‘minor’ as their contribution to larval diet 

was minor compared to the remaining size classes.  

Model outputs are presented as mean ± SD. The entire posterior distribution can be found in 

Annex II (Table A 3, 5). 

 

2.2.3.3. Ontogenetic stages larvae 

Larvae were categorized by developmental stage based on size, using literature on the size 

ranges for different ontogenetic stages of herring and plaice larvae. Herring larvae with a size 

of 6 - 10 mm were classed as stage 1, corresponding to yolk-sac larvae. Stage 2 larvae 

comprised larvae between >10 - 13 mm, corresponding to larvae in the pre-flexion stage. 

Stage 3 larvae represented by larvae with a size between >13 - 20 mm corresponded to the 

flexion stage (Joly et al., 2021; Akimova et al., 2023). Plaice stage 1 larvae, representing the 

yolk sac stage, included larvae of a size between 4 - 7 mm. Stage 2 larvae (pre-flexion feeding 

larvae) included larvae of a size between >7 - 8.5 mm. Stage 3 larvae, representing larvae 

before metamorphosis, corresponded to a size range of >8.5 - 11 mm (Hovenkamp, 1990; Silva 

et al., 2015b).  
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2.3. Results 

2.3.1. Environmental conditions 

Seawater in the EEC during winter displayed a mean surface temperature of 9.19 ± 0.55 °C and 

a mean surface salinity of 34 ± 0.9. The mean depth in the study area was 34.7 ± 7.7 m (Figure 

32). 

 

 

Figure 32 Environmental parameters. A: Surface temperature; B: Surface salinity, C: Depth. 
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The river runoff of the Seine river during the study period was compared approximatively with 

regard to its cumulated discharge during January and February between the years 2014 to 

2021 (Table 3). The river discharge varied between ~121 000 and ~205 000 m3/sec. Compared 

to the other years the river discharge in January and February 2021 was elevated with 198 609 

m3/sec comparable to the years 2014 and 2018.  

 

Table 3 River discharge of the Seine river during January and February from 2014 to 2021.  

Year River discharge (m3/sec) 

2014 181 295 

2015 160 954 

2016 205 133 

2017 121 259 

2018 227 839 

2019 131 129 

2020 171 145 

2021 198 609 

 

2.3.2. Size structuration planktonic food web 

Stable isotope values of microplankton size classes were highly variable (Figure 33). The 

smallest size class (<20 µm) displayed the largest variability with regard to δ15N values 

(between ~3‰ and ~27‰). δ13C values of this size class also differed from other size classes 

with mean values ~-28‰ compared to ~-21‰ for the other classes. The 50 - 80 µm, 80 - 125 

µm and 200 - 500 µm size classes displayed similar stable isotopes values with δ13C ranging 

from ~-17‰ to ~-24‰ and δ15N values from ~3‰ to ~14‰. The 125 - 200 µm size class was 

close in the isotopic space to size classes between 20 and 200 µm, however with a higher 

variation in both δ15N and δ13C values. The 500 - 1000 µm size class could be distinguished 

from the other size classes with slightly lower δ13C and slightly higher δ15N stable isotopes. 

Fish larvae displayed less variation in stable isotope values and had a species-specific stable 

isotope signature. Similar to the 500 - 1000 µm size class they could be distinguished from 

plankton size classes due to slightly higher δ15N stable isotopes. 
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Figure 33 Biplot of carbon (δ13C) and nitrogen (δ15N) stable isotope signatures for different plankton size 

classes and fish larvae. A: Mean and standard deviation per size class and larval species; B: Raw values per 

sampling station (one sample per station and plankton size class and between 8 to 10 larvae per station). 

 

2.3.3. Predicted values of planktonic size classes 

GAMs revealed spatial variability in the isotopic signatures of the different plankton size-

classes. Several size classes displayed similar spatial patterns (similar intercepts and estimated 

degrees of freedom of the smooth terms) and were grouped in the final model. These 

concerned the size classes between 20 - 125 µm (i.e., size classes 20 - 50 µm, 50 - 80 µm and 

80 - 125 µm) which were grouped in the model predicting δ13C (gam_micro_carbon) and all 

size classes between 20 - 200 µm in the model predicting δ15N (gam_micro_nitrogen) (Table 

4). 

As a result of the model selection process, the following models were used for stable isotope 

predictions (Table 4): 

 

gam_micro_carbon = gam(δ13C ~ti(long,lat, by = size class)+ size class + ε 

     with ε following gaussian distribution with a log link function 

gam_micro_nitrogen = gam(δ15N ~ti(long,lat,by = size class)+ size class + ε 

     with ε following Gamma distribution with an inverse link   

                                                    function 

gam_meso_carbon = gam(δ13C ~ti(long,lat)+ size class + ε 

     with ε following gaussian distribution with a log link function 

gam_meso_nitrogen = gam(δ15N ~te(long,lat)+ size class + ε 
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     with ε following gaussian distribution with a log link function 

 

Table 4 Summary of hierarchical GAMs to predict stable isotope values of trophic sources at larvae 

sampling stations. The table presents intercept values of size classes with standard error (S.E.), and p-values of 

the spatial term integrated in the model as a smoothed term. Further estimated degrees of freedom (edf) of the 

smooth term, the adjusted R², deviance explained and samples used (n) per model are displayed. 

 

 

As can be seen in Figure 34, the models predicting δ13C for microplankton revealed no or weak 

spatial variation of δ13C for the smallest size fraction (<20 µm) and the grouped size fraction 

20 - 125 µm, respectively. The size class 125 - 200 µm displayed a tendency of lower δ13C 

values in a zone influenced by the discharge of the Seine river and higher values close to the 

English coast and the Dover Strait. 

model size class (µm) Intercept (S.E.)
p-value    

smooth terms
edf R² (adj)

Deviance 

explained (%)
n

gam_micro_carbon <20 -27.16 (0.4) 0.3 1

20 - 125 6.40 (0.54) 0.04* 3.8

125 - 200 4.86 (0.80) >0.001 *** 5.7

gam_micro_nitrogen <20 0.11 (0.01) 0.005** 4.8

20 - 200 0.1 (0.02) <0.001*** 4.2

gam_meso_carbon 200 - 500 -22.02 (0.29)

500 - 1000 2.35 (0.34)

gam_meso_nitrogen 200 - 500 7.36 (0.51)

500 - 1000 2.09 (0.72)
60 24

<0.001*** 3.3

0.02* 4.7
0.49

0.85 89

47

0.8 84 24

0.75 70.8 46
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Figure 34 Predicted values of δ13C by the gam_micro_carbon model. Map displays predicted values at nano-

microplankton sampling stations. 

 

The predictions of δ15N for the <20 µm size class revealed a difference between values in the 

EEC and the sampling station situated in the North Sea (Figure 35). Whereas δ15N values varied 

between ~6‰ and ~12‰ in the EEC without a distinct spatial pattern the δ15N value in the 

North Sea was higher with ~15‰. δ15N values of the grouped 20 - 200 µm size class displayed 

the lowest δ15N values on the English side of the English Channel whereas the highest value 

was observed close to the Seine estuary. 
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Figure 35 Predicted values of δ15N by the gam_micro_nitrogen model. Map displays predicted values at nano-

microplankton sampling stations. 

 

The spatial variability of δ13C values for mesozooplankton (Figure 36) was low in the English 

Channel but displayed a higher value for both size classes at the sampling station situated in 

the North Sea. Spatial variability of δ15N values was similar between the 200 - 500 and 500 - 

1000 µm size class with the highest values close to the Seine estuary and the lowest values 

close to the English coast. 
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Figure 36 Predicted values of δ15N and δ13C. A: Predictions of the gam_meso_nitrogen model. Maps display 

predicted values at nano-microplankton sampling stations; B: Predictions of the gam_meso_carbon model. Maps 

display predicted values at nano-microplankton sampling stations. 

 

2.3.4. Proportion of different plankton size classes to larval diet 

2.3.4.1. Spatial distribution of ontogenetic stages  

For herring, stage 2 larvae were the most abundant in the entire study area (Figure 37A). The 

distribution of plaice larvae developmental stages varied spatially between stations influenced 

by riverine inputs (mostly the rivers Seine and Somme) subsequently called river influenced 

stations, and those located in the center of the EEC (Figure 37B,D). At river influenced stations, 

a higher abundance of stage 3 larvae (river: 5.5 ± 3.3 ind/1000 m3 vs center: 2.0 ± 1.4 ind/1000 

m3) was observed whereas at stations in the center of the EEC the abundance of stage 1 larvae 

was slightly higher than at the river influenced stations (center: 5.8 ± 2.2 ind/1000 m3 vs river: 

4.0 ± 1.4 ind/1000 m3). 
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Figure 37 Spatial distribution of ontogenetic stages per species. A: Mean and standard deviation of occurrence 

of ontogenetic stages of herring at stations situated in the center of the Eastern English Channel and in an area of 

riverine influence; B: Map displaying sampling stations of herring larvae with colors indicating stations associated 

to the center of the Eastern English Channel (gray) and in the area of riverine influence (orange), location of Seine 

and Somme estuaries are indicated; C: Mean and standard deviation of occurrence of ontogenetic stages of plaice 

at stations situated in the center of the Eastern English Channel and in an area of riverine influence; D: Map 

displaying sampling stations of plaice larvae with colors indicating stations associated to the center of the Eastern 

English Channel (gray) and to the area of riverine influence (orange). 
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2.3.4.2. MixSIAR analysis 

Analysis of diet per species, comparing models with and without spatial covariates (global vs 

spatial model), revealed a strong spatial pattern in the diet (proportion of different size 

classes) for plaice, while no spatial variation was found in the diet of herring larvae (Figure 

38). 

For herring larvae, both models predicted a dominance of the 500 - 1000 µm size class, 

constituting between 66.4 ± 6 and 78.5 ± 8 % to the overall diet. The second most dominant 

size class was <20 µm contributing between 23.1 ± 5 and 13 ± 6 %. The classes between 20 µm 

and 500 µm displayed minor contributions with a cumulative mean of less than 10 % in both 

models (Figure 38A -B).  

For plaice, considering a spatial term changed the estimated dietary pattern for the overall 

population, highlighting the importance of the 125 - 200 µm size class (global: 11.1 ± 11.7 % 

vs spatial: 36.9 ± 19.1 %) along with the size class <20 µm (global: 50.8 ± 6 % vs spatial: 39.6 ± 

8 %) (Figure 38A,B). Diet composition varied between stations of riverine influence, 

dominated by the size class <20 µm (44.2 ± 4 to 56.8 ± 5 %) and those located in the center of 

the EEC, dominated by the size class 125 - 200 µm (40.4 ± 8 to 62.0 ± 8 %) (Figure 37D, Figure 

38C,D).  
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Figure 38 Proportion (% diet) of plankton size classes to larval diet. Boxplots represent median and 95 % 

credible interval of the posterior distribution of the MixSIAR models predicting the contribution of each size class to 

herring (blue) and plaice (orange) larvae diet. Minor refers to a posteriori aggregated size classes (20 – 125 µm 

and 200 – 500 µm) due to minor contribution of these size classes to larval diet. A: Global model; B: Spatial model 

for the overall population; C: Output of the spatial model for a station representing stations situated in the center of 

the Eastern English Channel; D: Output of the spatial model for a station representing stations of riverine influence. 

 

As described above, the ontogenetic stage-frequency distribution and diet of plaice larvae 

varied spatially. Thus, a third model was run for plaice larvae, including a spatial and an 

ontogenetic component. Overall, diet composition was similar across the three 

developmental stages tested (Figure 39). Furthermore, the same spatial variation in diet 

composition was observed for all stages, with a higher contribution of the 125 - 200 µm size 

class in the center of the EEC (29.3 ± 15 – 59.0 ± 18 %) and a higher contribution of plankton 

<20 µm at river influenced stations (45.1 ± 6 – 58.1 ± 6 %). This indicated that differences in 

the ontogenetic stage frequency between the stations/regions had a minor influence on the 

spatial pattern observed in larval plaice diet composition. 
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Figure 39 Proportion (% diet) of plankton size classes to diet of plaice larvae ontogenetic stages. Boxplots 

represent median and 95 % credible interval of the posterior distribution of the MixSIAR models predicting the 

contribution of each size class to stage 1 (green), stage 2 (yellow) and stage 3 (violet) plaice larvae diet. A: Stage-

space model not discriminating for stations; B: Output of the stage-space model for a station representing stations 

situated in the center of the Eastern English Channel; C: Output of the stage-space model for a station representing 

stations influenced by river discharge. 

 

2.4. Discussion 

2.4.1. Structuration of the planktonic food web in the EEC during 

winter 

The isotopic vertical structure of the planktonic food web in the EEC in winter was high with 

δ15N ranging from below zero to around 18‰. In comparison, the range of δ15N values for 

plankton in the Mediterranean (spring) ranged from above zero to 5‰ (Tesán-Onrubia et al., 

2023). However, the vertical size structure was less pronounced in the EEC than in the 

Mediterranean. Size classes between 50 to 500 µm displayed similar isotopic signatures, with 
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δ13C values ranging between -21.5‰ to -23‰, and δ15N values ranging between 6‰ and 8‰, 

along with high variability in isotopic values within each size class. In the Mediterranean food 

web, several microplankton and mesozooplankton size classes were characterized by clearly 

distinguished isotopic signatures (Tesán-Onrubia et al., 2023). The isotopic signatures of the 

500 - 1000 µm size class and fish larvae were more distinct with slightly elevated δ15N values 

(~9‰ and 13‰, respectively) compared to the other plankton size classes (except <20 µm) 

indicating the affiliation to a higher trophic level and a mainly carnivorous feeding mode. 

Low differentiation in isotopic signatures of microplankton size classes was in accordance with 

Bils et al. (2022) that investigated plankton samples from the study area in winter 2014. 

Comparing the structuration of the planktonic food web in the study area between seasons 

Giraldo et al. (2024) found less vertical structuration during winter and autumn than in spring 

and related these differences to the proportion of primary productivity and recycled matter 

fueling the planktonic food web. They hypothesized that higher primary production leads to a 

higher level of trophic divergence which results in a stronger vertical structuration of the food 

web (Kozak et al., 2020; Décima, 2022; Giraldo et al., 2024). Thus, the similar isotopic signature 

of 50 - 500 µm size classes found in the present study might be due to low phytoplankton 

biomass that might result in a dominance of omnivory and thus low trophic divergence (Kozak 

et al., 2020; Giraldo et al., 2024) explaining the weak size-structuration observed. Although 

similar to the other microplankton size classes the isotopic signature of the 20 - 50 µm 

plankton displayed slightly more enriched δ13C values and slightly lower δ15N values compared 

to other microplankton. This could be related to its taxonomic composition characterized by 

diatoms, dinoflagellates, silicoflagellates and ciliates and the fact that larger size classes were 

reported to no longer contain primary producers (Akimova et al., 2023). The slightly elevated 

δ15N and lower δ13C values of the 500 - 1000 µm size class, indicate a different feeding strategy 

that could be related to a higher proportion of carnivorous zooplankton in this size class 

(Akimova et al., 2023). Overall, the values observed in the present study for plankton size 

classes larger than 20 µm are comparable to the δ15N and δ13C values reported by Kürten et 

al. (2013) for mesozooplankton (200 - >1000 µm) in the North Sea. 

Picoplankton and nanoplankton (<20 µm size class) displayed mean δ15N values comparable 

to predators like fish larvae and strongly depleted δ13C values (~-27‰) separating it from the 

other plankton size classes in the isotopic space. While Bils et al. (2022) reported less depleted 

δ13C values (~-18‰) of POM, other studies observed similarly depleted δ13C values in the 
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study area ranging from around -25.8‰ to -15‰ (Kopp et al., 2015; Giraldo et al., 2024). Less 

depleted C values in the study of Bils et al. (2022) could be due to the mixture of POM sampled 

in the EEC and the Southern Bight as POM from the latter was shown to display less depleted 

δ13C values (~-14‰ - -21‰) (Bristow et al., 2013; Kürten et al., 2013). Despite different 

isotopic signatures, POM was more depleted in δ13C than microplankton (~7‰) (Bils et al., 

2022), which was in accordance with the present study. POM represents a heterogenous 

material including size classes <200 µm (Harmelin-Vivien et al., 2008). Size-fractionating POM 

revealed that the depleted δ13C values originated from the smallest size fraction (<5 µm) 

corresponding to pico- and nanoplankton along with detrital material (Rolff, 2000; Harmelin-

Vivien et al., 2008). This might explain why the next larger size class in the present study (20 - 

50 µm) resembled the other microplankton profiles and was not associated with the <20 µm 

size class. Several processes could explain the isotopic signature of the <20 µm size class. 

Picoplankton and nanoplankton, might be utilizing a different carbon source than larger 

plankton. For instance, they could be relying more on dissolved organic carbon or recently 

produced organic matter that has a different isotopic signature. The depleted δ13C values of 

the <20 µm size class could be further related to the presence of terrestrial organic material 

and/or sewage water coming from riverine discharge (Megens et al., 2001; Harmelin-Vivien et 

al., 2008; Bouaziz et al., 2021; Tesán-Onrubia et al., 2023). Sewage water is known to be 

depleted in δ13C with values between -23‰ to -29‰ (Bristow et al., 2013). It could 

furthermore explain the δ15N values observed in the present study, that were elevated 

compared to other studies reporting values of around 3‰ to 9‰ (Kopp et al., 2015; Liénart 

et al., 2017; Bils et al., 2022; Giraldo et al., 2024). Sewage water displays δ15N value of 1 to 10 

but depending on sewage treatment bacterial nitrification can lead to an elevation of δ15N 

(Bristow et al., 2013; Tesán-Onrubia et al., 2023). The French side of the EEC is influenced by 

several riverine inputs of the rivers Seine, Canche, Authie and Somme. Mixing with EEC water 

these river discharges build a water mass called “Fleuve côtier” which flows along the French 

coastline towards the North Sea (Brylinski et al., 1991). Compared to other years the discharge 

of the river Seine which has the largest catchment area among the rivers terminating in the 

EEC (Pawson, 1995) was elevated. However, water salinity did not indicate that the riverine 

input spread throughout the entire area but remained in the zone of the “Fleuve côtier” 

(Figure 32B). Thus, the presence of terrestrial organic material and sewage water is unlikely 
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to be the only explanation for the isotopic profile of the <20 µm size class that did not display 

a spatial pattern.  

The EEC is an area with strong bentho-pelagic coupling (Kopp et al., 2015; Giraldo et al., 2017, 

2024; Cresson et al., 2020). An influence of bentho-pelagic coupling on the planktonic food 

web was indicated by the high variability of the δ13C values ranging from -28‰ to -16‰ (Kopp 

et al., 2015). Material of benthic origin cannot explain the depleted δ13C values in the <20 µm 

size class, however, as benthic algae and benthic feeding organisms are reported to display 

enriched δ13C values (Chouvelon et al., 2012; Kopp et al., 2015; Liénart et al., 2020). 

Microphytobenthos displays elevated δ15N values (7‰ - 10‰) comparable to the values 

observed in the present study (Kostecki et al., 2012; Day et al., 2021) by contrast. An influence 

of resuspended microphytobenthos on the isotopic profile of the <20 µm size class seems 

unlikely, however, as due to the depth profile and high turbidity in the EEC the abundance of 

microphytobenthos is expectably low. Overall, further investigations are needed to 

understand the isotopic signature of this size class. 

In the present study, the 125 - 200 µm size class displayed a wide range of both δ13C and δ15N 

values, with δ15N values below zero suggesting bacterial activity. Furthermore, this size class 

displayed a different spatial pattern of δ13C values compared to the other size classes, with 

more depleted values at the western stations of the study area and less depleted values 

towards the Dover Strait. Due to limited information available on this microplankton size class 

in the literature, any explanations for these observations would be highly speculative.  

 

2.4.2. Feeding regime of herring and plaice larvae 

Herring and plaice larvae displayed similar δ15N values, indicating their affiliation to the same 

trophic level, but differing δ13C values suggesting different feeding regimes. The contribution 

of size classes to the overall diet also differed between species, with herring larvae showing a 

higher dominance of the 500 - 1000 µm size class, whereas plaice larval diet was dominated 

by the <20 µm and 125 - 200 µm size class. While no spatial variation in the proportion of size 

classes in herring larval diet was observed, the size class composition of plaice larvae diets 

varied spatially, with differences observed between larvae located at stations near riverine 

influence and those sampled in the center of the EEC. The distribution of developmental 

stages of plaice larvae displayed a spatial pattern with regard to river and center stations. The 

lack of marked differences in the isotopic signatures between different developmental stages 
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suggests however, only a minor influence on the spatial variability in plaice larvae diet 

composition.  

 

2.4.3. Herring larvae 

2.4.3.1. Overall diet composition and spatial variation (global model and spatial 

model) 

The isotopic values of Downs herring larvae sampled in winter 2021 were similar to values of 

larvae sampled in winter of earlier years (Bils et al., 2022; Giraldo et al., 2024). As a spatial 

pattern was found in the isotopic values of several prey size classes, sampling station was 

included in the spatial MixSIAR model thus, accounting for potential spatial variation in herring 

isotopic signatures. However, the spatial model did not indicate variation in herring diet that 

was always dominated by the 500 - 1000 µm size class (global: ~66 %, spatial: ~80 %). This 

suggests that either herring larvae consistently target and select the 500 - 1000 µm size class 

independent of the location, or that this size class was the most dominant across the entire 

study area, and herring larvae behave as opportunistic predators. A larger prey size range has 

been reported in the literature for herring larvae. Based on mouth gape and feeding 

experiments (reviewed by Hufnagl and Peck (2011)), the maximum prey size of larvae smaller 

than 24 mm was 1600 µm. Copepod species proposed to be important prey for herring larvae 

like P. parvus and P. elongatus display a size rage of 700 - 1400 µm (Conway, 2012) supporting 

that herring larvae preferentially feed on prey bigger than 500 µm. This is in accordance with 

results from a previous study also using stable isotopes that revealed a dominance (~60 %) of 

prey between 1000 - 1500 µm in herring diet. In the same study, size classes > 1500 µm, 

corresponding to bigger taxa like T. longicornis, Centropages hamatus, C. helgolandicus, 

Cumacea and Brachyura larvae, contributed to ~25 % to herring larval diet (Giraldo et al., 

2024). Although the contribution of prey >1000 µm might be overestimated in the study of 

Giraldo et al. (2024) as prey <1000 µm were not included (except of POM), it is possible that 

the dominance of the 500 - 1000 µm size class found in the present study is slightly 

overestimated as prey of size classes bigger than 1000 µm were not considered.  

Evidence coming from studies using different approaches like stomach content analysis, SIA 

and physiological models suggests that beside mesozooplankton, microplankton (20 - 200 µm) 

are also important for herring larval diet (Denis et al., 2016; Bils et al., 2022; Akimova et al., 
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2023). In the present study, microplankton accounted for around 10 % of larval diet, which fits 

within the range suggested by physiological modeling, which estimated microplankton 

contributions of 38 % and 4 % for 8 mm and 23 mm larvae (Akimova et al., 2023). Akimova et 

al. (2023) further found that young herring larvae growth rate would decrease by 40% if only 

preying on copepods which together with the present study underlines the importance of 

including small plankton size classes when investigating larval diet. Interestingly, also the <20 

µm size class contributed to around 10 % to herring larval diet. As a direct ingestion of such 

small particles by a visual predator like herring larvae (Batty, 1987) appears unlikely, this may 

represent an indirect signal from consumers that fed on plankton in the 0 - 20 µm range, such 

as appendicularians (Gaughan, 1991; Purcell et al., 2005; Lombard et al., 2011), which are 

known to be important in the diet of several fish larvae (Llopiz et al., 2010). However, if these 

organisms are not a dominant part of their size class, their contribution to the herring larvae 

diet might be better represented by the isotopic signal of the size class they themselves feed 

on. Since no taxonomical data was available in this study, this hypothesis could not be verified. 

Overall, studies delivering information about the proportion of plankton size classes to herring 

larvae diet only considered a part of its potential prey size range. Future studies should include 

the entire size range from microplankton to mesozooplankton >1500 µm to obtain a complete 

and representative impression of herring larvae diet prey size composition. 

 

2.4.3.2. Ontogenetic diet shifts 

Several studies proposed an ontogenetic diet change of herring larvae around 13 mm 

(Checkley, 1982; Denis et al., 2016, 2017; Joly et al., 2021). In the present study we did not 

explicitly investigate potential changes in prey size composition during ontogenetic 

development but visualizations of δ13C and δ15N against herring larvae size did not indicate 

strong variation of isotopic signatures within the size range investigated (Annex II Figure A 15). 

As in previous studies, a dominance of 11 -12 mm larvae might have prevented the detection 

of an ontogenetic diet change (Bils et al., 2022). Integrating larval size or developmental stage 

in a MixSIAR model will be an interesting perspective for future research. However, a larger 

spatial sampling extent and an increased number of samples would be necessary to 

adequately cover the entire area of larval dispersion in the North Sea.  
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2.4.4. Plaice larvae 

2.4.4.1. Overall diet composition (spatial model) 

Accounting for spatial variation in the diet improved the dietary estimates and resulted in a 

more diverse diet in comparison to the global model. The <20 µm and 125 - 200 µm size classes 

dominated plaice larvae diet together accounting for ~ 80 %. The preferred prey size-class of 

plaice larvae is, to the best of our knowledge, not known. Larvae between 6 and 11 mm have 

a mouth width of 300 µm to ca. 800 µm (Last, 1978). Given that the 500 - 1000 µm size class 

contributed to ca. 15 % to plaice larval diet, this suggests that while plaice larvae can feed on 

prey larger than 200 µm, they preferentially consume smaller prey. This is supported by the 

size of prey items found in plaice larvae stomach contents. Ingested O. dioica, a prey reported 

to be essential in the diet of plaice larvae (Shelbourne, 1953, 1957, 1962; Last, 1978), was 

suggested to be dominated by individuals smaller than 500 µm (Last, 1978). Theoretically, O. 

dioica might have been present in the size classes >125 µm (Last, 1978; Fenaux et al., 1986), 

as this species reproduces during winter in the study area (Wyatt, 1973). Other prey found in 

plaice larval stomachs like nauplii of P. parvus, P. minutus and polychaete larvae (Shelbourne, 

1953; Last, 1978) should also be found in the 125 - 200 µm size class (Conway, 2012, 2015; 

Mitsuzawa et al., 2017). This suggests an importance of microplankton for larval plaice 

nutrition. Due to the lack of biomass data for the different size classes, we cannot exclude the 

possibility, however, that the contribution of the 125 - 200 µm size class may be a result of 

higher biomass compared to the 500 - 1000 µm size class.   

Plaice larvae are suggested to be visual predators (Shelbourne, 1953) making feeding on 

particle sizes of <20 µm unlikely. Thus, the elevated contribution of prey <20 µm might 

represent feeding on O. dioica that are known to feed on pico- and nanoplankton (Lombard 

et al., 2011). If this hypothesis holds true the current study would be in accordance with earlier 

findings reporting the dominance of this appendicularian species in plaice larval diet 

(Shelbourne, 1953, 1957, 1962; Last, 1978).  

 

2.4.4.2. Spatial variation 

A strong spatial pattern was found in the diet of plaice larvae. In the center of the English 

Channel, the 125 - 200 µm size class dominated, with lower contributions of the <20 µm and 

500 - 1000 µm size classes. In contrast, at river influenced stations, (Figure 37D), the <20 µm 

size class constituted ca. 50 % of the larval diet. Assuming that this size class is a proxy for the 
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contribution of O. dioica (as discussed above), a higher proportion of this prey seems to be 

eaten in this area. This is in agreement with spatial variance of O. dioica abundance that was 

elevated in regions of riverine influence (Figure 40, chapter 1). Riverine input might result in 

a higher charge of organic matter in the <20 µm size range and higher production of pico- and 

nanoplankton due to nutrient inputs that might benefit O. dioica. 

 

 

Figure 40 Abundance of O. dioica derived from the IBTS survey taking place in January – February 2008 (A) 

and 2022 (B). 

 

Consequently, the higher contribution of the 125 - 200 µm size class in the center of the EEC 

likely reflects the presence of prey other than O. dioica, suggesting that plaice larvae feed on 

the most abundant prey within their preferred size class. By contrast, Shelbourne (1953) 

suggested that plaice larvae selectively target distinct prey items as the abundance of prey in 

stomach contents did not correspond to the abundance of zooplankton from water samples. 

This might suggest that plaice larvae selectively feed on O. dioica as soon as it is available but 

might switch to alternative prey when abundance of O. dioica is low. As in recent years, the 

dominance of O. dioica in terms of abundance appears to vary interannually (Neven et al., in 

press, chapter 1) a spatial and interannual difference in the contribution of this species to 

plaice larvae diet might be expected.  

Although appendicularians belong to gelatinous plankton they have a similar nutritional value 

with regard to carbon and nitrogen content (50.1 - 62.3 %, 11.3 - 14.9 % of dry weight 

respectively) as copepods (32.3 - 67.5 %, 5.1 - 13.1 % of dry weight respectively). They further 

display a fast generation time of (1 - 8 days) compared to copepods (~3 weeks), a slow 
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swimming speed and aggregate in swarms and patches making them easy to hunt for 

carnivorous zooplankton like fish larvae (Purcell et al., 2005). Differing predation capacities 

might have led to herring larvae feeding mostly on larger crustacean zooplankton whereas 

plaice larvae select relatively smaller prey like O. dioica. Herring and plaice larval stages 

included in the present study display similar maximal swimming speeds (Ucrit) suggesting 

similar predatory competences between herring and plaice larvae before metamorphosis 

(Silva et al., 2015b; Moyano et al., 2016). Gaughan (1991) proposed the categorization of fish 

larvae into three categories with regard to their prey: (i) fish larvae feeding on copepods, (ii) 

on appendicularians or fish larvae and (iii) on other prey. Larvae of the family 

Pleuronectiformes are associated to the group of larvae feeding on appendicularians mostly 

based on the studies investigating larval diet in the EEC and SNS. Beside Pleuronectiformes a 

variety of other fish families such as tuna larvae feed on appendicularians (Llopiz et al., 2010).  

 

2.4.4.3. Ontogenetic shifts in diet 

The abundance of different larval stages exhibited collinearity with the spatial pattern in diet 

size class composition with a higher proportion of smaller individuals in the center of the EEC 

and a higher proportion of larger larvae at river influenced stations. This pattern corresponds 

to the position of spawning grounds and nursery areas of plaice (Bolle et al., 2009). Spawning 

grounds are mostly situated in the deeper regions in the middle of the EEC (Hufnagl et al., 

2013) whereas the river influenced stations are located closer to the nursery areas (Bolle et 

al., 2009).  

Although an influence of differing stage composition in the two regions cannot be excluded, 

MixSIAR models allowing for spatial variation and variation of diet composition per larval stage 

did not indicate an influence of plaice developmental stages on diet. This is in accordance with 

the fact that in the literature no ontogenetic shifts with regard to diet composition are 

reported except a size selectivity of larger individuals selecting for larger O. dioica (Shelbourne 

1962). As O. dioica feeds on particles smaller than 20 µm independent of body size (Lombard 

et al., 2011) and plankton size classes used in the present study did represent a mixture of 

different organisms we might not have been able to detect this diet shift from smaller to 

bigger O. dioica individuals. 
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2.5. Perspectives 

2.5.1. Biological perspectives 

To better understand larval feeding regime and position in the planktonic food web, several 

aspects not addressed in this chapter could provide valuable perspectives for future research. 

Investigating these aspects would be necessary to draw conclusions about how larval feeding 

influences survival under varying conditions. 

A better understanding of the feeding strategy of larvae with regard to specialist-generalist 

strategies is important to understand their position in the planktonic food web and their 

sensitivity to fluctuations in prey availability. Integrating biomass data of the different 

plankton size classes would allow to get insight in the feeding strategies of these two species 

and would further enhance the evaluation of the planktonic food web structure. Information 

about the carbon content of each size class could be used as prior in the MixSIAR analysis and 

give information about prey availability. Information about the taxonomic composition of 

plankton size classes would enhance the interpretation of the larval feeding regime by 

allowing to verify the information about the taxonomical composition of the different size 

classes derived from the literature. Taxonomical analysis would further allow to evaluate the 

hypothesis that plaice larvae selectively feed on O. dioica and a lower contribution of the <20 

µm size class represents lower O. dioica abundance at the stations in the center of the EEC.   

 Additional studies on plaice larval nutrition from other regions and years, together with the 

evaluation of the planktonic food web would allow to investigate if O. dioica is the preferred 

feeding source of these larvae or if it is a particularity to plaice larvae from the EEC. This could 

provide further insight into the potential adaptation of plaice larvae to the dominance of 

herring larvae in this region during winter. Together with information on larval condition, 

interannual variation in feeding regimes could allow to evaluate the trophic flexibility of the 

two species, and their resilience and adaptability to changes in plankton community 

composition. Evaluating how a diet dominated by O. dioica affects plaice larvae condition 

could further reveal their specialization and dependence on this food source, ultimately 

providing insights into the interannual variability of plaice larval survival. Studies on predatory 

performance and behavior could help to explain why plaice larvae appear to prefer feeding 

on microplankton although the ingestion of mesozooplankton seems possible.  
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2.5.2. Further refinements  

Although TEF has been found to be stable across a wide range of taxa, smaller size classes of 

plankton are less thoroughly investigated compared to groups like mesozooplankton (Pepin 

and Dower, 2007). As planktonic size groups encompass various feeding strategies from 

autotroph to heterotroph, from herbivores to carnivorous, it is challenging to estimate TEF 

adequately (Aberle and Malzahn, 2007; Bils et al., 2022). For future methodological 

refinement, it could be useful to apply different TEF values proposed in the literature to assess 

the sensitivity of the current results to the choice of TEF. Additionally, TEF could be obtained 

from models like isoweb (Kadoya et al., 2012) which predict TEF based on the isotope values 

of predator and prey and a given TEF distribution of possible values (Giraldo et al., 2017). 

 

2.5.3. Additional analysis 

For the publication of this chapter certain aspects will be further explored. The spatial 

variability of the proportion of different size classes to plaice larval diet will be directly set in 

relation to potential environmental drivers like depth, salinity or temperature using GAM 

models applied to the MixSIAR output as predicted variable. Preliminary analysis of GAM 

models with abiotic parameters as covariate indicate that environmental parameters can 

explain a part of the spatial variability observed. Thus, those models could help to further 

understand spatial variability in isotopic values and to confirm the hypothesis that spatial 

variation is related to riverine input.  

The 500 – 1000 µm size class had an elevated δ15N compared to smaller plankton size classes, 

and can be assumed to contain a higher proportion of carnivorous taxa like Chaetognaths. A 

MixSIAR model could be used to investigate the proportion of different plankton size classes 

to the diet of these larger plankton organisms. This would enhance our understanding of the 

structure and trophic pathways in the planktonic food web.  

Acidification of samples can be required as preliminary step in SIA to remove non-dietary, 

inorganic carbon in the samples. Reporting the differences in δ13C values of acidified and non-

acidified plankton samples will deliver information on the impact of this preparational step on 

the analysis (Schlacher and Connolly, 2014).  
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2.6. Conclusion 

The present study suggests different feeding strategies for herring and plaice larvae with 

regard to prey size. Furthermore, spatial variation of the isotopic signatures of different 

plankton size classes and in the contribution of plankton size classes to plaice larval nutrition 

were found. The isotopic signature of herring and plaice larvae was species specific and did 

not indicate any overlap in their isotopic niches. Whereas herring larvae preferentially fed on 

the 500 - 1000 µm size class, the 125 - 200 µm and <20 µm size classes displayed the highest 

contributions in plaice larval diet. The contribution of the <20 µm size class might support 

earlier findings reporting O. dioica as major prey item for plaice larvae in the EEC. Spatial 

variation in plaice larval dietary composition in relation to riverine inputs appeared to be 

linked to spatial variation in the abundance of this species. This study further suggests the 

importance of microplankton for plaice larvae nutrition. Initial analysis of ontogenetic diet 

changes in plaice larvae showed no variation in the contribution of different plankton size 

classes to their diet from stage 1 to stage 3. Further analysis of ontogenetic diet changes of 

herring and plaice larvae are needed for final conclusions. In accordance with previous studies, 

the size structuration of the planktonic food web in EEC during winter was weak with regard 

to similar isotopic signatures of several plankton size classes suggesting low trophic divergence 

when productivity is low. The second chapter underlines the importance of the consideration 

of all possible prey items and prey size classes in MixSIAR analysis in order to obtain 

representative estimations of diet composition. 
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CHAPTER 3  -  3. Perspective – Biochemical composition 

The role of zooplankton as trophic vector from primary producers to higher trophic levels is 

not only important with regard to energy transfer but also with regard to the transfer of 

nutrients such as amino acids or essential fatty acids.  

Fatty acids are major constituents of lipids such as phospholipids or triglycerides and further 

serve as precursors of hormones (Dalsgaard et al., 2003). They are constituted of a mostly 

straight chain of 14 – 24 carbon atoms that can be connected by simple or double bonds, with 

the number of the latter varying between zero to six. Each carbon chain is terminated by a 

methyl group at one end and a carboxyl (acid) group at the other. Fatty acids are most 

commonly named based on chain length and number and position of double bonds, with the 

fatty acids A:B(n-x) being constituted out of A carbon atoms, B double bonds and the first 

double bond being positioned at the x position relative to the methyl group. Furthermore, 

fatty acids can be separated in three different groups depending on the number of double 

bonds. Fatty acids only consisting of single bonds are called saturated fatty acids (SFA), while 

the presence of one double bond classes a fatty acids as monounsaturated fatty acid (MUFA). 

Fatty acids being composed of more than one double bond are referred to as polyunsaturated 

fatty acids (PUFA) (Budge et al., 2006). While SFA and MUFA are mostly incorporated in 

storage lipids, PUFA are preferentially integrated in phospholipids and therewith represent a 

major constituent of cell membranes (Tocher, 2003; Pethybridge et al., 2014).  

As essential fatty acids are crucial for the physiological functioning of organisms, the transfer 

of these nutrients will impact ecosystem functioning. Like the efficiency of energy transfer, 

also the transfer of fatty acids will vary with environmental condition, phyto- and zooplankton 

composition and potentially with the physiological state of the consumer (Galloway and 

Winder, 2015; Schmidt et al., 2020).  

Thus, the third chapter aimed at investigating the spatial variability in the trophic transfer of 

fatty acids from zooplankton to small pelagic fish in relation to plankton community 

composition, environmental condition and fish physiology. 
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The work of the third chapter was presented in an oral presentation during the ICES 

Zooplankton Production Symposium 2024 and it is currently under review the ICES Journal of 

Marine Science: 

 

Spatial variability in fatty acid profiles – Factors influencing trophic 

transfer of essential nutrients from plankton to the European sardine 

(Sardina pilchardus) 

Carolin Julie Neven, Philippe Soudant, Paul Marchal, Sébastien Lefebvre, Alain Lefebvre, 

Guillaume Wacquet, Claudie Quere, Fabrice Pernet & Carolina Giraldo 
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Spatial variability in fatty acid profiles - 

Factors influencing the trophic transfer 

of essential nutrients from plankton to 

sardine 

3.1. Introduction 

Understanding the spatial distribution and variability in the trophic transfer of essential 

nutrients is crucial for a better grasp of ecosystem functioning (Brett and Müller-Navarra, 

1997; Arts et al., 2009; Budge et al., 2014; Galloway and Winder, 2015). This information can 

enhance our comprehension of the spatial repartition of feeding grounds, fluctuations in fish 

stock recruitment (Garrido et al., 2007b) and inform fisheries management (Pethybridge et 

al., 2014) as well as the planification of marine protected areas. FA such as docosahexaenoic 

acid (22:6(n-3), DHA), eicosapentanoic acid (20:5(n-3), EPA), and arachidonic acid (20:4(n-6), 

ARA) are essential nutrients for most marine animals. These fatty acids are needed for proper 

physiological performance (Tocher, 2003; Wagner et al., 2004; Chatelier et al., 2006; Vagner 

et al., 2015; Gladyshev et al., 2018) and must be obtained from the diet as they cannot or only 

to a limited extent be synthesized by the animal itself (Henderson, 1993; Tocher, 2010; Vagner 

and Santigosa, 2011; Parrish et al., 2012; Galloway and Winder, 2015; Sissener et al., 2020).   

In the marine realm essential fatty acids (EFA) are produced at the base of the food web, 

primarily by phytoplankton (Závorka et al., 2023). Herbivorous zooplankton incorporate and 

accumulate FA from their phytoplanktonic prey, thereby channeling FA to the next trophic 

level including small pelagic fish, that in turn, serve as a vector of EFA to higher trophic levels 

(Cury et al., 2000; Dalsgaard et al., 2003; Costalago et al., 2015; Mathieu-Resuge et al., 2024).  

However, spatial variability in the distribution and in the trophic transfer (Brett and Müller-

Navarra, 1997) of FA can be expected. The proportional composition of FA in phytoplankton 

varies with taxonomical composition and environmental condition (Galloway and Winder, 

2015; Peltomaa et al., 2019; Závorka et al., 2023) as does the quality and ingestability of 

phytoplankton for predators with regard to cell morphology, colony architecture and 
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secondary metabolites (Brett and Müller-Navarra, 1997). The trophic transfer of FA is 

conservative - meaning the prey FA composition is largely retained in the predator - allowing 

the use of certain FA acids as trophic markers (FATM) (Dalsgaard et al., 2003). Grazers and 

predators such as zooplankton and small pelagic fish may still contribute to the spatial 

variability in their FA profile via their taxonomical composition and physiological state 

combined with varying abiotic conditions leading to different feeding and energy 

storage/allocation strategies (Kattner and Krause, 1989; Kattner and Hagen, 1995, 2009; 

Nelson et al., 2001; Dalsgaard et al., 2003; Zlatanos and Laskaridis, 2007; Bertrand et al., 2022). 

For instance, the FA composition of zooplankton sampled in the Puget Sound (USA) was mainly 

driven by taxonomic differences followed by season and region (Hiltunen et al., 2022), and 

different temperature treatments provoked a species specific response in Acartia clausi and 

Acartia tonsa with regard to the FA profile of storage lipids (Werbrouck et al., 2016). Kainz et 

al. (2004) studied plankton from different freshwater systems and found that FA composition 

differed between size classes (10-64 µm, 100-200 µm, 200-500 µm, >500 µm), which they 

hypothesized to be related to variable taxonomic composition and size specific physiological 

requirements. The FA profile of higher trophic level species such as sardine (S. pilchardus), 

albacore tuna (Thunnus alalunga) and chub mackerel (Scomber japonicus), was found to be 

influenced by length beside phyto- and zooplankton community composition and biomass 

(Pethybridge et al., 2015; Bertrand et al., 2022; Ohshimo et al., 2022). Length was proposed 

to influence trophic transfer through ontogenetic shifts in diet, length-dependent metabolic 

rate and energy allocation strategy with regard to growth and reproduction (Pethybridge et 

al., 2015; Bertrand et al., 2022; Ohshimo et al., 2022). Thus, a contribution of all trophic levels 

to spatial variability in the distribution and trophic transfer of FA could be expected. 

In this chapter, we hypothesized that the spatial pattern in FA distribution will differ between 

trophic levels due to differing locomotion abilities assuming that the English Channel provides 

a heterogeneous environment especially between the western and eastern basin (Dauvin, 

2012). Zoo- and phytoplankton with limited mobility and no active horizontal migration, will 

experience similar environmental conditions. This lack of mobility, combined with small-scale 

variability in abiotic parameters and taxonomic composition, may result in a more 

heterogeneous spatial pattern in their FA profiles compared to small pelagic fish. Small pelagic 

fish occupy larger feeding areas and encounter more diverse environmental conditions and a 

variety of prey. They might hence work as spatial smoother, reducing spatial variability in the 
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availability of FA due to horizontal movement. The objectives of the present study were thus 

to (i) assess the spatial variability of the FA profile of zooplankton and sardine in the English 

Channel considering phytoplankton and zooplankton community composition and 

environmental parameters as potential drivers, and (ii) to better understand the trophic 

transfer of EFA from zooplankton to sardine with regard to the factors influencing this transfer 

such as prey FA composition, environmental parameters and fish physiological state. 

The European sardine (S. pilchardus) belonging to the group of small pelagic fish, is a 

planktivorous species feeding on phyto- and zooplankton (Bode et al., 2003, 2004; Garrido et 

al., 2008a, 2008b; Nikolioudakis et al., 2012) and channeling energy to seabirds, marine 

mammals and piscivorous fish (Campo et al., 2006; Meynier et al., 2008; Certain et al., 2011). 

The FA profile of sardines was studied by several authors, with sardines coming from the 

Mediterranean (Šimat et al., 2020), the Bay of Biscay (Mathieu-Resuge et al., 2024), off the 

Portuguese coast (Garrido et al., 2008b) and the waters off Morocco (Mkadem and Kaanane, 

2020). Only recently, the FA profile of sardines in the English Channel were described for the 

first time by Mathieu-Resuge et al. (2024) in comparison to the FA profile of sardines from the 

Bay of Biscay and the Golf of Lions. They found significant differences in the FA acid profile 

among regions that might be related to prey composition with sardines of the English Channel 

characterized by calanoid copepod trophic markers 20:1(n-9) and 20:1(n-11), whereas FATM 

indicated a diatom-based food web in the Bay of Biscay and a dinoflagellate-based food web 

in the Golf of Lions. Since 2017, sardines in the English Channel and the Celtic Sea are 

considered as proper stock and are separated from the central stock covering the Bay of Biscay 

(ICES). However, information on this Northern sardine stock remains scarce (Menu et al., 

2023), as does information about the FA profile of zooplankton in the English Channel. In other 

sardine stocks like in the Bay of Biscay (Doray et al., 2018; Véron et al., 2020; Boëns et al., 

2021) and parts of the Mediterranean (Brosset et al., 2017; Albo-Puigserver et al., 2021), 

biomorphological changes with regard to a decrease in size-at-age, weight-at-age and 

condition-at-age were observed and food quantity and quality were suggested as possible 

drivers (Van Beveren et al., 2014; Brosset et al., 2015, 2016; Boëns et al., 2021; Menu et al., 

2023). With regards to English Channel sardines, predictions based on an energetic model 

suggested an average decrease of 3.5 % in size and 12.4 % in weight since 2000 (Menu et al., 

2023). As ocean warming might cause a potential decrease in EFA in phytoplankton (Hixson 
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and Arts, 2016), the present study will deliver valuable information with regard to ongoing 

and future changes in trophic dynamics. 

 

3.2. Materials & Methods 

3.2.1. Sampling  

Environmental, planktonic and fish samples were collected in the English Channel during the 

Channel Ground Fish Survey (CGFS, Giraldo et al. 2021, https://doi.org/10.17600/18001250) 

in 2021 on board of the R/V Thalassa in autumn (mid-September to mid-October). Fish 

samples were collected using a GOV (Grande Ouverture Verticale) bottom trawl towed for 30 

min during daylight at a constant speed of 3.5 knots. Immediately after trawling, all fish were 

sorted, identified, and weighed. A subsample of minimum 5 sardine individuals was randomly 

selected at each station (total sardines= 249, total stations = 45) for subsequent lipid analysis 

(Figure 41). For those individuals, a small piece of dorsal muscle tissue was dissected. Sex, 

length and weight were recorded. Spawning activity was determined from sexual maturity of 

gametes with premature and mature gametes recorded as spawning individuals and immature 

and post-spawning gametes recorded as non-spawning individuals due to the visual similarity 

of the latter two stages. Furthermore, the Le Cren’s condition index was calculated from 

length and weight measurements (Le Cren, 1951; Gubiani et al., 2020). Full oceanographic 

profiles of the water column were conducted at each station using a conductivity, 

temperature, and depth (CTD) probe (total n = 122). Niskin bottles were used to characterize 

taxonomic composition of phytoplankton (n = 11). Mesozooplankton was collected from 

vertical hauls using a WPII net (200 µm mesh size). Samples serving for lipid analysis were pre-

filtered on a nylon mesh of 500 and 1000 µm to remove small zooplankton and phytoplankton 

colonies and zooplankton > 1000 µm. The remaining fraction (500 – 1000 µm) was filtered 

through pre-combusted (450°C for 4h) GF/F filters (n = 39). Samples serving for taxonomic 

determination (n = 11) were stored in a formalin solution while samples used for lipid analysis 

were immediately frozen at -80°C. The majority of samples, serving for different analyses, 

were collected at the same station. If this was not possible, information from the closest 

sampling stations were used to investigate the relation between the different trophic levels. 

This was assumed appropriate as these sampling stations were situated in close vicinity. 
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Figure 41 Location of sampling stations during CGFS 2021. A: Blue dots indicate sampling stations of sardine; 

red dots indicate sampling stations of zooplankton serving for lipid analysis; red triangles represent sampling 

stations serving for lipid analysis and taxonomic analysis; green dots indicate sampling stations of phytoplankton; 

B: Sampling stations of environmental parameters (surface temperature, salinity, depth). Blue dots indicate 

sampling stations situated in the Western English Channel, red dots indicate sampling stations situated in the 

Eastern English Channel.   

 

3.2.2. Lipid analysis  

3.2.2.1. Lipid extraction method  

Dorsal muscles of sardine stored at -80°C were ground with a Retsch homogenizer into liquid 

nitrogen. Approximately 250-300 mg of the homogenized powder was placed in pre-
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combusted glass vials to which we added 6 ml of solvent mixture (CHCl3:MeOH, 2:1, v:v). As 

described in (Mathieu-Resuge et al., 2023), lipid extracts were flushed under nitrogen gas, 

sonicated, vortexed and rested few hours to ensure complete lipid extraction. Approximately 

250-300 mg of zooplankton were scrapped/recovered from filters stored at -80°C, suspended 

in 6 ml of solvent mixture (CHCl3:MeOH, 2:1, v:v) and proceeded as above. 

 

3.2.2.2. Lipid class composition quantification 

Neutral lipids (mostly reserve lipids) were analysed by high-performance thin-layer 

chromatography (HPTLC) on HPTLC glass plates (20×10mm) pre-coated with silica gel 60 from 

Merck (Darmstadt, Germany) and quantified by using a scanning densitometer (Automatic TLC 

Sampler 4 and TLC Scanner 3 respectively, CAMAG, Switzerland) as previously described in 

Haberkorn et al. (2010). Briefly, a preliminary run was carried out to remove possible 

impurities using hexane:diethyl ether (1:1), and the plate was activated for 30 min at 120 °C. 

Lipid samples (4 µl) were spotted on the plates by the CAMAG automatic sampler. The neutral 

lipids were separated using a double development with hexane:diethyl ether:acetic acid 

(20:5:0.5) as first solvent system followed with hexane:diethyl ether (93:3) as a second solvent 

system. Lipid classes appeared as black bands after dipping plates in a cupric sulfate (3 %), 

phosphoric acid solution (8 %) and heating for 20 min at 180 °C (charring). Eight neutral lipid 

classes (categorized as storage lipids: free fatty acids, sterol esters, glyceride ethers, 

monoacylglycerol, diacylglycerol, wax ester, and triacylglycerol; considered as structural 

lipids: sterols) were identified based upon standards (Sigma–Aldrich, France) and coloring 

techniques. The charred plates were read by scanning at 370 nm, and black bands were 

quantified by Visiocats software. Results were expressed as mg of each identified neutral lipid 

class per g of muscle/zooplankton wet weight. The triglyceride-sterol ratio (TAG-ST) was 

calculated, as this ratio allows to scale the amount of energy reserves (in form of triglycerides) 

by size (represented by sterols belonging to the structural lipids). Thus, the TAG-ST ratio 

represents a lipidic condition index.  

 

3.2.2.3. Fatty acids analysis 

A 500µL aliquot of sardine total lipid extract was, after adding C23:0 (2.3µg) as internal 

standard (free fatty acid form), evaporated and hydrolysed in 1 ml of KOH-MeOH (0.5 M) for 



CHAPTER 3  -  3. Perspective – Biochemical composition 

121 
 

30 min at 80 °C, and then transesterified with 1.6 ml of MeOH:H2SO4 (3.4 %; v/v) for 10 min 

at 100 °C to form fatty acid methyl ester (FAME).  We extracted FAME by adding 800 μl of 

hexane and 1.5 ml of hexane-saturated distilled water, and by shaking and centrifuging 10 min 

at 1000 rpm. The denser aqueous phase was discarded and this step was repeated twice by 

adding only 1.5 ml of hexane-saturated distilled water. Finally, the samples were placed in the 

freezer at -20°C without removing the aqueous phase. After several hours, we quickly 

transferred the unfrozen upper organic phase into 2 ml vials, which are flushed with N2 and 

stored in a refrigerator until GC-FID (Gas chromatography with downstream flame ionization 

detector) analysis. 

As zooplankton lipids may contain high amount of wax ester, FAME preparation was 

performed differently to eliminate unsaponifiable compounds such as alcohol released from 

wax esters. One mL of zooplankton lipid extract was evaporated under N2 flux. Fatty acids 

were saponified with 1 ml of KOH-MeOH (0.5 M) for 3 min at 90°C. After cooling, 0.5 ml of 

water and 0.4 ml of ethanol were added and sample was vortexed. To eliminate 

unsaponifiable compounds 2 ml of hexane were added. Samples were vortexed again, 

centrifuged 10 min at 1000 rpm and upper phase was discarded. This step was repeated twice 

with 1ml hexane. To release saponified fatty acids, 0.5 ml of 6N HCl was added. After 

vortexing, 2 ml of hexane was added and sample centrifuged 10 min at 1000 rpm and upper 

phase was transferred in a 7 ml vial. This step was repeated twice with 1ml hexane. Combined 

hexane upper phases with C23:0 (2.3µg) as internal standard were evaporated and then 

transesterified with 1.6 ml of MeOH:H2SO4 (3.4 %; v/v) for 10 min at 100 °C to form FAME. 

Extraction of FAME was performed as above and stored in a refrigerator until analysis. 

FAME composition of sardine muscle and zooplankton was determined using a gas 

chromatograph system (HP - Agilent 6890, Agilent Technologies, USA) equipped with a JW DB 

wax (30 m length x 0.25 mm i.d. x 0.25 μm film thickness), with an on-column injector at 60ºC 

and a FID detector at 300ºC. Peaks were identified by comparison with retention times of 

external known standards (Supelco 37 Component FAME Mix, PUFA No.1 and No.3, and 

Bacterial Acid Methyl Ester Mix from Sigma) using Chemstation software (Agilent). FAME 

content was converted into fatty acid content based on 23:0 internal standard. Total FA 

content was calculated as the sum of all identified FA. Data were expressed as a proportion of 

the total FA composition (%).  
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3.2.2.4. Fatty acid trophic markers (FATM) 

The following FATM were used to investigate the trophic structure from plankton to sardine. 

The presence of diatoms was inferred from 16:2(n-4), 16:3(n-4), 16:4(n-1) marking diatoms 

only, from 16:1(n-7) marking diatoms and Eustigmatophycea and Pavlovophycea and from a 

high ratio of EPA/DHA. FATM representing dinoflagellates were a low EPA/DHA ratio and high 

level of 18:5(n-3) (Graeve et al., 1994; Auel et al., 2002; Dalsgaard et al., 2003; Remize et al., 

2022). The long-chain MUFA 20:1(n-9) and 22:1(n-11) were used as markers for the presence 

of Calanus spp. as polar herbivorous calanoid copepods like the genera Calanus and 

Calanoides biosynthesize these long-chain MUFA via chain elongation and integrate these FA 

in their energy storage (Kattner and Hagen, 1995; Hagen and Auel, 2001; Dalsgaard et al., 

2003).  

 

3.2.3. Phytoplankton community composition 

Phytoplankton taxonomical composition was analyzed using an image acquisition system 

building on optical microscopy. Samples were digitized using an 8-bit grayscale Benchtop B2 

Series FlowCam® Model VS-IV (Yokogawa Fluid Imaging Technologies, Inc., Scarborough, ME, 

USA), with a 4× objective lens coupled with a 300 μm-depth flow-cell. The images were 

analyzed using “EcoTransLearn” which is an R-package that facilitates the use of Transfer 

Learning methods to automatically classify digital images for ecological studies 

(https://github.com/IFREMER-LERBL/EcoTransLearn, Wacquet and Lefebvre, 2022). For 

further details see Annex III section 3.1. 

 

3.2.4. Zooplankton community composition  

Taxonomic species determination was assisted by using a ZooScan (Grosjean et al., 2004; 

Gorsky et al., 2010) and the machine-learning web-application Eco-Taxa 

(http://ecotaxoserver.obs-vlfr.fr). Samples stored in 1 % formol were rinsed and specimens 

were divided in three size classes (200 - 500 µm, 500 - 1000 µm, >1000 µm). To further 

enhance determination exactness, samples of the size class 200 - 500 µm were additionally 

fractionated by means of the Motoda method (Motoda, 1959; Grosjean et al., 2004). For 

further details see chapter 1.2.1.1).  

 

https://github.com/IFREMER-LERBL/EcoTransLearn
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3.2.5. Statistical analyses 

All statistical analyses were conducted with the R software environment v4.1.2 and results 

were considered significant when p was equal to or lower than 0.05. 

 

3.2.5.1. Spatial differences of environmental and sardine biological parameters 

Differences in environmental drivers between the EEC and WEC, were assessed using a 

Student’s t-test, provided that normality and homoscedasticity of data were satisfied. If data 

did not meet parametric assumptions, logarithmic or square-root transformations were 

applied. When parametric testing was not feasible, the Wilcoxon test was chosen as non-

parametric alternative.  

GLMM (Zuur et al., 2013) were used to investigate differences in length, weight, TAG-ST ratio 

and Le Cren’s condition index between the EEC and WEC. Each parameter was modeled as a 

function of the fixed covariated region (categorical with two levels) and of a fixed interaction 

term between region and sex (categorical with two levels) to take into account the different 

sex ratios between the regions. A spatial component was added as mixed effect to take into 

account spatial autocorrelation using an exponential variogram model (exp(pos|0, group)). 

In all models a gaussian distribution was used with a log or identity link function depending 

on model conversions and quality with regard to residuals. Model assumptions were verified 

by inspecting residuals using the “DHARMa” package. Furthermore, we assessed residuals for 

spatial dependency. GLMM were run using the “glmmTMB” package (Brooks et al., 2017). 

The model was constructed as follows: 

  

Model = parameter ~ + region + region:sex + exp(pos|0, group) + ε with ε following gaussian 

distribution with a log or identity link function  

 

For details about model verification please see Appendix III 3.2. 

 

3.2.5.2. Assessments of spatial patterns in FA profile and taxonomic 

composition  

PCA was used to assess spatial patterns in (i) FA profiles of sardine and zooplankton (500 - 

1000 µm), and (ii) taxonomic composition of zooplankton and phytoplankton communities. 
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The quantity of wax esters was used as supplementary variable in the PCA applied to 

zooplankton FA and the outcome of the PCA applied to both zooplankton and sardine FA was 

interpreted with regard to FATM. For zooplankton taxonomical data PCA was applied to the 

size class also investigated for their FA profile (500 - 100 µm) and to a non-size differentiated 

dataset to investigate the potential spatial patterns in the entire zooplankton community 

sampled. Phyto- and zooplankton data was Hellinger-transformed prior to PCA. PCA was 

computed using the function PCA of the “FactoMineR” package (Lê et al., 2008).  

 

3.2.5.3. Factors influencing trophic transfer 

GLMM and GAM (Zuur, 2012; Zuur et al., 2013) were used to evaluate the influence of 

environmental and physiological parameters on the trophic transfer of EFA between 

zooplankton and sardines. In both models a beta distribution with a logit link function was 

chosen as this distribution is adequate for proportional data (between 0 and 1). Proportion of 

EFA in sardines was modeled as a function of the fixed covariates Le Cren’s condition index 

(continuous), spawning activity (categorical with two levels, see chapter 3.2.1) and region 

(categorical with two levels). The covariate ‘region’ was used as proxy for the environmental 

state in the model as environmental parameters (temperature, salinity, depth) were strongly 

correlated and differed significantly between the WEC and EEC (Annex III section 3.3). Other 

physiological and biometrical parameters of sardine like the TAG-ST ratio and length were not 

included in the model to avoid colinear issues with spawning activity (Annex III Figure A 50).  

We investigated the transfer of three EFA namely EPA, DHA and ARA as relative values. First a 

GLMM was conducted to account for spatial autocorrelation as random effect using an 

exponential variogram model (exp(pos|0, group)). The model was constructed as follows: 

  

Model = EFAsardine (%) ~ EFAzooplankton (%) + LeCren’s index + spawning activity + region + 

exp(pos|0, group) + ε with ε following beta distribution with a logit link function  

 

Quantile residuals were investigated against each covariate using the “DHARMa” package 

(Hartig, 2022) (see Appendix III 3.4). In case a non-linear pattern was detected in the residuals 

of the second quantile, the transfer of the respective FA was investigated using a GAM 

applying a spline based function (function s of the “mcgv” package (Wood, 2011)) to the 
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covariates for which a non-linear pattern was detected previously. The GAM model was 

constructed as follows: 

 

Model = EFAsardine (%) ~ EFAzooplankton (%) + LeCren’s index + spawning activity + region + 

ε with ε following beta distribution with logit as link function 

 

GLMM and GAM were run using the “glmmTMB” package (Brooks et al., 2017) and the “mgcv” 

package (Wood, 2011), respectively. Model assumptions were verified by inspecting residuals 

using the “DHARMa” package (see Appendix III 3.4 for information about model selection and 

verification steps). Furthermore, we assessed residuals for spatial dependency.  

 

3.3. Results 

3.3.1. Biological parameters of sardines 

Sardines collected in the WEC were significantly smaller and lighter than sardines in the EEC 

but did not differ regarding condition (TAG-ST ratio and Le Cren’s index). Further inter-regional 

differences were observed with regard to the sex ratio and spawning activity. More females 

were caught in the East (females: 69, males: 48), whereas males were more numerous than 

females in the West (males: 71, females: 58). Females and males differed significantly in terms 

of length and weight but not with regard to TAG-ST ratio and Le Cren’s condition index (Table 

5, 6). A PCA applied to the FA profile of males and females did not indicate intersexual 

differences in the overall FA profile (Figure A 52). More spawning individuals were found in 

the EEC (~95 % of all individuals) than in the WEC (~68 %). 

Table 5 Biological parameters of sardine. Data are presented for each region (Eastern English Channel (EEC), 

Western English Channel (WEC)) and by sex, along with the corresponding number of collected individuals. Mean 

values and standard deviations are provided for length, weight, triglyceride-sterol ratio (TAG-ST), and Le Cren’s 

condition index. 

 

region sex n
length (cm) 

mean ± S.D. 

weight (g)     

mean ± S.D. 

TAG-ST      

mean ± S.D. 

Le Cren's index 

mean ± S.D. 

117 21.31 ± 2.53 87.25 ± 26.05 80.16 ± 36.2 0.98 ± 0.01

Female 69 22.02 ± 1.88 94.61 ± 20.84 83.88 ± 35.63 0.99 ± 0.1

Male 48 20.28 ± 2.98 76.67 ± 29.2 75.08 ± 36.72 0.96 ± 0.09

129 18.21 ± 2.68 49.52 ± 20.66 69.5 ± 62.41 1.03 ± 0.1

Female 58 18.59 ± 2.77 53.38 ± 22.20 74.15 ± 62.87 1.02 ± 0.1

Male 71 17.90 ± 2.58 46.37 ± 18.89 65.61 ± 62.19 1.04 ± 0.1

EEC

WEC
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Table 6 Results GLMM testing inter-regional differences of sardines. Estimates with standard error (S.E.) 

indicate significant and non-significant positive or negative correlation between a covariate and the proportion of 

the respective parameter of sardines. Significance: *** (P<0.001), ** (P<0.01), * (P<0.05). AIC (Akaike’s Information 

Criterion). n indicates the number of individuals used in the model. 

 

 

3.3.2. Taxonomic composition of zoo- and phytoplankton 

3.3.2.1. Zooplankton 

The taxonomic composition of zooplankton was analyzed at 11 stations mostly corresponding 

to regions or sampling stations of phytoplankton. Zooplankton of the size ranges 300 - 500 

µm, 500 - 1000 µm and >1000 µm represented respectively 90 %, 9 % and 1 % of the overall 

300 - 1000+ µm abundance. The first three principal components of a PCA implemented with 

taxonomic data of the size class 500 - 1000 µm explained 24.5 %, 15.9 % and 11.8 % of the 

variance, respectively. Differences were observed in the community composition between the 

WEC and the EEC (Figure 42). These differences were also obtained when using a non-size 

differentiated dataset including all samples (Annex III Figure A 53). Stations of the western 

basin were located on the negative side of the first dimension whereas stations of the eastern 

basin were mostly located on the positive side. Taxa contributing mostly to this differentiation 

were Candacia spp., Calanus spp., Euphausiacea larvae and Euphausiacea for the WEC and 

Acartia spp. and T. longicornis for the EEC (Figure 42). When using all size classes P. parvus, 

annelid larvae and E. acutifrons characterized the eastern basin whereas the presence of 

Calanus spp., crustacea larvae, Candacia spp., Corycaeus spp. and Oithonidae characterized 

the western basin (Annex III Figure A 53). 

 

 

Intercept (S.E.) 19.07 (0.5) *** 4.0 (0.07) *** 72.34 (9.10) *** 0.02 (0.01)

region 2.56 (0.68) *** 0.49 (0.09) *** 9.95 (12.21) -0.03 (0.02)

regionWEC:sex -1.2 (0.31) *** -0.19 (0.06) ** -10.3 (8.79) 0.02 (0.02)

regionEEC:sex -0.81 (0.38) * 0.12 (0.04) ** -5.01 (9.66) -0.03 (0.02)

AIC 1058 2151 2632 -429

n 245 245 245 245

Estimates (S.E.)

length weight TAG-ST ratio Le Cren's index
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Figure 42 PCA taxonomic composition of zooplankton (500 – 1000 µm), first and second principal 

components. A: Taxa (the darker the taxon, the higher its contribution to the first component); only taxa with a 

contribution higher than 2% are displayed); B: Sampling stations (the bigger the dot the higher its contribution to 

the first component); blue and red dots were located in the Western English Channel (WEC) or the Eastern English 

Channel (EEC), respectively; numbers represent sampling station id. 

 

3.3.2.2. Phytoplankton 

Phytoplankton taxonomic composition and abundance between the EEC and the WEC was 

analyzed at 11 stations. Differences in phytoplankton taxonomic composition between the 

EEC and the WEC were revealed by the first two axes of a PCA, representing 48.4 % of the 

overall variance (Figure 43A,B). Diatom species dominated in the EEC whereas diatoms and 

dinoflagellates characterized the WEC. Taxa that contributed the most to overall abundance 

and that were characteristic for the EEC were Chaetoceros spp., Guinardia spp., Leptocylindrus 

spp. and Rhizosolenia spp. (Figure 43A,B, Annex III Figure A 55). The WEC was characterized 

by Thalassionema spp., Thalassiosira spp. and Dytilum spp. Phytoplankton abundance was 

higher in the East than in the West mostly driven by stations situated at the French coast close 

to the Dover Strait (Figure 43C). Station 123 might deviate from the east-west pattern due to 

its position. It is the westernmost station and likely has the highest offshore influence from 

the Atlantic. Compared to other stations sampled in the EEC, Station 56 is the most offshore, 

potentially reflecting an offshore to inshore gradient. 
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Figure 43 PCA taxonomic composition of phytoplankton, first and second principal components. A: Taxa 

(the darker the taxon, the higher its contribution to the first component); only taxa with a higher contribution than 1 

% are depicted; pink, green and black dots represent dinoflagellate, diatom and other species, respectively; B: 

Sampling stations (the bigger the dot the higher its contribution to the first component); blue and red dots were 

located in the Western English Channel (WEC) or the Eastern English Channel (EEC), respectively; numbers 

represent sampling station id; C: Relative abundance of diatoms (green) and dinoflagellates (pink) to total 

abundance per station (size of pie charts represent abundance in cells/l). 

 

3.3.3. Spatial pattern of the FA profile of zooplankton and sardine 

For sardines, a total number of 45 FA were identified. Overall, SFA were dominated by palmitic 

acid (16:0, ~21 %) (Table 7). The dominant MUFA was oleic acid (18:1(n-9), ~9 %) followed by 

palmitoleic acid (16:1(n-7), ~4 %) and 18:1(n-7) (~3 %). PUFA were dominated by DHA (~22 %) 

followed by EPA (~11 %). 

For zooplankton, we identified 43 FA. As for sardines, 16:0 was the dominant SFA (~16 %), 

whereas 16:1(n-7) (~4 %) and 18:1(n-9) (~4 %) were the most abundant MUFA. PUFA were 

dominated by DHA (~23 %) and EPA (~18 %) (Table 7). 

Tables showing the complete set of FA of sardines and zooplankton are provided in Annex III 

(Table A 8, 9). 
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Table 7 Fatty acid trophic markers and most important fatty acids (FA) for zooplankton and sardine. Values 

are reported as mean ± standard deviation by region (Eastern English Channel (EEC), Western English Channel 

(WEC)). n indicates number of stations. The FA listed in this table represent the 20 most important FA with regard 

to percentage and including FATM and essential FA. A complete table can be found in Annex III (Table A 8, 9). 

 

 

 

 

WEC EEC

n = 129 n = 117

mean ± S.D. mean ± S.D. mean ± S.D. mean ± S.D.

Saturated FA (%)

14:0 6.7 ± 2.3 4.6 ± 1.9   3.7 ± 1.0   3.9 ± 1.1

16:0 16.0 ± 1.0 15.6 ± 1.2 20.9 ± 2.1 21.5 ± 1.2

18:0 3.6 ± 1.1 5.2 ± 1.0   5.0 ± 0.6   6.0 ± 0.8

Total SFA 28.6 ± 1.2 28.5 ± 1.9 31.6 ± 0.9 33.5 ± 0.9

Monounsaturated FA (%)

16:1(n-7) 3.6 ± 1.0 5.4 ± 1.5  3.7 ± 1.0   5.1 ± 1.4

18:1(n-9) 4.3 ± 1.3 3.3 ± 1.3  7.9 ± 3.2 11.5 ± 2.9

18:1(n-7)  2.4 ± 0.5   3.3 ± 0.6

20:1(n-11) 0.1 ± 0.0 0.5 ± 0.4  0.3 ± 0.2   0.1 ± 0.1

20:1(n-9) 0.8 ± 0.5 0.3 ± 0.2  2.1 ± 1.2   1.7 ± 0.5

22:1(n-11) 1.8 ± 1.6 0.1 ± 0.1  1.9 ± 1.6   0.1 ± 0.2

22:1(n-9) 0.2 ± 0.1 0.1 ± 0.1  0.5 ± 0.2   0.5 ± 0.3

Total MUFA 13.9 ± 2.9 14.2 ± 2.8 21.4 ± 3.3 24.1 ± 2.5

Polyunsaturated FA (%)

16:2(n-4) 0.4 ± 0.2 0.7 ± 0.5  0.2 ± 0.2  0.4 ± 0.3

16:3(n-4) 0.2 ± 0.1 0.7 ± 0.7  0.1 ± 0.2  0.4 ± 0.3

16:4(n-1) 0.7 ± 0.3 1.4 ± 0.7  0.2 ± 0.3  0.5 ± 0.4

18:2(n-6) 1.9 ± 0.6 0.9 ± 0.2  1.2 ± 0.4  0.6 ± 0.2

18:3(n-3) 1.1 ± 0.8 1.2 ± 0.6  1.1 ± 0.3  0.7 ± 0.3

18:4(n-3) 4.7 ± 2.2 2.7 ± 1.3  2.1 ± 0.6  1.6 ± 0.5

18:5(n-3) 0.3 ± 0.2 0.1 ± 0.1

20:4(n-6) 0.8 ± 0.3 1.5 ± 0.4   1.1 ± 0.4   1.3 ± 0.3

20:5(n-3) 16.1 ± 2.4 20.9 ± 2.2 10.5 ± 2.3 12.7 ± 1.9

22:4(n-6) 0.1 ± 0.1 0.2 ± 0.1   0.2 ± 0.2   0.3 ± 0.2

22:6(n-3) 25.8 ± 3.7 20.8 ± 3.4 25.7 ± 6.8 18.9 ± 5.3

EPA/DHA 0.6 ± 0.3 1.1 ± 0.3   0.4 ± 0.1   0.7 ± 0.1

Total PUFA 56.1 ± 3.3 54.9 ± 2.5 46.3 ± 3.7 41.8 ± 2.5

WEC EEC

n = 20 n = 19
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3.3.4. Spatial segregation patterns 

PCA was used to compare the overall FA signatures of sardine and zooplankton (500 - 1000 

µm) (Figure 44). The first two components explained 59.4 % of the variance in sardine FA, and 

49.0 % of the variance in zooplankton FA profiles. A clear spatial segregation pattern was 

visible for both zooplankton and fish. Zooplankton from the West was characterized by a 

higher proportion of the Calanus-markers 22:1(n-11) (~1.8 % of total FA) and 20:1(n-9) (~0.8 

% of total FA) when compared to samples from the East (~0.1 % and 0.3 % of total FA, 

respectively). Presence of wax-esters in zooplankton was associated with the WEC. Similarly, 

diatom vs dinoflagellates markers in zooplankton (16:2(n-4), 16:3(n-4), 16:4(n-1), 16:1(n-7), 

18:5(n-3), ratio EPA/DHA) suggest a dominance of silica-rich diatoms-based food web in the 

East and a more dinoflagellate-based food web in the West (Table 7).  

Sardines displayed similar patterns. Both Calanus-markers were associated to western 

stations. The proportion of 22:1(n-11) was more than twice as high in western sardines (WEC: 

~1.92 % of total FA) than in eastern sardines (EEC: ~0.11 % of total FA). The differing 

dominance of diatoms and dinoflagellates between the eastern and the western basin was 

indicated by the respective markers. The dinoflagellate marker 18:5(n-3) was not detected in 

the FA profile of sardines.  
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Figure 44 Principal component analysis (PCA) on the fatty acid profiles of sardines (A, B) and zooplankton 

(500 - 1000 µm) (C,D) collected in the Western English Channel (blue) and Eastern English Channel (red). 

Panel A and C display FA in the two dimensional plane of the first and second component. The darker the taxon, 

the higher its contribution to the first component. Panel B and D display sampling stations. The bigger the dot the 

higher its contribution to the first component. Numbers represent sampling station id. 

 

3.3.5. Factors influencing trophic transfer of EFA 

Factors influencing the trophic transfer of EPA, DHA and ARA from zooplankton to sardine 

were investigated using GLMM and GAM (Table 8, Figure 45 - 47, Annex III Table A 7).  

Proportions of EFA were significantly higher in non-spawning than in spawning fish. The 

proportions of EPA and ARA, were significantly higher in the EEC then in the WEC. Proportions 

of EPA and ARA were positively correlated with their proportion in 500 - 1000 µm zooplankton. 

Sardine and zooplankton DHA proportions were not significantly correlated. Le Cren’s 

condition index significantly influenced the proportion of EPA but was not correlated to 

sardine’s DHA and ARA proportions.  
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Including a spatial component as a random effect in the GLMM reduced the spatial 

autocorrelation in the residuals and decreased the AIC of the models, though it did not entirely 

remove spatial autocorrelation. This could be due to the insufficient number of sampling 

stations. For the same reason it was not possible to use a generalized additive mixed model 

with a spatial component as a random effect. As this study focuses on large scale patterns 

(EEC vs WEC) the model outcome can still be considered reliable. For further details please 

see Appendix III 3.4. 

 

Table 8 Factors influencing trophic transfer of essential fatty acids (EFA). Estimates with standard error (S.E.) 

indicate significant and non-significant positive or negative correlation between a covariate and the proportion of 

the respective fatty acid (FA) in sardine. Significance: *** (P<0.001), ** (P<0.01), * (P<0.05); AIC (Akaike’s 

Information Criterion); type: model used; n: number of sampling stations; (s): parameters integrated in the model as 

a spatial smoother; edf: estimated degrees of freedom for the smoothed terms. 

 

 

Intercept (S.E.) -1.97 (0.12) *** -1.07 (0.3) *** -4.26 (0.17) ***

zooplankton FA (s)  *** 0 (0.00) 0.17 (0.04) ***

Le Cren's index 0.23 (0.12) * -0.26 (0.22) -0.04 (0.15)

spawning -0.26 (0.03) *** -0.19 (0.06) *** -0.29 0.04) ***

region -0.19 (0.04) *** 0.35 (0.19) -0.15 (0.04) ***

edf 2.9

AIC -1212.2 -671.9 -2075.5

type GAM GLMM GLMM

n 233 233 234

Estimates (S.E.)

EPA DHA ARA



CHAPTER 3  -  3. Perspective – Biochemical composition 

133 
 

 

Figure 45 Factors influencing trophic transfer of eicosapentanoic acid (EPA) revealed by the GAM. The 

relation of EPA % in zooplankton and sardine and all significant factors influencing trophic transfer revealed by the 

GAM model are displayed. Significance level is displayed in the heading of the respective plots: *** (P<0.001), 

(P<0.01), * (P<0.05).  

 

Figure 46 Factors influencing trophic transfer of docosahexaenoic acid (DHA) revealed by the GLMM. For 

DHA also the relation to zooplankton DHA and region is shown although not significant. Significance level is 

displayed in the heading of the respective plots: *** (P<0.001), (P<0.01), * (P<0.05).  
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Figure 47 Factors influencing trophic transfer of arachidonic acid (ARA) revealed by the GLMM. The relation 

of ARA % in zooplankton and sardine and all significant factors influencing trophic transfer revealed by the GAM 

model are displayed. Significance level is displayed in the heading of the respective plots: *** (P<0.001), (P<0.01), 

* (P<0.05).  

 

3.4. Discussion 

Spatial variability in the FA composition of zooplankton and sardine was observed with FA 

profiles differing between the eastern and the western basins of the English Channel. This 

pattern aligns with the spatial variability in the taxonomical composition of phyto- and 

zooplankton and the differing environmental conditions indicating a strong bottom-up control 

of the transfer of essential fatty acids. 

Dietary proportion of DHA, ARA and EPA in zooplankton together with spawning activity, 

region and condition were revealed as factors influencing the trophic transfer of these EFA 

from zooplankton to sardine. Together with differences in length, weight and spawning 

activity between the EEC and WEC, this suggests that the morphological and physiological 

characteristics of sardines might have further contributed to the observed spatial pattern in 

overall sardine FA profiles. 
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3.4.1. Potential drivers of spatial variability of FA profiles - 

plankton community composition and biological parameters 

of sardines 

Phyto- and zooplankton community composition differed between the EEC and WEC possibly 

due to differences in hydrologic conditions (Beaugrand et al., 2000). Dinoflagellate species 

displayed a higher contribution to the community in the WEC compared to the EEC, a finding 

that was also reported by other studies for the autumn period (Hoch and Garreau, 1998; 

Widdicombe et al., 2010; White et al., 2015). 

The zooplankton community of the WEC was rather oceanic as indicated by the presence of 

taxa like Calanus spp., Candacia spp. and Euphausiacea (Fransz et al., 1991). The EEC by 

contrast was characterized by taxa associated to coastal regions like T. longicornis (Fransz et 

al., 1991; Krause et al., 1995), P. parvus (Krause et al., 1995), E. acutifrons (Sautour and Castel, 

1993) and Acartia spp., with the latter genus including several species that are found at low 

salinities (Fransz et al., 1991). 

The WEC is deeper and influenced by Atlantic water whereas the EEC is shallower with a higher 

turbulence (Stanford and Pitcher, 2004; Dauvin, 2012) favoring diatom species instead of 

dinoflagellates (e. g. Margalef, 1978). Furthermore, the EEC is characterized by high riverine 

discharge leading to high nutrient input and areas of low salinity with the Seine estuary 

accounting for two thirds of the drainage area of the entire English Channel (Brylinski et al., 

1991; Stanford and Pitcher, 2004; Dauvin, 2012; Lefebvre and Devreker, 2020). This most 

probably led to a significantly lower salinity in the EEC than in the WEC observed during the 

study period. Although significant, mean differences of salinity and surface temperature 

between the basins were small (16.6 vs. 17 °C; ~35 vs. 34) (Annex III section 3.3). 

Biometrical and physiological parameters of sardines differed between the basins. Sardines in 

the EEC were longer and heavier than in the WEC. This was related to the sex ratio sampled 

that was characterized by a higher contribution of females in the EEC that were longer and 

heavier than males. The smaller mean length in the WEC could also have been related to 

ontogenetic stage as well, considering that non-spawning individuals were smaller than 

spawners and that the proportion of spawning individuals was lower in the WEC than in the 

EEC (Annex III Figure A 23, Figure A 50). The differences in length and weight observed 

between the two basins were not explained by dissimilar feeding conditions, since both lipidic 

and morphological condition indices did not vary significantly between regions and sex.  
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3.4.2. Spatial variability in FA profiles of zooplankton and sardine 

The distinct difference in the FA profile of sardine and zooplankton found between the EEC 

and WEC aligned with the spatial differences in phyto- and zooplankton community 

composition. FATM indicated the presence of Calanus spp., wax-ester producing species and 

the presence of dinoflagellates in the WEC whereas diatom FATM appeared to be 

characteristic for the EEC. The use of wax-esters as energy storage is known in herbivorous 

calanoid copepods such as Calanus spp. (Kattner and Krause, 1989; Dalsgaard et al., 2003) and 

Euphausiacea (Lee et al., 2006). Small calanoid copepods as those characterizing the EEC are 

hypothesized to not have the need to produce lipid storages in form of wax esters considering 

their omnivorous life style (Kattner and Hagen, 2009; Benedetti et al., 2015). Thus, the 

association of wax-esters to the WEC appears to be in accordance with the zooplankton  

taxonomical characteristics of the two basins.  

In previous studies, the FA composition of phyto- and zooplankton communities were found 

to be mainly driven by their taxonomy, as well as diet in the case of zooplankton (Persson and 

Vrede, 2006; Gladyshev et al., 2010; Galloway and Winder, 2015; Hiltunen et al., 2015, 2022; 

Mathieu et al., 2022). Thus, we suggest that the spatial pattern in the zooplankton FA 

composition observed was related to the phyto- and zooplankton community composition 

(Gladyshev et al., 2010; Galloway and Winder, 2015; Hiltunen et al., 2022). In case food quality 

might be the reason for the observed changes in length and weight of sardines in the 

Mediterranean and the Bay of Biscay (Menu et al., 2023) this might indicate that 

compositional changes in the phyto- and zooplankton communities might drive changes in 

food quality with regard to FA.  

The FA profile of sardines displayed the same spatial pattern as zooplankton, with the FA 

profile of individuals differing between the WEC and the EEC. As discussed above FATM in the 

muscle FA profile suggested a strong bottom-up control by dietary availability on the transfer 

of FA. This was further supported by the taxonomical composition of other zooplankton size 

classes (300 - 500 µm, >1000 µm) that serve as sardine prey (Garrido et al., 2007a, 2015) and 

that were not analyzed for their FA profile but followed the same spatial east-west pattern 

(Annex III Figure A 53). Sardines display an opportunistic feeding behavior that varies 

ontogenetically, spatially and temporally (Garrido et al., 2007a, 2015; Costalago et al., 2015; 

El Mghazli et al., 2020). The importance and role of phytoplankton in sardine diet is still under 

debate (Bode et al., 2003, 2004; Garrido et al., 2008a, 2008b; Nikolioudakis et al., 2012; 
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Giraldo et al., 2024) and the spatial pattern in the phytoplankton trophic markers might be 

the result of direct or indirect ingestion of phytoplankton via herbivorous zooplankton. 

An influence of diet on sardine FA composition was also suggested by other studies based on 

FATM and taxonomic information about prey composition (Bertrand et al., 2022; Mathieu-

Resuge et al., 2024). Field studies directly comparing prey FA composition with sardine FA 

composition are rare (Shirai et al., 2002; Garrido et al., 2008b). Thus, the present study 

provides additional evidence for a strong bottom-up control of the transfer of FA from 

zooplankton to small pelagic fish.  

Environmental conditions and biometrical and physiological characteristics of sardines could 

have further contributed to the spatial separation of sardines FA profile. Length might 

influence FA composition via energy allocation strategy with regard to reproduction and 

growth (Pethybridge et al., 2015; Ohshimo et al., 2022). As discussed, above non-spawning 

individuals were more abundant in the WEC and they were smaller compared to their 

spawning counterparts. Thus, one could hypothesize that more individuals allocated energy 

towards growth in the WEC than in the EEC. Maturity at length data for sardines in the EC 

would help to verify this hypothesis. Length might further influence FA composition via 

ontogenetic prey selectivity. We did not observe a decrease of EPA/DHA ratio with length as 

was found by Bertrand et al. (2022) with regard to age and that was proposed to be related to 

a diet shift towards more macrozooplankton in older individuals. Nevertheless, a different 

feeding strategy of smaller individuals more abundant in the WEC could explain the dissimilar 

FA compositions.  

Evidence suggests that temperature, salinity and depth might affect FA composition of fish 

(Kemp and Smith, 1970; Farkas et al., 1980; Olsen et al., 1999; Cordier et al., 2002; Hunt et al., 

2011; Voronin et al., 2022). A higher proportion of long-chain PUFA in the cell membrane of 

fish at colder temperature has been proposed to serve as ‘homeoviscous adaptation’ allowing 

the fish to maintain membrane fluidity (Arts and Kohler, 2009). The universal validity of this 

mechanisms has been questioned however (Gladyshev et al., 2018). Depth adaptation with 

regard to FA is proposed to concern membrane fluidity by a similar principle as in 

homeoviscous adaptation in terms of temperature (Radnaeva et al., 2017; Voronin et al., 

2022). A distinct differing characteristic between the WEC (~81 m) and EEC (~38 m) was the 

depth profile that could have led to a colder environment experienced by sardine in the WEC 

despite similar basin surface temperature. Sardines are known to undertake diurnal vertical 
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migrations (Giannoulaki et al., 1999; Zwolinski et al., 2007) that make them reside close to the 

seabed during night as found for sardines living off the Portuguese coast (Zwolinski et al., 

2007). Studies that have shown an influence of depth on the FA composition of fish mostly 

focused on abyssal or mesopelagic fish that inhabit greater depth than experienced by 

sardines in the English Channel, however (Voronin et al., 2021, 2022). Thus, an influence of a 

deeper depth profile and potentially lower temperature experienced by sardine in the WEC 

on the muscle fatty acid composition remains highly speculative. Salinity was found to 

influence the proportion of DHA of phospholipids in fish liver, muscle and gill (Cordier et al., 

2002; Hunt et al., 2011). Most studies that observed an effect of salinity on PUFA composition 

investigated fish species that frequent low salinity zones like estuaries, however (Cordier et 

al., 2002; Khériji et al., 2003; Hunt et al., 2011). Furthermore, fish were exposed to acclimation 

from freshwater to saltwater (Khériji et al., 2003; Hunt et al., 2011) and therewith to a 

magnitude of salinity variation that was remarkedly higher (~28 - 40) than in the present study 

(~35 vs. 34). 

Thus, due to the small differences of mean surface temperature and salinity between the 

basins an environmental effect on the transfer of EFA in this region is likely rather indirect, 

mediated through differing hydrological conditions and nutrient regimes (Lefebvre and 

Devreker, 2020) influencing phyto- and zooplankton dynamics, composition and quality. 

 

3.4.3. Factors influencing the trophic transfer of EFA 

The GLMM and GAM models used to investigate factors influencing the trophic transfer of 

DHA, EPA and ARA further support a bottom-up control and an influence of sardine’s 

physiological state on the trophic transfer. This corroborates earlier studies suggesting that 

the predator FA profile is not only driven by prey FA composition (Garrido et al., 2007b; 

Gladyshev et al., 2018; Yasuda et al., 2021).   

EPA and ARA were significantly correlated with zooplankton FA proportions, while DHA was 

not. This could be related to a stronger regulation of this physiologically important EFA by the 

organism making a link to trophic sources more complex.  

Spawning activity was negatively correlated to the proportion of all three EFA tested. The 

study period was within the autumn reproduction period of sardine in the English Channel 

(Coombs et al., 2005, 2010; Stratoudakis et al., 2007; Menu et al., 2023). DHA, EPA and ARA 

are known to be important for fish embryo and larvae development (Koven et al., 1990; 
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Izquierdo, 1996; Bruce et al., 1999; Tocher, 2010) and are incorporated into sardines oocytes 

leading to a decrease of the concentration of these FA in the muscle (Garrido et al., 2007b, 

2008b). With regard to relative values of FA, similar patterns were observed in Japanese 

sardine (Sardinops melanostictus). In this species proportions of DHA and ARA were lower 

during the spawning season than during the non-spawning period, and the proportion of EPA 

decreased with decreasing total muscle lipid content, indicating a decrease of this FA during 

spawning with regard to absolute values (Yasuda et al., 2021). However, not only EFA were 

found to be influenced by spawning activity. MUFAs and certain SFA (14:0, 16:0, 18:0) in 

oocytes were observed to be correlated to the mother’s muscle concentration as well (Garrido 

et al., 2007b). In contrast to PUFA the incorporation of MUFA and SFA were not conserved 

meaning that the 18:1(n-9) oocyte concentration, for instance, decreased with the muscle 

concentration whereas the concentration of DHA was independent from the muscle 

concentration and was always higher in the oocyte (Garrido et al., 2007b). Concentration of 

20:1(n-9) and 22:1(n-11) were lower in the oocytes than in the muscle, a finding that was also 

reported for other species (Sargent and Tocher, 2002; Garrido et al., 2007b; Huynh et al., 

2007). Thus, spawning activity might influence the overall FA profile of sardines not only with 

regard to the three EFA tested. The inclusion of both female and male sardine data in the 

models (Annex III Table A 7) and in a PCA analysis on the overall FA profile (Annex III Figure A 

52) did not show any influence of sex on the results. This is in accordance with Garrido et al. 

(2008b) who did not find differences between sexes in the FA composition (absolute values) 

and reported a similar seasonality of the FA composition of both sex.  

Spawning activity and the TAG-ST ratio were related (Annex III Figure A 50), with non-

spawning individuals having a lower TAG-ST ratio meaning lower fat reserves than spawning 

individuals. Thus, the correlation of spawning activity and the three EFA tested could also 

represent a relationship to this lipidic condition index. DHA and ARA decreased with increasing 

TAG-ST ratio (Annex III Figure A 51). A negative correlation of DHA and ARA proportion to lipid 

content was also observed in Japanese sardine (Yasuda et al., 2021) and the proportion of 

total n-3 PUFA decreased with total lipid content in Perca fluviatilis (Mairesse et al., 2006). 

This observation was suggested to be related to the proportion of structural to neutral lipids 

(Mairesse et al., 2006; Gladyshev et al., 2018; Yasuda et al., 2021). Fish in poor condition can 

be expected to have a higher proportions of structural lipids than fish in good condition with 

a higher share of neutral storage lipids. Thus, the relative values of EFA which are most 
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prominent in the structural phospholipids might decrease in fish of good condition because 

the share of storage lipids increases although the absolute values of EFA might not. EPA did 

not display a negative relationship with the TAG-ST ratio. This finding was similar to Japanese 

sardine in which the proportion of EPA did not decrease during the spawning period in 

contrast to DHA and ARA (Yasuda et al., 2021). Yasuda et al. (2021) propose a stronger transfer 

of DHA and ARA to the ovaries as a possible explanation. A study comparing the concentration 

of the different EFA in sardine muscle and oocytes would not support this suggestion for 

European sardine (Garrido et al., 2007b). Due to the diverse physiological roles of EPA, ARA 

and DHA (Tocher, 2003), other physiological processes like immune or stress response might 

explain the difference in the relation to lipidic condition observed what could be further 

investigated in future studies (Gladyshev et al., 2018). EPA was also positively correlated to 

the morphological condition index although the p-value of 0.047 and the values predicted 

indicate a modest correlation (Figure 45) that we judge not robust enough for further 

interpretation. 

 

In the present study, the FA profile of total muscle lipids was used meaning that lipids were 

not separated in polar and neutral lipids. This might have been a shortcoming with regard to 

the interpretation of the influence of physiological or environmental factors on the proportion 

of FA in sardine, as physiological signals might have been confounded with dietary signals 

(Bertrand et al., 2022; Mathieu-Resuge et al., 2024). As the FA profile of total lipids is the 

profile relevant to trophic transfer throughout the food chain, however, the use of total 

muscle lipids was reasonable given the aim of the present study.  

In this regard it would be interesting to include other tissues than muscle in future studies 

(Sissener, 2018) also with regard to stable isotope analysis that could allow for a temporal 

insight of the spatial feeding pattern of sardine. 
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3.4.4. Spatial separation of sardines in the English Channel 

The spatial separation pattern of sardine FA profile, combined with the association of FATM 

to either the WEC or EEC indicates that sardines only resided and fed on one side of the English 

Channel during the study period and the preceding weeks corresponding to the incorporation 

time of the FA profile. This might explain why sardines did not smoothen the spatial variability 

found in zooplankton FA profiles. To get insight in the inter-annual variability of this pattern, 

a PCA was applied to mean and individual FA profiles of sardines sampled in the English 

Channel in autumn 2020 (Figure 48) obtained from Mathieu-Resuge et al. (2024). The FA 

profile of these animals displayed the same east-west pattern, with individuals sampled in the 

WEC characterized by Calanus-markers, whereas sardines caught in the EEC were associated 

to diatom FATM. This indicates that the residing of sardines only in one of the two basins 

during autumn might be a reoccurring pattern.  
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Figure 48 Interannual comparison of sardine fatty acid profile. Upper four panels showing PCAs applied to 

data sampled in autumn 2021 in the context of the present thesis. Lower four panels show PCAs applied data 

sampled by Mathieu-Resuge et al. (2024) in autumn 2020. A, E: FA displayed in the two dimensional plane of the 

first and second component of a PCA applied to the mean fatty acid profile per station; C,G: FA displayed in the 

two dimensional plane of the first and second component of a PCA applied to individual FA profiles of all sardines 

sampled; Maps indicate the position of sampling stations on the first component of the PCA by color. Each map 

corresponds to the PCA presented to its left.  
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Since 2017, sardines in the Celtic Sea and the English Channel are considered separately from 

the Bay of Biscay and are defined as a single stock based on a higher growth rate and the 

presence of all life stages (eggs, larvae, recruits and adults) in ICES sub-area 7 suggesting a 

self-sustaining stock unit (ICES, 2017). There is little information about sardines from the 

English Channel. The finding that sardines from the North Sea and the WEC did not differ 

genetically (Laurent et al., 2007; Kasapidis et al., 2012) does not indicate the presence of 

different populations in the WEC and EEC. However, differences within the same species 

between the WEC and EEC have been reported for sole (Solea solea) and cod (Gadus morhua) 

regarding abundance trends (Araújo et al., 2006; ICES, 2023b). Cod individuals residing in the 

WEC and EEC are managed as part of different fish stocks, with the west affiliated to the Celtic 

Sea stock and the east being affiliated to the North Sea stock (Araújo et al., 2006; ICES, 2023b). 

These two species are benthic or demersal; thus, the characteristic pattern of sardines in the 

two basins in autumn provides a unique case for a pelagic species. Dauvin (2012) proposed to 

separate the English Channel in a western and eastern part mainly based on differences in 

benthic communities (Luczak and Spilmont, 2012). Other studies such as Beaugrand et al. 

(2000), also found differences between the two basins regarding the plankton community 

which was in accordance to the present study. Data spanning several years and seasons are 

necessary to further verify and better understand the spatial pattern of sardine in the English 

Channel. Nevertheless, the spatial pattern of FA in sardines corresponds to the spatial 

separation pattern found for other species and ecosystem compartments. It further fits into 

the larger context of biogeographical studies (Spalding et al., 2007; Longhurst, 2010), which 

affiliated the WEC and EEC to different ecoregions, biomes and provinces. This might suggest 

that evaluations of sardine biometrical parameters considering the predicted decrease of 

length and weight (Menu et al., 2023) should be conducted separately for the WEC and EEC 

due to potential local patterns arising from differences in prey composition and therewith 

potentially prey quality. 

 

3.5. Conclusion 

A strong spatial separation pattern of fatty acid profiles of zooplankton and sardine has been 

found between the WEC and EEC in autumn 2021. Similar spatial patterns in the taxonomic 

composition of phyto- and zooplankton and FATM as well as correlation of EFA in sardine 

muscle and zooplankton indicated a strong bottom-up control of the trophic transfer of FA 
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mostly driven by taxonomical compositions. Beside the strong bottom-up control of trophic 

transfer, the physiological state of sardine with regard to spawning, energy allocation strategy 

and condition was indicated to influence trophic transfer which should be taken into account 

for the use of FATM and with potential consequences for higher trophic levels. Sardines did 

not smooth spatial variability in FA profiles indicating a residence of individuals either in the 

WEC or EEC immediately prior and during the study period. This further suggests differences 

between the two basins of the English Channel, a finding relevant to inform ecosystem models 

and management strategies. The potential of small pelagic fish as spatial smoothers in other 

regions would be an interesting topic for future studies as would be a study using absolute 

instead of relative values to evaluate the spatial variability in FA profiles. This would complete 

the present study with regard to the assessment of bioavailability of FA and food quality also 

with regard to ongoing changes in recent sardine populations.  
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General Discussion 

In the present thesis, we explored three different perspectives on zooplankton functioning in 

the ecosystem using an integrated approach that considers both lower and higher trophic 

levels within the context of multitrophic biodiversity ecosystem functioning. We investigated 

the taxonomic composition and abundance of zooplankton in the Southern North Sea, the 

isotopic size structure of zooplankton in the Eastern English Channel and the fatty acid profile 

of zooplankton in the entire English Channel accounting for spatial distribution and variability.  

The mesozooplankton and ichthyoplankton assemblages defined in the Southern North Sea 

and the Eastern English Channel during winter indicated spatial patterns in the potential top-

down effect of zooplankton on phytoplankton spring bloom and in the potential bottom-up 

effect of zooplankton with regard to fish larvae (chapter 1). Whereas the Rhine-Scheldt region 

and the Channel-Thames region where important assemblages for herring and plaice larval 

feeding, the Rhine Scheldt region followed by the German Bight harbored the highest hibernal 

zooplankton stocks which indicated a potential for fast zooplankton stock increase and top-

down influence on phytoplankton succession. Abiotic and biotic drivers such as dissolved 

nutrients and phyto-microplankton composition were revealed as drivers for spatial 

distribution of zooplankton indicator species. The assessment of the isotopic signature of 

plankton size classes spanning from nanoplankton to mesozooplankton in the EEC during 

winter (chapter 2) indicated low trophic divergence of microzooplankton but a more distinct 

isotopic signature of zooplankton organisms of a size of 500 - 1000 µm and of herring and 

plaice larvae. The contribution of plankton size classes to herring and plaice larvae diet 

suggested a different trophic niche of these larval species and spatial variation in the 

contribution of plankton size classes to plaice larval diet. Chapter 3 revealed spatial 

differences in the biochemical composition of zooplankton and sardines with regard to the 

fatty acid composition between the WEC and EEC. Similar spatial patterns in the taxonomical 

composition of phyto- and zooplankton suggested a strong bottom-up effect in the trophic 

transfer of fatty acids from zooplankton to sardines, which was further influenced by fish 

physiological state with regard to energy allocation strategy and condition. 

 

Independent of the perspective, all studies revealed spatial patterns in ecosystem functioning, 

as spatial variability in zooplankton characteristics seemed to be related to both lower and 
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higher trophic levels. Thus, investigating zooplankton in the context of multitrophic 

biodiversity ecosystem functioning contributed to a more mechanistic understanding of 

zooplankton diversity as part of, and in relation to, other components of the ecosystem, 

knowledge essential for ecosystem modelling and ecosystem-based management.  

 

4.1 Insights and possible inferences from multitrophic 

spatial variation 

Observing concurrent spatial variation in zooplankton characteristics, lower and higher 

trophic levels as well as abiotic factors in different marine areas, provided insights into the 

spatial patterns observed and could facilitate drawing conclusions about zooplankton 

characteristics in other marine regions. Chapters 1 and 3 indicated that spatial variability in 

zooplankton taxonomical and biochemical composition was related to phyto- and 

zooplankton composition. The difference in FA composition between the WEC and EEC 

corresponded to the differences in the proportion of dinoflagellates, diatoms and Calanus spp. 

between these regions. This suggests that the FA composition of zooplankton assemblages in 

the SNS-EEC might also vary, as the German-Bight Norfolk region displayed a higher 

percentage of dinoflagellates than the other regions, the proportion of diatoms varied 

between the assemblages (Annex I Figure A 6), and Calanus spp. were of highest proportion 

in the Northern- and Central assemblage. The Channel-Thames and the Northern assemblage 

displayed similar proportions of dinoflagellates. Depending on the dominant driver of 

zooplankton FA composition, this suggests that the spatial variance in the FA composition of 

zooplankton in the SNS-EEC could be lower than the taxonomical variance, resulting in a lower 

number of zooplankton assemblages based on the FA profiles, with implications for spatial 

variability in zooplankton functioning. A better understanding of the extent to which FA 

composition is driven by phyto- and zooplankton taxonomical composition and environmental 

parameters would improve the prediction of spatial variability in FA composition in 

zooplankton in other regions like the SNS-EEC. This could be achieved by using partial 

redundancy analysis as continuation of the analyses in chapter 3.  

As seen in chapter 3 spatial variability in zooplankton FA profiles influences higher trophic 

levels. The concordance of FA profiles of zooplankton and sardines revealed a spatial pattern 

in sardine feeding and was against the hypothesis of spatial smoothing of FA composition by 
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small pelagic fish. Knowledge about the FA profile of zooplankton in the SNS could therefore 

be valuable for studying the spatial pattern of feeding of small pelagic fish species and their 

influence on the transfer of FA to subsequent trophic levels. Juveniles of sprat and herring 

feed in the Rhine-Scheldt area during winter to subsequently join adult fish in the North Sea 

(Maes et al., 2005). This might lead to a temporal smoothing effect of potential differences in 

zooplankton FA composition between the Rhine-Scheldt area and other parts of the North 

Sea. Adult herring feed in the Northern and Central North Sea (Corten, 2001) and stop feeding 

during their spawning migration towards the Southern Bight and the EEC (Slotte, 1999; Van 

Ginderdeuren et al., 2014a; McBride et al., 2015). This large-scale migration might in the 

context of marine functional connectivity enrich the FA availability and composition for 

piscivorous predators in the SNS-EEC as herring might provide a different FA profile than fish 

feeding in the south due to differences between northern and southern phyto- and 

zooplankton communities (Krause and Martens, 1990; Williams et al., 1993; Beaugrand et al., 

2001, 2019; Kléparski et al., 2021). This might also be relevant with regard to FA quantity. The 

biological transport of energy from the Atlantic to the Norwegian coast by Norwegian spring-

spawning herring was found to account for 1.3x106 tonnes and to strongly influence the 

coastal ecosystem for example regarding the population and fisheries of the lobster Homarus 

gammarus (Varpe et al., 2005).  

Given the importance of FA for fish larval development (Koven et al., 1990; Izquierdo, 1996; 

Bruce et al., 1999; Tocher, 2010), knowledge on the FA composition of zooplankton in the 

Channel-Thames and Rhine-Scheldt assemblages could enhance our understanding of larval 

survival, as the present thesis indicated these two areas being important feeding grounds for 

herring and plaice larvae. As discussed in chapter 1, larval retention and dispersal between 

these assemblages is hypothesized to influence the survival of herring larvae (Dickey-Collas et 

al., 2009). Akimova et al. (2023) investigated the feeding potential for herring larvae in this 

area with regard to size-dependent zooplankton biomass. Information on the FA composition 

of the 500 - 1600 µm size class (chapter 2) of the two assemblages might complement this 

information with regard to herring larvae food quality. Furthermore, quantity and quality of 

zooplankton in the SNS-EEC might be of interest with regard to adult herring feeding. Due to 

the starvation of Downs herring during spawning migration they depend on adequate feeding 

possibilities for resourcing after gamete release. Downs herring overwinter in the SNS before 

they return to their feeding grounds in spring (Corten, 2001) but information on the timing 
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and area where Downs herring start feeding post spawning is scarce. Although, other herring 

races have been reported to leave spawning grounds shortly after gamete release (Skaret et 

al., 2002), feeding around the spawning grounds in the SNS-EEC does occur including 

cannibalisms on herring eggs as revealed by stomach content analyses in our laboratory 

(unpublished data). Cannibalism on herring eggs has also been observed in herring spawning 

off southern Norway, although the proportion of cannibalistic animals was low (10 %) and only 

considered late spawning individuals (Skaret et al., 2002). While herring eggs represent an 

abundant and easily available food source, demersal feeding is considered risky, due to 

decreased escape possibilities near bottom and presence of predators around the spawning 

grounds (Axelsen et al., 2000). One could hypothesize that the availability of zooplankton 

adequate for adult herring diet with regard to taxonomical composition and prey quality in 

the SNS-EEC would decrease cannibalism but information about feeding after spawning of 

Downs herring in relation to zooplankton assemblage composition would be necessary to 

further evaluate on this topic.  

Beside taxonomical composition, the size structure of planktonic food webs influences prey 

availability of larval fish. Chapter 2 showed that isotopic signatures of several size classes of 

plankton were very similar indicating low trophic divergence related to low primary 

production. By contrast, other regions or seasons with higher primary production were 

reported to display higher trophic divergence (Kozak et al., 2020; Giraldo et al., 2024). As we 

found different levels of primary production in the SNS-EEC (chapter 1) we might expect that 

in regions with higher hibernal phytoplankton production, higher trophic divergence might be 

present resulting in a more distinct isotopic signature of plankton size classes. This might have 

consequences for larval feeding and planktonic food web structure and productivity. 

 

4.2 From nutrients to higher trophic levels - The planktonic 

food web 

The SNS ecosystem was proposed to be mainly driven by riverine nutrient inputs (Clark and 

Frid, 2001; Thomas et al., 2005). In chapter 1 we could see that the concentration of nutrients 

like phosphate and nitrogen species varied spatially in relation to river discharge and different 

origins of water masses. Different configurations/structures of planktonic food webs exist 

related to availability of dissolved nutrients. High concentrations of dissolved nutrients, 
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particularly nitrates, favor the so called “herbivorous food web”, consisting of large 

phytoplankton cells that facilitate direct ingestion by herbivorous mesozooplankton that in 

turn transfer the energy towards small pelagic fish and fish larvae (Legendre and 

Rassoulzadegan, 1995). Under low nutrient availability, primary production is driven by 

recycling of dissolved organic matter by bacteria leading to small phytoplankton cells and the 

microbial loop as trophic regime. Here, nano- and pico-phytoplankton and bacteria are fed on 

by ciliates, microflagellates and heterotrophic dinoflagellates (Tian et al., 2003; Pepin and 

Dower, 2007). Legendre and Rassoulzadegan (1995) propose that in between these two 

trophic extremes, a multivorous planktonic food web exists, in which both herbivorous and 

microbial pathways play an important role. Therein large phytoplankton cells would be 

favored by nitrate and grazed by herbivorous copepods that excrete ammonium and dissolved 

organic nitrogen (DON). Ammonium and DON favor the remineralization of ammonium by 

bacteria and therewith protozoan bacteria grazers while autochthonous ammonium favors 

the production of small phytoplankton cells (Legendre and Rassoulzadegan, 1995). Planktonic 

food webs with high primary production and dominance of large phytoplankton cells tend to 

have shorter food chain length and to be dominated by herbivor-omnivor organisms whereas 

low primary production due to oligotrophic conditions and a dominance of small 

phytoplankton tend to result in longer food chain length with higher levels of carnivory 

(Décima, 2022). Thus, the assessment of spatial variation in dissolved nutrient concentration 

could not only be used to infer the nutritional quality of phytoplankton as zooplankton food 

(chapter 1), but might also indicate and/or explain planktonic food web structure. Knowledge 

about the planktonic food web structure might help to assess fish larvae feeding potential 

with regard to the biomass and composition of different plankton size classes. Furthermore, 

it is a relevant factor for ecosystem productivity (Schmidt et al., 2020; Décima, 2022) with 

regard to carbon export to the benthic community and therewith the strength of benthic-

pelagic coupling (Marquis et al., 2011) that plays an important role in the EEC (Kopp et al., 

2015; Cresson et al., 2020). The direct link between nutrient concentration and planktonic 

food web structure might further help to better understand and manage anthropogenic 

impacts coming from sewage and agriculture nutrient inputs. Also FA composition in 

phytoplankton was shown to be directly (Jónasdóttir, 2019) and indirectly (Strandberg et al., 

2022) driven by dissolved nitrogen and phosphorous either by mechanisms like reduced 

synthesis of n-3 PUFAs or due to a taxonomical change in the phytoplankton community 
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composition. Thus, incorporating information about dissolved nutrients in plankton studies 

might help to understand taxonomical and biochemical plankton community composition 

with regard to ecosystem functioning.  

 

4.3 Implication of spatial variation for modelling 

The understanding of ecosystem functioning needed for ecosystem-based management can 

be improved using ecosystem and trophic models that allow to extent the information derived 

from observation and experiments (Ratnarajah et al., 2023). Due to their immense taxonomic, 

trophic and size diversity, representing plankton adequately in numerical models is highly 

challenging (Chenillat et al., 2021). In its simplest way zooplankton is represented as a single 

trophic level with simple nutrient-phyto-zooplankton relationships (Chenillat et al., 2021; 

Frelat et al., 2022; Ratnarajah et al., 2023). More advanced models use plankton functional 

types like autothrophs, heterotrophs, calcifiers and prey or traits to facilitate the incorporation 

of zooplankton diversity while maximizing computational efficiency (Serra-Pompei et al., 

2020; Chenillat et al., 2021; Ratnarajah et al., 2023). In their review Ratnarajah et al. (2023) 

conclude that zooplankton are not represented in an adequate manner in most numerical 

models although even small changes in zooplankton parametrization can strongly influence 

model outputs with regard to community structure, food web pathways and spatial variability 

(Bracis et al., 2020; Chenillat et al., 2021; Ratnarajah et al., 2023; Thorpe, 2024). Zooplankton 

display complex species-specific behaviors, life cycles and high trophic plasticity with 

organisms capable of changing from herbivorous to omnivorous feeding, making the 

collection of comprehensive information about zooplankton challenging. Trait information is 

lacking for most zooplankton organisms although some groups like copepods, euphausiacea 

and ciliates are comparatively well studied (Benedetti et al., 2015; Hébert et al., 2017; 

Ratnarajah et al., 2023). Furthermore, spatial information about community composition, 

abundance and biomass is needed for model parametrization but also as reference for 

comparison and model validation (Maar et al., 2018; Dudeck et al., 2021; Ratnarajah et al., 

2023; Grandremy et al., 2024).  

At the expense of temporal resolution, the present thesis delivers spatial large-scale (chapter 

3), intermediate-scale (chapter 1) and small-scall (chapter 2) information about zooplankton 

in the SNS and EC that complements existing information and informs model parametrization 
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and validation. Including higher and lower trophic levels allowed a more mechanistic 

understanding of the spatial patterns observed with regard to potential drivers and bottom-

up effects. Zooplankton in the North Sea has been thoroughly studied. Most studies have 

focused on productive seasons like spring and autumn, from a macro-ecological perspective, 

considering large scale drivers like hydrology and temperature to understand what controls 

inter-annual zooplankton dynamics (Fransz et al., 1991; Krause et al., 1995, 2003; Beaugrand 

et al., 2002a, 2013; Beaugrand, 2004; Bedford et al., 2020). Other studies have used a small-

scale approach by focusing on distinct regions like the German Bight or Belgic waters (Fransz 

and van Arkel, 1983; Van Ginderdeuren et al., 2014b; Boersma et al., 2015; Semmouri et al., 

2023). In chapter one, the intermediate-scale approach allowed for the detection and 

description of small-scale patterns, specifically identifying five zooplankton assemblages in the 

Southern North Sea ecoregion. Concurrently, this approach was broad enough to account for 

spatial differences in zooplankton composition around fish spawning grounds and fish larvae 

dispersal routes. Furthermore, together with Dudeck et al. (2021) this chapter is to the best 

of our knowledge the only recent spatial investigation focusing on winter zoo- and 

phytoplankton communities in the North Sea. The third chapter revealed differences in the 

biochemical and taxonomical composition of mesozooplankton between the WEC and EEC. A 

comparison of zooplankton communities between the WEC and EEC has to the best of our 

knowledge not been realized yet although these two basins were proposed to belong to 

different ecosystems (Beaugrand et al., 2000; Dauvin, 2012; Luczak and Spilmont, 2012). Most 

of the information about zooplankton in the WEC comes from the stationary long-term 

monitoring at the L4 station off Plymouth (Rodríguez et al., 2000; John et al., 2001; Eloire et 

al., 2010; Reygondeau et al., 2015). Studies on zooplankton in the EEC are scarce (Graham and 

Harding, 1938; Dauvin et al., 1998; Bedford et al., 2020; Dudeck et al., 2021). Thus, together 

with chapters one and two the present thesis delivers valuable information about the 

zooplankton taxonomic, size structure and biochemical composition in this area. The spatial 

variability observed could be useful for a priori model parametrization, such as considering 

spatial separation of sardines between the WEC and EEC. Furthermore, considering the SNS 

as a single ecoregion harboring one zooplankton community in ecosystem models might not 

be appropriate, especially during the winter season. This is because significant spatial variation 

in zooplankton composition, and particularly in abundance, was found, which could 

potentially influence larval feeding success and phytoplankton succession. In the context of 
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modeling, the present thesis emphasizes the need for spatially resolved zooplankton 

monitoring in the EEC, as chapter three proposes difference in the zooplankton community 

between the WEC and EEC, suggesting that monitoring in the WEC is not representative of 

zooplankton in the eastern basin. Information on zooplankton in the EEC is further relevant as 

this basin harbors spawning grounds and nursery areas of several fish species and some fish 

species like sardine (chapter 3) and plaice seem affiliated to and are managed in this region 

(Araújo et al. 2006; ICES 2023). This thesis only coarsely assessed the distribution of 

microplankton in the SNS-EEC but highlighted the importance of microplankton in plaice larval 

diet. As discussed above and noted by other studies (Pepin and Dower, 2007; Kürten et al., 

2013; Schoo et al., 2018), microplankton plays an important role in planktonic food webs. 

Spatial information on microplankton composition and biomass is necessary to adequately 

incorporate this component of marine ecosystems into numerical models (Maar et al., 2018).  

 

4.3.1 Traits 

In the present thesis we used a combined approach of zooplankton taxonomy and biological 

traits with regard to zooplankton size and FA profile. Using these traits helped to assess the 

link between plankton size classes and larvae of herring and plaice and multitrophic spatial 

differences between the WEC and EEC. The combined investigation of zooplankton taxonomy 

and FA composition in relation to phytoplankton and sardine reveals additional zooplankton 

characteristics that link zooplankton to the ecosystem, and contribute to a more mechanistic 

understanding of zooplankton functioning. Abundance of diatoms, dino- and nanoflagellates 

as well as phytoplankton biomass were revealed as drivers of the spatial distribution of 

assemblage’s indicator taxa (chapter 1). This was in accordance with the spatial distribution 

of mesozooplankton in the Bay of Biscay that also displayed distinct spatial patterns 

apparently related to primary production and trophic phyto-zooplankton relationships 

(Grandremy et al., 2023). Major differences in the FA profile of zooplankton and sardine were 

related to the proportion of dinoflagellates and diatoms in the phytoplankton community and 

to the presence of Calanus spp. Overall, the link between phytoplankton, zooplankton and 

sardine appears to be related to the transfer of FA, energy storage and hibernation strategies, 

the feeding mode and reproductive strategy. Depending on zooplankton taxa, FA are nearly 

exclusively obtained from phytoplankton but can also be synthesized de-novo and modulated 

to a certain extent by certain taxa like Calanus spp. that build lipid storages in form of wax-
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esters (Kattner and Hagen, 1995; Hagen and Auel, 2001; Dalsgaard et al., 2003). Lipid storages 

in form of wax-esters were proposed to be present in species that are capable of hibernation 

(Cavallo and Peck, 2020). Whereas Pseudocalanus spp. and Paracalanus spp. appear to be able 

to adapt to the high POM load in the German Bight by filter-feeding, ambush- or cruise-feeding 

organisms might be disadvantaged in this region. Hibernal reproduction might facilitate 

Temora spp. to profit from primary production in the Rhine-Scheldt region. Thus, trying to 

understand the link between potential drivers of zooplankton distribution and biochemical 

composition reveals a link between zooplankton traits and ecosystem functioning. Litchman 

et al. (2013) proposed three groups of zooplankton traits related to feeding, reproduction and 

survival categorizing the traits discussed above. They argue that due to energy allocation 

trade-offs an organism cannot maximize the performance of all traits simultaneously. This 

results in so called trait trade-offs creating distinct trait combinations in an organism. An 

animal that invests energy into growth will have to allocate this energy from reproduction for 

instance. A zooplanktonic ambush-feeder will experience lower encounter rates with mating 

partners and will potentially develop reproduction strategies different from cruise-feeding 

organisms. Based on a literature review, Benedetti et al. (2015) obtained trait information of 

copepods in the Mediterranean and conducted clustering with these traits based on the idea 

of Litchman et al. (2013). The resulting trait clusters appear to be promising to enhance 

mechanistic understanding of zooplankton distribution, community structure and functioning 

in the ecosystem as distinct combinations of feeding modes, energy storage and reproduction 

strategies were found. The first cut-off level differentiated carnivores and 

omnivore/herbivores copepods. Only at the second cut-off level body size distinguished small 

carnivorous and large carnivorous copepods, indicating that body size alone might be 

insufficient to understand and model plankton food webs (Moloney and Field, 1991; Ward et 

al., 2014). Using trophic, survival and reproductive trait-combinations resulting from trait 

trade-offs to represent zooplankton in numerical models might thus be an interesting avenue 

for further research (Thorpe, 2024) as these traits might more adequately represent 

zooplankton diversity and mechanistic functioning within the ecosystem. Observing 

zooplankton in the context of multitrophic biodiversity ecosystem functioning seems to be a 

promising approach to assess these traits together with experimental work. 

Although trait-based approaches are likely to enhance mechanistic understanding of 

zooplankton communities in the ecosystem, most trait-based information cannot be derived 
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or assigned without taxonomical knowledge. Taxonomical knowledge might further be 

necessary to choose the adequate traits or be required itself to explain observed dynamics 

and processes (Bedford et al., 2020). The inverse abundance trend of Calanus finmarchicus 

and Calanus helgolandicus with a decrease of C. finmarchicus and an increase of C. 

helgolandicus in the North Sea (Beaugrand et al., 2003; Reid et al., 2003; Bonnet et al., 2005) 

was not reflected by the temporal fluctuations of the abundance of small and big copepods 

for example (Bedford et al., 2020). Thus, species-specific information or other traits like 

energy/lipid content were needed to understand the decreasing recruitment success of cod 

(Gadus morhua) (Beaugrand and Kirby, 2010). Overall, taxonomical information should be 

acknowledged as basis for trait-based approaches (Mlambo, 2014) and when seen as 

complementary these approaches hold big potential to progress a mechanistic understanding 

of zooplankton that is needed for ecosystem and fisheries models and for the realization of 

ecosystem-based management.  

 

4.4 Conclusion  

The present thesis suggests the existence of distinct spatial patterns in pelagic shelf-sea 

ecosystems ranging from phytoplankton to small pelagic fish. This underlines the usefulness 

of spatially resolved plankton monitoring for better ecosystem understanding and 

management.  

Investigating zooplankton in a multitrophic context was shown to be powerful to get insight 

into zooplankton functioning within the ecosystem and to develop hypotheses to explain the 

patterns and relationships observed. This approach should be extended to assess inter-

seasonal and inter-annual variability.  

Assessing zooplankton from several perspectives might be necessary to understand and 

detect zooplankton functioning in the ecosystem also with regard to climate change. The 

observed decrease of size and condition of sardines and anchovies in the Mediterranean and 

in the Bay of Biscay was proposed to be related to feeding distress (Brosset et al., 2015, 2016; 

Queiros et al., 2019; Menu et al., 2023). The consideration of different zooplankton 

community characteristics was necessary to acquire a mechanistic understanding of this 

relationship. Food quantity and quality can vary due multiple factors, such as a decrease in 

overall or taxa specific zooplankton abundance (Beaugrand and Kirby, 2010; Menu et al., 
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2023), shifts in the zooplankton community from larger to smaller taxa (Brosset et al., 2016), 

or a decline in prey quality, including the energy density of prey organisms (Heneghan et al., 

2023; Menu et al., 2023). Increasing temperature due to ocean warming might result in a 

decrease of zooplankton individual size due to a direct (Daufresne et al., 2009; Dudeck et al., 

2021) or indirect effect via stratification that might reduce nutrient availability and therewith 

effects plankton food web structure (Lewandowska et al., 2014). Furthermore, climate change 

might alter the FA production in phytoplankton, potentially reducing FA availability for higher 

trophic levels (Litzow et al., 2006; Galloway and Winder, 2015; Hixson and Arts, 2016; Vagner 

et al., 2019; Schmidt et al., 2020). Thus, monitoring and assessing zooplankton communities 

and assemblages using a multi-characteristic approach is essential to account for zooplankton 

diversity, with regard to their links and roles in the ecosystem (Heneghan et al., 2023), and 

the potential effects of climate change on various zooplankton characteristics. 
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French Summary - Résumé 

Il est nécessaire de comprendre le fonctionnement des écosystèmes pour comprendre 

l’environnement dans lequel nous vivons et dont nous dépendons. Le fonctionnement des 

écosystèmes est un terme large qui englobe notamment les propriétés, les services et les biens 

associés aux écosystèmes. Les propriétés des écosystèmes, également appelées processus 

écosystémiques, décrivent le stock et le flux d’énergie, ainsi que leur stabilité temporelle. Les 

services écosystémiques sont définis comme « les conditions et les processus par lesquels les 

écosystèmes naturels et les espèces qui les composent permettent la vie des êtres humains » 

(Daily, 1997). Le changement climatique, la pollution, la diminution de la biodiversité, la 

pêche, l’eutrophisation ou la modification de l’habitat affectent le fonctionnement des 

écosystèmes ainsi que la fourniture de services écosystémiques (Cardinale et al., 2012 ; 

Halpern et al., 2008 ; IPPC, 2014 ; Millennium Ecosystem Assessment, 2005 ; Pauly et al., 

1998 ; Smith, 2003). Pour adapter et atténuer ces pressions, qui sont liées à des degrés divers 

aux activités humaines, nous devons comprendre en profondeur le fonctionnement de 

l’écosystème (Brussard et al 1998). 

Le plancton, composé d’organismes vivant en suspension dans la colonne d’eau, joue un rôle 

central dans le fonctionnement des écosystèmes marins (Richardson, 2008). Constitué de 

producteurs primaires autotrophes, le phytoplancton séquestre le carbone et produirait 50 à 

70 % (Behrenfeld et al., 2001 ; Walker, 1980) de l’oxygène atmosphérique, et constitue la base 

énergétique et nutritionnelle des océans. En se nourrissant de phytoplancton, le zooplancton 

régule les cycles biogéochimiques, la qualité de l’eau, la pompe biologique à carbone et le 

climat. Le zooplancton transfère également de l’énergie et des nutriments, par exemple des 

protéines et des acides gras polyinsaturés à longue chaîne, à des espèces de niveaux 

trophiques supérieurs comme les petits poissons pélagiques (Arts et al., 2009 ; De Troch et al., 

2012 ; Richardson, 2008). Les petits poissons pélagiques comme le hareng ou la sardine 

représentent un niveau trophique intermédiaire majeur entre la base planctonique du réseau 

trophique et les niveaux trophiques supérieurs comme les poissons piscivores, les 

mammifères marins, les oiseaux de mer et les êtres humains (Beaugrand et al., 2014 ; Cury et 

al., 2000 ; Olin et al., 2022 ; Richardson, 2008). Comprendre le fonctionnement des 

communautés de zooplancton au sein de l’écosystème par rapport au phytoplancton et aux 
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niveaux trophiques supérieurs est dès lors essentiel pour comprendre, prédire et gérer les 

écosystèmes marins. 

Au sein du groupe des organismes zooplanctoniques se cache cependant une diversité 

complexe en termes de taille (pico à méga), de taxonomie, de traits d’histoire de vie et de 

comportements (Teodosio et Barbosa, 2020). Cette diversité est source d’interactions 

complexes au sein de l’écosystème. Ainsi, la compréhension du rôle du zooplancton dans le 

fonctionnement des écosystèmes, en relation avec les variations spatio-temporelles des 

facteurs abiotiques et biotiques, est un défi. Les approches de modélisation écosystémique ou 

les modèles de pêche simplifient souvent à l’excès le compartiment zooplancton, ce qui nuit 

à la fiabilité des résultats et des prévisions obtenus (Chenillat et al., 2021 ; Ratnarajah et al., 

2023 ; Thorpe, 2024, Bracis et al., 2020). Les approches basées sur les traits caractérisant le 

zooplancton (caractéristiques comportementales, morphométriques, physiologiques ou 

trophiques) pourraient être un bon compromis entre simplification et représentativité de la 

diversité du zooplancton. Cependant, rares sont les informations sur les traits pour la plupart 

des taxons de zooplankton à l’exception des copépodes (Hébert et al., 2021 ; Ratnarajah et 

al., 2023). 

Un cadre théoretique permettant d’étudier la diversité du zooplancton en relation avec le 

fonctionnement de l’écosystème est le Multitrophic Biodiversity Ecosystem Functioning 

(MBEF) (Thompson et al., 2012). Cette approche vise à connecter l’écologie des communautés 

et l’écologie des écosystèmes via les interactions trophiques. Elle permet de prendre en 

compte les interactions entre espèces en ce qui concerne les relations trophiques qui peuvent 

être quantifiées par des transferts d’énergie ou de nutriments. Lorsque l’on considère le 

zooplancton comme une proie pour les niveaux trophiques supérieurs, la disponibilité et la 

qualité de la nourriture ne sont pas seulement déterminées par la composition taxonomique 

et l’abondance, mais aussi par la composition biochimique et la structuration en taille de la 

communauté zooplanctonique. Les taxons de zooplancton ont ainsi des teneurs en carbone 

et des proportions d’acides gras essentiels variables (Heneghan et al., 2023 ; Persson et Vrede, 

2006). La taille joue un rôle déterminant dans les interactions prédateur-proie et les taux de 

mortalité (Anderson, 1988 ; Cohen et al., 1993). Les larves de poisson consomment des proies 

de taille déterminée, en raison de la taille de leur bouche (Last, 1978). Ainsi, il pourrait être 

nécessaire de prendre en compte non seulement la diversité taxonomique mais aussi les 
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diversités de taille et biochimiques dans le contexte du MBEF pour améliorer la 

compréhension mécaniste de la diversité du zooplancton dans l’écosystème. 

 

L’objectif de cette thèse est de contribuer à une meilleure compréhension du fonctionnement 

de l’écosystème en étudiant le fonctionnement du zooplancton dans la Manche et le sud de 

la mer du Nord (SNS) dans le contexte du MBEF. J’ai considéré plusieurs perspectives 

concernant les compositions taxonomiques, biochimiques et de taille du zooplancton en 

relation avec les niveaux trophiques inférieurs (phytoplancton) et supérieurs (larves de 

poisson et sardine adulte), en prenant en compte la variation spatiale et les facteurs 

abiotiques potentiellement déterminant. 

 

Perspective 1 : Composition taxonomique  

Dans le premier chapitre, j’ai étudié la composition taxonomique du zooplancton et de 

l’ichtyoplancton pendant l’hiver dans la Manche orientale (EEC) et le SNS en relation avec les 

facteurs biotiques et abiotiques dans le but de mieux comprendre et évaluer les assemblages 

hivernaux de zooplancton et la variabilité spatiale des conditions d'alimentation des larves de 

poissons nées en hiver. 

 

La principale question du chapitre 1 était : Quels assemblages de mésozooplancton et 

d’ichtyoplancton sont présents dans le SNS-EEC pendant l’hiver et qu’est-ce qui détermine 

leur composition et leur distribution ? 

 

Bien que le zooplancton ait été largement étudié en mer du Nord, les connaissances sur les 

assemblages hivernaux de zooplancton sont encore rares, malgré l’influence potentielle des 

stocks hivernants de zooplancton sur la succession et la productivité saisonnières du plancton. 

La taille et la distribution des stocks hivernants de zooplancton influencent les variations 

annuelles d’abondance et de distribution du zooplancton en mer du Nord (Colebrook, 1987, 

1984), à la manière d’une graine (Hay et al., 1991) prête à germer dès que les conditions sont 

adéquates. Selon la taille et la composition du stock hivernant de zooplancton, la floraison 

printanière de phytoplancton pourrait être consommée différemment en termes de période, 

de quantité, de composition spécifique et de taille (Sommer et Lewandowska, 2011). Comme 

l’ont discuté Nielsen et Richardson (1989), de petites populations hivernantes de zooplancton 



French Summary - Résumé 

cxc 
 

pourraient laisser une grande partie de la floraison printanière inexploitée. Les stocks initiaux 

élevés de copépodes hivernants pourraient au contraire exercer un contrôle top-down plus 

précoce pendant le développement de la floraison printanière, prolongeant ainsi la durée de 

disponibilité des nutriments pour le phytoplancton par reminéralisation. Cela pourrait avoir 

d’autres conséquences sur la succession planctonique et la séquestration du carbone (Nielsen 

et Richardson, 1989 ; Spilling et al., 2018 ; Sterner, 1986). De plus, plusieurs espèces de 

poissons d’importance économique et écologique se reproduisent pendant l’hiver, 

contribuant à la communauté zooplanctonique en tant que membres passifs (œufs) ou 

prédateurs (larves). Pour élucider la distribution, l’abondance et la composition du 

zooplancton hivernal dans le sud de la mer du Nord et la Manche orientale, nous avons défini 

des assemblages de mésozoo- et d’ichtyoplancton sur la base de données échantillonnées 

entre janvier et février 2008 en utilisant des espèces indicatrices et une méthode de fuzzy 

clustering. Le mésozoo- et l’ichtyoplancton (œufs et larves) ont été intégrés dans une analyse 

commune en utilisant une grille spatiale adaptée aux ensembles de données et définie au 

moyen d’une méthode géostatistique développée en agronomie. Les facteurs 

environnementaux potentiels de la distribution des assemblages ont été évalués au moyen de 

modèles mixtes linéaires généralisés (GLMM). Une comparaison avec les données de 2022 a 

permis de mieux comprendre la représentativité interannuelle des assemblages trouvés. Cette 

étude suggère l’existence de cinq assemblages de zooplancton dans le SNS-EEC pendant 

l’hiver, qui varient en termes de productivité, d’abondance et de composition des taxons. Les 

facteurs potentiels de la distribution des assemblages étaient les variables abiotiques 

(nutriments dissous, salinité, profondeur, température, matière organique en suspension, 

chlorophylle a) et biotiques (composition du phyto- et du microplancton), les masses d’eau et 

les frayères des poissons. 
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Figure 1 Assemblages et abondance totale du zooplancton. A : Groupes/assemblages basés sur le 

mésozooplancton et l’ichtyoplancton échantillonnés lors de la campagne IBTS en janvier et février 2008 ; B : 

Espèces indicatrices par groupe/assemblage avec valeur indicatrice respective et p-value ajustée ; C : Abondance 

totale du zooplancton (mésozoo- et ichtyoplancton) par cellule de la grille. 

 

La distribution et la composition des assemblages obéissaient à deux schémas globaux liés à 

la fois à un gradient nord-sud et à l’abondance totale du zooplancton. Le gradient nord-sud 

était indiqué par la dominance d’Oithona spp. dans les assemblages du nord (Northern-British 

coast et Central) et de Temora spp. dans les assemblages du sud (Channel-Thames et Rhine-

Scheldt). On peut supposer que les assemblages du nord sont influencés par les eaux du nord 

et du centre de la mer du Nord, comme l’indique en outre la présence de Metridia spp., 

d’Euphausiacea et de Gobiidae. Les assemblages du sud caractérisés en outre par des larves 

de hareng (Clupea harengus) et de Pleuronectidae étaient très probablement influencés par 

les eaux de la Manche et du sud de la mer du Nord, qui sont plus riches en azote et en silicate 

en raison de l’apport fluvial (OSPAR Commission, 2000). La région German Bight-Norfolk 

n’était pas associée au gradient nord-sud. Elle était caractérisée par Pseudocalanus spp. et 

différait des autres assemblages en terme de phyto-microplancton et de composition en 

nutriments. Le deuxième schéma était lié à la distribution de l’abondance totale du 

zooplancton. Les assemblages au large de l’estuaire Rhine-Scheldt et dans le German Bight 

abritaient les plus grandes abondances de zooplancton, ce qui pourrait influencer la pression 
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de prédation sur la production printanière de phytoplancton. L’abondance élevée de phyto-

microplancton dans la région centrale a indiqué que cet assemblage était central dans la 

production de plancton au début du printemps. La distribution des taxons d’ichtyoplancton 

au sein des assemblages correspondait aux frayères et aux voies de migration des espèces de 

poissons, les assemblages Channel-Thames et Rhine-Scheldt étant d’une grande importance 

pour les larves de hareng et de plie (Pleuronectes platessa). 

Bien que d’autres analyses aient suggéré une représentativité interannuelle des assemblages 

trouvés (2008 vs 2022), la prise en compte d’années supplémentaires serait nécessaire pour 

évaluer la variabilité interannuelle dans la composition du zooplancton. Les études futures 

pourraient tirer profit de l’évaluation de microzooplancton, ce qui permettrait de mieux 

comprendre le potentiel alimentaire des larves de poissons et les stratégies d’hivernage du 

zooplancton. 

 

Perspective 2 : Structure en taille et signature isotopique 

Dans le deuxième chapitre, j’ai étudié la structure en taille du plancton par rapport à la 

signature isotopique, en allant du nano- au mésoplancton, puis la contribution des différentes 

classes de taille du plancton au régime alimentaire des larves de hareng et de plie en Manche 

orientale. 

 

Les principales questions du chapitre 2 étaient : Quelle est la structure en taille du plancton 

de Manche orientale par rapport à sa signature isotopique en hiver ? Quelles classes de taille 

de plancton sont caractéristiques du régime alimentaire des larves de plie et de hareng ? 

 

Les larves de poisson font partie du réseau alimentaire planctonique en se nourrissant d’une 

variété d’organismes micro- et méso-planctoniques. Les travaux qui ont exploré les facteurs 

de survie des larves de poisson ont ainsi souligné l’importance de l’alimentation des larves. 

Une alimentation réussie permet aux larves de surmonter le passage d’une alimentation 

interne à une alimentation externe, pendant laquelle la mortalité est particulièrement élevée 

(hypothèse de la « période critique », Hjort, 1914), et de grandir au-delà de la gamme de taille 

la plus exposée à la prédation (hypothèse « plus c’est gros, mieux c’est », Anderson, 1988). 

L’abondance et la biomasse des populations de poissons fluctuent dans le temps, 

principalement en raison de la variabilité du processus de recrutement (Houde, 2016), au 



French Summary - Résumé 

cxciii 
 

cours duquel la survie des premiers stades de vie a été déterminée comme un goulot 

d’étranglement (bottleneck) (Houde, 2008). Les larves de hareng et de plie, deux espèces de 

poissons importantes sur le plan économique et écologique, font partie du même réseau 

trophique planctonique en partageant des périodes et des zones de reproduction similaires. 

Les deux espèces frayent en hiver en Manche orientale et dans le sud de la mer du Nord. Au 

cours du développement larvaire, plusieurs périodes critiques sont identifiées, comme pour 

exemple la phase de métamorphose, qui requiert une quantité d’énergie importante (Joly et 

al., 2021). Ainsi, la compréhension des stratégies alimentaires du hareng et de la plie durant 

les différents stades de développement est essentielle pour améliorer nos connaissances sur 

la variabilité de leur recrutement. De telles études sont particulièrement de circonstance pour 

des stocks tels que le hareng de mer du Nord, qui rencontre une période de faible recrutement 

depuis 2002 (ICES, 2023), et dans le contexte du changement climatique. Il a été ainsi 

démontré que le changement climatique influence la composition de la communauté 

zooplanctonique dans la zone d’étude (Beaugrand et al., 2014 ; Bedford et al., 2020 ; 

Semmouri et al., 2023), et pourrait donc affecter la quantité et la qualité des proies des larves 

de poissons. Les larves de hareng et de plie, ainsi que différentes classes de taille de plancton 

incluant le nano- (> 20 µm), le micro- (20 – 200 µm) et le mésozooplancton (200 – 1000 µm), 

ont été échantillonnés au cours de la campagne IBTS (International Bottom Trawl Survey) du 

premier trimestre en Manche orientale en janvier-février 2021. La composition en isotopes 

stables (δ13C, δ15N) de différentes classes de taille de plancton et de larves de poissons a été 

mesurée pour obtenir des informations sur la structure en taille et les relations trophiques 

dans la zone d’étude. Des modèles additifs généralisés (GAM) ont été utilisés afin de prédire 

les valeurs isotopiques des différentes classes de taille de plancton aux stations 

d’échantillonnage des larves. Sur la base de ces prédictions, des modèles de mélange 

d’isotopes stables (MixSIAR) ont été utilisés pour évaluer la contribution de différentes classes 

de taille à la nutrition des larves (Stock et al., 2018). La station d’échantillonnage a été intégrée 

comme covariable pour évaluer la variabilité spatiale potentielle de la composition du régime 

alimentaire des larves. Pour les larves de plie, un deuxième modèle utilisant la station 

d’échantillonnage et le stade de développement comme covariables a permis d’évaluer les 

différences alimentaires entre les différents stades de développement des larves de plie tout 

en tenant compte de la variabilité spatiale. 
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La structure verticale isotopique hivernale du réseau trophique planctonique en Manche 

orientale était élevée avec δ15N variant entre des valeurs négatives et environ 18‰. 

 

Figure 2 Biplot des signatures en isotopes stables du carbone (δ13C) et de l’azote (δ15N) pour différentes classes 

de taille de plancton et larves de poissons. A : Moyenne et écart type par classe de taille et espèce de larve; B : 

Valeurs brutes par station d’échantillonnage (un échantillon par station et classe de taille de plancton et entre 8 et 

10 larves par station). 

 

En comparaison, la gamme de valeurs de δ15N pour le plancton en Méditerranée (printemps) 

variait de plus zéro à 5‰ (Tesán-Onrubia et al., 2023). Cependant, la structure en taille 

verticale était moins prononcée dans la Manche orientale qu’en Méditerranée. Alors qu’en 

Méditerranée, les signatures isotopiques étaient clairement différenciées dans la gamme de 

taille 50 – 500µm, elles étaient similaires en Manche orientale, variant entre -21,5‰ et -23‰ 

pour δ13C, et entre 6‰ et 8‰ pour δ15N. En plus, les valeurs isotopiques au sein de chaque 

classe de taille comprise dans cette gamme étaient sujettes à une forte variabilité. Ce manque 

de structuration en taille pourrait être le résultat d'une faible biomasse de phytoplancton en 

hiver qui pourrait entraîner une dominance de l'omnivorie pour l’ensemble des classes de 

taille dans cette gamme (Giraldo et al., 2024 ; Kozak et al., 2020). Les signatures isotopiques 

de la classe de taille 500 – 1000 µm et des larves de poissons étaient plus distinctes avec des 

valeurs de δ15N légèrement élevées (~9‰ et 13‰, respectivement) par rapport aux autres 

classes de taille de plancton (sauf <20 µm), indiquant l’affiliation à un niveau trophique 

supérieur et à un mode d’alimentation principalement carnivore.  

L’analyse MixSIAR suggère des stratégies d’alimentation différentes pour les larves de hareng 

et de plie en ce qui concerne la taille des proies. De plus, la contribution des classes de taille 

du plancton à la nutrition des larves de plie varie spatialement. La signature isotopique des 
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larves de hareng et de plie était spécifique à l’espèce et n’indiquait aucun chevauchement 

dans leurs niches isotopiques. Alors que les larves de hareng se nourrissaient 

préférentiellement de la classe de taille 500 – 1000 µm, les classes de taille 125 – 200 µm et < 

20 µm présentaient les contributions les plus élevées dans le régime alimentaire des larves de 

plie. La contribution de la classe de taille < 20 µm pourrait indirectement étayer les résultats 

antérieurs signalant O. dioica comme proie majeure pour les larves de plie en Manche 

orientale. La variation spatiale de la composition alimentaire des larves de plie en fonction des 

apports fluviaux pourrait être liée à la variation spatiale de l’abondance d’O. dioica. Cette 

étude met en outre en l’accent sur l’importance du microplancton dans la nutrition des larves 

de plie. L’analyse initiale des changements ontogénétiques du régime alimentaire des larves 

de plie n’a montré aucune variation de la contribution des différentes classes de taille de 

plancton à leur régime alimentaire du stade 1 au stade 3. Cette étude souligne l’importance 

de prendre en compte toutes les proies et les classes de taille possibles des proies dans 

l’analyse MixSIAR, afin d’obtenir des estimations représentatives de la composition du régime 

alimentaire. 

 

Perspective 3 : Composition en acides gras 

Dans le troisième chapitre, je me suis concentrée sur la composition biochimique du 

mésozooplancton en acides gras (AG) et leur transfert vers des niveaux trophiques supérieurs 

représentés par la sardine (Sardina pilchardus). Le profil des acides gras du mésozooplancton 

et de la sardine a été analysé en combinaison avec la composition taxonomique du 

zooplancton et du phytoplancton dans toute la Manche. 

 

La principale question posée dans ce chapitre était : Comment le profil des acides gras du 

zooplancton et de la sardine varie-t-il spatialement dans la Manche et quels sont les facteurs 

déterminant la variabilité spatiale du transfert trophique de ces nutriments essentiels entre 

ces deux niveaux trophiques ? 

 

Le phytoplancton joue un rôle crucial dans les réseaux trophiques marins car il fournit des AG 

essentiels aux niveaux trophiques supérieurs, tels que les petits poissons pélagiques, par 

l’action intermédiaire du zooplancton. Ainsi, la composition et la valeur nutritionnelle des 

communautés planctoniques influencent l’abondance et la condition des prédateurs, et 
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structurent les modalités du transfert trophique dans l’espace. Les AG tels que l’acide 

docosahexaénoïque (22:6(n-3), DHA), l’acide eicosapentanoïque (20:5(n-3), EPA) et l’acide 

arachidonique (20:4(n-6), ARA) sont des nutriments essentiels pour la plupart des animaux 

marins. Ces acides gras sont nécessaires au bon état physiologique (Gladyshev et al., 2018 ; 

Tocher, 2003) et doivent être obtenus par l’alimentation car ils ne peuvent pas ou seulement 

dans une moindre mesure être produits par l’animal lui-même (Galloway et Winder, 2015 ; 

Tocher, 2010). Comprendre la distribution spatiale et la variabilité du transfert trophique des 

AG est crucial pour une meilleure compréhension du fonctionnement de l’écosystème (Brett 

et Müller-Navarra, 1997 ; Galloway et Winder, 2015). La sardine européenne est une espèce 

de poisson planctonivore, qui se nourrit de phyto- et zooplancton (Garrido et al., 2008 ; 

Nikolioudakis et al., 2012), et représente une proie riche en énergie pour les oiseaux, les 

mammifères marins et les poissons piscivores (Campo et al., 2006 ; Certain et al., 2011). En 

me basant sur le profil des AG du zooplancton et de la sardine et sur la composition de la 

communauté de phytoplancton et de zooplancton, j’ai étudié, (i) la variabilité spatiale à 

grande échelle du transfert trophique des AG du plancton à la sardine et, (ii) les facteurs 

influençant ce transfert dans la Manche. À l’aide d’échantillons collectés lors de la campagne 

CGFS (Channel Ground Fish Survey) dans la Manche à l’automne 2021, nous avons appliqué 

une analyse en composantes principales au profil en AG du mésozooplancton et de la sardine 

et aux données taxonomiques du zoo- et du phytoplancton, pour évaluer leur structuration 

spatiale dans la zone d’étude. Nous avons également utilisé des GLMM et des GAM pour 

évaluer l’influence des caractéristiques environnementales, morphologiques et 

physiologiques de la sardine sur le transfert trophique de trois AG essentiels (EPA, DHA et 

ARA) du zooplancton aux sardines. La proportion d’un AG essentiel chez les sardines a été 

modélisée en fonction des covariables fixes : proportion de l’AG essentiel respectif dans le 

zooplancton, indice de condition de Le Cren, activité de ponte et région. La covariable « région 

» a été utilisée comme proxy de l’état environnemental dans le modèle car les paramètres 

environnementaux (température, salinité, profondeur) étaient fortement corrélés et 

différaient significativement entre la Manche occidentale (WEC) et la Manche orientale. Nous 

avons montré une forte structuration spatiale avec une différence marquée des profils d’AG 

du zooplancton et de la sardine entre la Manche occidentale et orientale à l’automne 2021. 

Des patrons spatiaux similaires ont été trouvés dans la composition taxonomique du phyto- 

et du zooplancton, dans des marqueurs trophiques d’acides gras (FATM) ainsi que dans la 
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corrélation entre les proportions d’AG essentiels du muscle de la sardine et du zooplancton. 

Ceci indique un fort contrôle bottom-up du transfert trophique des AG essentiels 

principalement déterminé par la composition taxonomique des proies planctoniques.  

 

Figure 3 Première et deuxième composantes d’une analyse en composantes principales (ACP) sur les profils 

d’acides gras des sardines (A, B) et du zooplancton (500 – 1000 µm) (C, D) collectés en Manche occidentale (bleu) 

et en Manche orientale (rouge). Les panneaux A et C affichent les acides gras (plus le taxon est foncé, plus sa 

contribution à la première composante est élevée). Les panneaux B et D affichent les stations d’échantillonnage 

(plus le point est gros, plus sa contribution à la première composante est élevée; les nombres représentent 

l’identifiant de la station d’échantillonnage). 

Outre le fort contrôle bottom-up du transfert trophique, l’état physiologique de la sardine en 

ce qui concerne le stade de maturité, la stratégie d’allocation d’énergie et la condition 

influence le transfert trophique. L’EPA et l’ARA étaient significativement corrélés aux 

proportions d’AG du zooplancton, tandis que le DHA ne l’était pas. Cela pourrait être lié à une 

régulation plus forte de cet AG essentiel et physiologiquement important pour les organismes, 

ce qui rend le lien avec les sources trophiques plus complexe. L’activité de reproduction était 

corrélée négativement à la proportion des trois AG essentiels testés. Le DHA, l’EPA et l’ARA 

sont connus pour être importants pour le développement des embryons et des larves de 

poissons (Izquierdo, 1996 ; Tocher, 2010) et sont incorporés dans les ovocytes de sardine, ce 
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qui entraîne une diminution de la concentration de ces AG dans le muscle (Garrido et al., 2008, 

2007). Comme l’activité de reproduction et le rapport TAG-ST étaient liés, les individus non 

reproducteurs ayant un rapport TAG-ST plus faible avaient des réserves en lipides plus faibles 

que les individus reproducteurs. Donc, la corrélation entre les proportions des trois AG 

essentiels testés et l’activité de reproduction pourrait également refléter une relation entre 

les proportions de ces AG avec le TAG-ST. 

La structuration spatiale du profil d’AG de la sardine, combine à l’association du FATM au WEC 

ou à l’EEC, indique que les sardines n’ont résidé et se sont nourries que d’un côté de la Manche 

pendant la période d’étude et les semaines précédentes, ce qui correspond au temps 

d’incorporation du profil en AG. Avec les différences de communautés planctoniques entre les 

deux bassins, la structuration spatiale des sardines en Manche est en accord avec les études 

biogéographiques, qui ont affilié la Manche occidentale et la Manche orientale à différentes 

écorégions, biomes et provinces (Longhurst, 2010 ; Spalding et al., 2007). Des recherches plus 

approfondies sur le schéma de ségrégation des sardines entre le WEC et l'EEC sont 

recommandées pour comprendre son origine et en ce qui concerne les modèles 

écosystémiques et les stratégies de gestion. 

 

Dans cette thèse, nous avons mis en perspective la fonction du zooplancton dans l’écosystème 

marin de trois manières différentes, toutes basées sur une approche intégrant des niveaux 

trophiques inférieurs et supérieurs. Nous avons étudié la composition taxonomique et 

l’abondance du zooplancton dans le sud de la mer du Nord et la Manche orientale, les liens 

entre structure en taille et signature isotopique du zooplancton en Manche orientale, et les 

profils en acides gras du zooplancton dans toute la Manche, en tenant compte de la 

distribution et de la variabilité spatiales des compartiments écosystémiques et 

environnementaux étudiés. 

Toutes les études ont révélé une variabilité spatiale dans le fonctionnement du zooplancton 

dans l’écosystème, qui semble en partie lié aux niveaux trophiques inférieurs et supérieurs. 

Ainsi, l’étude du zooplancton, dans le contexte du fonctionnement multitrophique de 

l’écosystème, a permis une compréhension plus mécaniste de la diversité du zooplancton et 

de sa relation avec d’autres composantes de l’écosystème. Ces informations seront utiles à la 

modélisation et à la gestion de l’écosystème marin. 
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La prise en compte de plusieurs caractéristiques du zooplancton pourrait également être 

importante dans la compréhension des effets du changement climatique. Il a été suggéré que 

la diminution de la taille et de l’état des sardines et des anchois observés en Méditerranée et 

dans le golfe de Gascogne était liés à un stress alimentaire (Brosset et al., 2016 ; Menu et al., 

2023 ; Queiros et al., 2019). La prise en compte des différentes caractéristiques de la 

communauté zooplanctonique était nécessaire pour acquérir une compréhension mécaniste 

de ce phénomène. La quantité et la qualité de la nourriture peuvent varier en raison de 

multiples facteurs, tels qu'une diminution de l'abondance globale ou spécifique du 

zooplancton (Beaugrand et Kirby, 2010 ; Menu et al., 2023), des changements dans la 

communauté du zooplancton des taxons plus grands vers les taxons plus petits (Brosset et al., 

2016), ou une baisse de la qualité des proies, y compris la densité énergétique (Heneghan et 

al., 2023 ; Menu et al., 2023). L’augmentation de la température due au réchauffement des 

océans pourrait entraîner une diminution de la taille individuelle du zooplancton en raison 

d’un effet direct (Daufresne et al., 2009 ; Dudeck et al., 2021) ou indirect via la stratification 

des masses d’eau (Daufresne et al., 2009 ; Lewandowska et al., 2014). De plus, le changement 

climatique pourrait également modifier la production d’AG dans le phytoplancton, réduisant 

potentiellement la disponibilité de ces nutriments essentiels pour les niveaux trophiques 

supérieurs (Litzow et al., 2006 ; Galloway and Winder, 2015 ; Hixon and Arts, 2016). 

 

Les trois perspectives choisies pour étudier le zooplancton représentent une approche 

combinant à la fois la taxonomie et les traits biologiques du zooplancton, ceux-ci étant 

caractérisés par la taille et le profil en AG. La prise en considération de ces traits a permis 

d’évaluer le lien entre les classes de taille du plancton et le régime alimentaire des larves de 

hareng et de plie, ainsi que les différences spatiales multitrophiques entre la Manche 

occidentale et Manche orientale. L’étude combinée de la taxonomie et de la composition en 

AG du zooplancton en lien avec les niveaux tropiques inférieurs (phytoplancton) et supérieurs 

(e.g., sardine) propose d'autres caractéristiques du zooplancton qui lient le zooplancton à 

l'écosystème et qui pourraient ainsi contribuer à une compréhension plus mécaniste du 

fonctionnement du zooplancton au sein de son écosystème environnant. L’abondance des 

diatomées, des dino- et nanoflagellés ainsi que la biomasse du phytoplancton se sont révélées 

être des facteurs déterminant la distribution spatiale des espèces indicatrices d’assemblage 

(chapitre 1). Ce résultat concordait avec la distribution spatiale du mésozooplancton obtenue 
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dans le golfe de Gascogne, qui présentait également des patrons spatiaux distincts, 

apparemment liés à la production primaire et aux relations trophiques phyto-zooplancton 

(Grandremy et al., 2023). Les principales différences dans le profil des AG du zooplancton et 

de la sardine étaient liées à la proportion de dinoflagellés et de diatomées dans la 

communauté phytoplanctonique et à la présence de Calanus spp. Dans l’ensemble, ce lien 

entre phytoplancton, zooplancton et sardine semble être lié au transfert des AG, au stockage 

d’énergie et à l’hibernation, au mode d’alimentation et à la stratégie de reproduction. Selon 

les taxons de zooplancton, les AG peuvent être soit obtenus quasi-exclusivement à partir du 

phytoplancton, soit synthétisés et régulés dans une certaine mesure par certains taxons 

comme Calanus spp. qui produisent des réserves de lipides (Dalsgaard et al., 2003 ; Hagen et 

Auel, 2001 ; Kattner et Hagen, 1995). Il a été suggéré que la production de réserves de lipides 

sous forme de cires estérifiées était possible chez les espèces capables d’hiberner (Cavallo et 

Peck, 2020). Alors que Pseudocalanus spp. et Paracalanus spp. semblent être capables de 

s’adapter à la forte teneur en matière organique du German Bight en filtrant leur nourriture, 

les organismes chassant à l’affût ou activement (cruise-feeding) pourraient être désavantagés 

dans cette région. La reproduction hivernale pourrait permettre à Temora spp. de bénéficier 

de la production primaire dans la région Rhine-Scheldt. Ainsi, la compréhension du lien entre 

les facteurs déterminants potentiels de la distribution et la composition biochimique du 

zooplancton permet de mieux interpréter le lien entre les traits du zooplancton et 

l’écosystème. Litchman et al. (2013) proposent trois groupes de traits du zooplancton liés à 

l’alimentation, à la reproduction et à la survie, en catégorisant les traits évoqués ci-dessus. Ils 

suggèrent qu’en raison des compromis d’allocation d’énergie, un organisme ne peut pas 

maximiser la performance de tous les traits simultanément, ce qui entraîne ce que l’on appelle 

des compromis de traits et peut générer une combinaison de traits distincts au sein du même 

organisme. Par exemple, un animal qui investit de l'énergie dans la croissance allouera moins 

d’énergie à la reproduction. Un animal qui chasse à l’affût connaîtra des taux de rencontre 

inférieurs avec des partenaires d'accouplement et développera potentiellement des stratégies 

de reproduction différentes de celles des organismes qui chassent activement. L'utilisation 

combinée de traits trophiques, de survie et de reproduction résultant de compromis de traits 

pourrait donc être une voie pertinente pour représenter le zooplancton dans des modèles 

numériques futurs (Thorpe, 2024), dans la mesure où ces traits représenteraient 

adéquatement la diversité et le fonctionnement mécaniste du zooplancton au sein de 
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l'écosystème. L'observation du zooplancton dans le contexte du MBEF semble être une 

approche prometteuse pour évaluer ces traits en association avec des travaux expérimentaux. 

 

 

 



Appendix 

ccii 
 

Appendix 

List of Figures Appendix 

Figure A 1 Sampling stations IBTS 2008. A: Water samples for phyto- and microplankton 

community analysis; B: Water samples for POM, nitrate, nitrite, ammonium, phosphate, 

silicate and chlorophyll a; C: Salinity, temperature and depth. ............................................. ccxi 

Figure A 2 Empirical and theoretical variograms of species used for the determination of 

optimal grid cell size. (A) Small-sized herring larvae (6 – 12 mm), variogram model fitted to 

raw data; B; medium-sized herring larvae (13 – 20 mm), variogram fitted to raw data; (C) 

Appendicularia, variogram fitted to residuals of quadratic regression; (D) Acartia, variogram 

fitted to residuals of linear regression; (E) Calanoida, variogram fitted to residuals of linear 

regression, (F) Pseudocalanus, variogram fitted to residuals of linear regression; (G) 

Centropages, variogram fitted to residuals of quadratic regression. ................................... ccxv 

Figure A 3 Taxon-specific optimal grid cell size (Lopt). Functions display maximal information 

content per cell (f(v)) depending on grid cell size (length and width in km) calculated for 

different taxa. PN = proportion of nugget variance removed, PS = proportion of sill variance 

retained. Lopt indicates taxon-specific optimal grid cell size. The median of the species specific 

Lopt (91.58 km, 0.83°) produced a single cell of central position not containing sampling 

stations and was thus accepted without further adjustment. ............................................ ccxvi 

Figure A 4 Statistical methods to determine optimal number of clusters (2008 big spatial 

extent). (A) Silhouette width indicating an optimum number of three clusters, (B) Kelly-

Gardner-Sutcliffe penalty function proposing an optimal number of four clusters, (C) Mantel 

correlation indicating an optimal number of four clusters. ................................................ ccxvii 

Figure A 5 Statistical methods to determine optimal number of clusters (Comparison 2008 

vs 2022, small spatial extent). (A) Silhouette width indicating an optimum number of three 

clusters, (B) Kelly-Gardner-Sutcliffe penalty function proposing an optimal number of four 

clusters, (C) Mantel correlation indicating an optimal number of four clusters. ............... ccxvii 

Figure A 6 Relative phyto- microplankton composition per zooplankton assemblage. . ccxviii 

Figure A 7 Distribution of nutrients and chlorophyll a. Maps display mean per grid cell of 

nutrients sampled during the IBTS 2008. ........................................................................... ccxix 



Appendix 

cciii 
 

Figure A 8 Taxa composition of assemblages in 2008 (left) and 2022 (right). Mean abundance 

of taxa was calculated with regard to the spatial distribution of clusters in 2008 for both years.

 ............................................................................................................................................... ccxx 

Figure A 9 Drivers per assemblage. Boxplots displaying the variability of a potential driver per 

assemblage. Beginning in the upper left corner continuing to the right: temperature, salinity, 

depth, concentration of particulate organic matter, concentration of chlorophyll a, total 

phyto- and microplankton abundance and Nitrogen/Phosphorus ratio. ............................ ccxxi 

Figure A 10 Mean abundance of taxa per cluster with individually scaled y-axis. Mean 

abundance is therefore not comparable between clusters but gives further inside in 

community per cluster. ....................................................................................................... ccxxii 

Figure A 11 PCA on potential abiotic and biotic drivers. (A) Abiotic parameters displayed in a 

two-dimensional space of a PCA. (B) Assemblages/cluster displayed in the same two-

dimensional space as in A. Numbers indicate grid cell ID. (C) Phyto- and microplankton groups 

displayed in a two-dimensional space of a PCA. (D) Assemblages/cluster displayed in the same 

two-dimensional space as in C. Numbers indicate grid cell ID. .......................................... ccxxiii 

Figure A 12 Boxplots of PCA dimensions per cluster. (A) First dimension of PCA applied to 

abiotic parameters. (B) Second dimension of PCA applied to abiotic parameters. (C) First 

dimension of PCA applied to biotic parameters. ................................................................ ccxxiv 

Figure A 13 Clusters received using different k. (A) Clusters derived using a k = 2; (B) Clusters 

derived using a k=3. ............................................................................................................. ccxxiv 

Figure A 14 Inter-annual differences of environmental conditions. Measurements taken in 

2008 were subtracted from measurements taken in 2022 so that positive values indicate an 

increase in 2022 compared to 2008. Numbers in grid cells indicate grid cell ID. A: Temperature; 

B: Salinity; C: Chlorophyll a; D: Particulate organic matter. ................................................ccxxv 

Figure A 15 Carbon (A) and nitrogen (B) stable isotope values at different larval sizes. ccxxvi 

Figure A 16 TAG-ST ratio model verification using the DHARMa package. The plot function of 

the package allows to calculate an quantile regression, which compares the empirical 0.25, 0.5 

and 0.75 quantiles with the theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), and 

provides a p-value for the deviation from the expected quantile. Red color indicates a 

significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and 

outliers. Right: Residuals against predicted values. .......................................................... ccxxxix 



Appendix 

cciv 
 

Figure A 17 Variogram TAG-ST ratio. To evaluate spatial autocorrelation in the model 

residuals, variograms were created based on residuals of the glm (upper) not accounting for 

spatial autocorrelation in the model and on residuals of the glmm (lower) accounting for 

spatial autocorrelation in the model (lower). ........................................................................ ccxl 

Figure A 18 Length model verification using the DHARMa package. The plot function of the 

package allows to calculate an quantile regression, which compares the empirical 0.25, 0.5 

and 0.75 quantiles with the theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), and 

provides a p-value for the deviation from the expected quantile. Red color indicates a 

significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and 

outliers. Right: Residuals against predicted values. .............................................................. ccxli 

Figure A 19 Variogram Length. To evaluate spatial autocorrelation in the model residuals, 

variograms were created based on residuals of the glm (upper) not accounting for spatial 

autocorrelation in the model and on residuals of the glmm (lower) accounting for spatial 

autocorrelation in the model (lower). ................................................................................. ccxlii 

Figure A 20 Weight model verification using the DHARMa package. The plot function of the 

package allows to calculate an quantile regression, which compares the empirical 0.25, 0.5 

and 0.75 quantiles with the theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), and 

provides a p-value for the deviation from the expected quantile. Red color indicates a 

significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and 

outliers. Right: Residuals against predicted values. ............................................................ ccxliii 

Figure A 21 Variogram Weight. To evaluate spatial autocorrelation in the model residuals, 

variograms were created based on residuals of the glm (upper) not accounting for spatial 

autocorrelation in the model and on residuals of the glmm (lower) accounting for spatial 

autocorrelation in the model (lower). ................................................................................ ccxliv 

Figure A 22 Le Cren’s index model verification using the DHARMa package. The plot function 

of the package allows to calculate an quantile regression, which compares the empirical 0.25, 

0.5 and 0.75 quantiles with the theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), 

and provides a p-value for the deviation from the expected quantile. Red color indicates a 

significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 



Appendix 

ccv 
 

expected distribution, with added tests for correct distribution (KS test), dispersion and 

outliers. Right: Residuals against predicted values. ............................................................. ccxlv 

Figure A 23 Differences of biological parameters of sardine between regions. A: Comparison 

of length between sardines caught in the EEC and WEC. Red dots indicate mean; B: 

Comparison of weight between sardines caught in the EEC and WEC. Red dots indicate mean; 

C: Comparison of TAG-ST ratio between sardines caught in the EEC and WEC. Red dots indicate 

mean; D: Comparison of Le Cren’s index between sardines caught in the EEC and WEC. Red 

dots indicate mean; E: Proportion of spawning and non-spawning individuals per region.

 ............................................................................................................................................. ccxlvi 

Figure A 24 Environmental conditions in the WEC and EEC during CGFS 2021. A: Temperature; 

B: Salinity; C: Depth; P-values of the statistical analysis are indicated in the heading of figures 

A-C. ..................................................................................................................................... ccxlvii 

Figure A 25 EPA GLMM verification using the DHARMa package. The plot function of the 

package allows to calculate an quantile regression, which compares the empirical 0.25, 0.5 

and 0.75 quantiles with the theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), and 

provides a p-value for the deviation from the expected quantile. Red color indicates a 

significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and 

outliers. Right: Residuals against predicted values. ............................................................ ccxlix 

Figure A 26 EPA GLMM test for over/underdispersion. If fitted model (red line), is among 

simulated values no over- or underdispersion is present. ....................................................... ccl 

Figure A 27 EPA GLMM - Quantile residuals fitted against each covariate. Is second quantile 

is colored red, a non linear trend was detected and a GAM will be applied in a next step to 

take into account this non-linear pattern. ............................................................................... ccl 

Figure A 28 Variogram EPA GLMM. To evaluate spatial autocorrelation in the model residuals, 

variograms were created based on residuals of a GLMM (left) not accounting for spatial 

autocorrelation in the model and on residuals of the GLMM (right) accounting for spatial 

autocorrelation in the model. ................................................................................................. ccli 

Figure A 29 Convergence plots for GAM on EPA. The first panel showcases a Q-Q plot, 

comparing model residuals to a normal distribution. A well-fitted model will exhibit residuals 

that closely align with a straight line. In the bottom left panel, a histogram of residuals is 

presented, expected to have a symmetrical bell shape. The top-right panel displays residuals 



Appendix 

ccvi 
 

values, which ideally should be evenly distributed around zero. The final panel in the bottom 

right shows the response versus fitted values, where a perfect model would yield a straight 

line. ......................................................................................................................................... cclii 

Figure A 30 EPA GAM verification using the DHARMa package. The plot function of the 

package allows to calculate an quantile regression, which compares the empirical 0.25, 0.5 

and 0.75 quantiles with the theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), and 

provides a p-value for the deviation from the expected quantile. Red color indicates a 

significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and 

outliers. Right: Residuals against predicted values. .............................................................. ccliii 

Figure A 31 EPA GAM test for over/underdispersion. If fitted model (red line), is among 

simulated values no over- or underdispersion is present. .................................................... ccliv 

Figure A 32 Variogram EPA GAM. To evaluate spatial autocorrelation in the model residuals, 

variograms were created based on residuals of a GLMM (left) accounting for spatial 

autocorrelation in the model and on residuals of the GAM (right) not accounting for spatial 

autocorrelation in the model. ................................................................................................ cclv 

Figure A 33 EPA GAM - Quantile residuals fitted against each covariate. Is second quantile is 

colored red, a non linear trend was detected and a GAM will be applied in a next step to take 

into account this non-linear pattern. .................................................................................... cclvi 

Figure A 34 Model prediction per covariate for EPA GAM. ............................................... cclvii 

Figure A 35 DHA GLMM verification using the DHARMa package. The plot function of the 

package allows to calculate an quantile regression, which compares the empirical 0.25, 0.5 

and 0.75 quantiles with the theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), and 

provides a p-value for the deviation from the expected quantile. Red color indicates a 

significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and 

outliers. Right: Residuals against predicted values. .............................................................. cclix 

Figure A 36 DHA GLMM test for over/underdispersion. If fitted model (red line), is among 

simulated values no over- or underdispersion is present. ..................................................... cclx 

Figure A 37 Variogram DHA GLMM. To evaluate spatial autocorrelation in the model residuals, 

variograms were created based on residuals of a GLMM (left) not accounting for spatial 



Appendix 

ccvii 
 

autocorrelation in the model and on residuals of the GLMM (right) accounting for spatial 

autocorrelation in the model. ................................................................................................ cclx 

Figure A 38 DHA GLMM - Quantile residuals fitted against each covariate. Is second quantile 

is colored red, a non linear trend was detected and a GAM will be applied in a next step to 

take into account this non-linear pattern. ............................................................................ cclxi 

Figure A 39 Convergence plots for GAM on DHA. The first panel showcases a Q-Q plot, 

comparing model residuals to a normal distribution. A well-fitted model will exhibit residuals 

that closely align with a straight line. In the bottom left panel, a histogram of residuals is 

presented, expected to have a symmetrical bell shape. The top-right panel displays residuals 

values, which ideally should be evenly distributed around zero. The final panel in the bottom 

right shows the response versus fitted values, where a perfect model would yield a straight 

line. ....................................................................................................................................... cclxii 

Figure A 40 DHA GAM verification using the DHARMa package. The plot function of the 

package allows to calculate an quantile regression, which compares the empirical 0.25, 0.5 

and 0.75 quantiles with the theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), and 

provides a p-value for the deviation from the expected quantile. Red color indicates a 

significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and 

outliers. Right: Residuals against predicted values. ............................................................ cclxiii 

Figure A 41 DHA GAM test for over/underdispersion. If fitted model (red line), is among 

simulated values no over- or underdispersion is present. .................................................. cclxiv 

Figure A 42 Variogram DHA GAM. To evaluate spatial autocorrelation in the model residuals, 

variograms were created based on residuals of a GLMM (left) accounting for spatial 

autocorrelation in the model and on residuals of the GAM (right) not accounting for spatial 

autocorrelation in the model. ............................................................................................. cclxiv 

Figure A 43 DHA GAM - Quantile residuals fitted against each covariate. Is second quantile is 

colored red, a non linear trend was detected and a GAM will be applied in a next step to take 

into account this non-linear pattern. ................................................................................... cclxv 

Figure A 44 Model prediction per covariate for DHA (GAM). ........................................... cclxvi 

Figure A 45 ARA GLMM verification using the DHARMa package. The plot function of the 

package allows to calculate an quantile regression, which compares the empirical 0.25, 0.5 

and 0.75 quantiles with the theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), and 



Appendix 

ccviii 
 

provides a p-value for the deviation from the expected quantile. Red color indicates a 

significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and 

outliers. Right: Residuals against predicted values. ........................................................... cclxviii 

Figure A 46 ARA GLMM test for over/underdispersion. If fitted model (red line), is among 

simulated values no over- or underdispersion is present. .................................................. cclxix 

Figure A 47 Variogram ARA GLMM. To evaluate spatial autocorrelation in the model residuals, 

variograms were created based on residuals of a GLMM (left) not accounting for spatial 

autocorrelation in the model and on residuals of the GLMM (right) accounting for spatial 

autocorrelation in the model. .............................................................................................. cclxx 

Figure A 48 ARA GLMM - Quantile residuals fitted against each covariate. Is second quantile 

is colored red, a non linear trend was detected and a GAM will be applied in a next step to 

take into account this non-linear pattern. .......................................................................... cclxxi 

Figure A 49 Model prediction per covariate for ARA (GLMM). ........................................ cclxxii 

Figure A 50 Correlation between spawning activity, TAG-ST ratio, length and region. Points 

represent sardine individuals. ............................................................................................ cclxxiii 

Figure A 51 Relation between sardines EFA and TAG-ST ratio. Colors indicate western or 

eastern English Channel. ................................................................................................... cclxxiv 

Figure A 52 Differences of biological parameters of sardine between sex. A: Comparison of 

length between sex. Red dots indicate mean independent of region; B: Comparison of weight 

between sex. Red dots indicate mean independent of region; C: Comparison of TAG-ST ratio 

between sex independent of region; D: Comparison of Le Cren’s index between sex 

independent of region. E: PCA on FA of females (green dots) and males (gray triangle); F: 

Proportion of females and males per region. ..................................................................... cclxxv 

Figure A 53 PCA taxonomic composition zooplankton (entire size spectrum sampled: 300 – 

1000+ µm). A: Taxa displayed in two-dimensional space of first and second principal 

component. The darker the taxon, the higher its contribution to the first component. 

Displayed are all taxa with a higher contribution than 1.5%; B: Sampling stations displayed in 

a two-dimensional space of first and second principal component. The bigger the dot the 

higher its contribution to the first component. Blue dots were located in the WEC, red dots in 

the EEC. Numbers represent sampling station id. ............................................................. cclxxvi 



Appendix 

ccix 
 

Figure A 54 Phytoplankton size-structure. A: Mean median size per basin; B: mean median 

size per station. Turquoise indicating stations located in the WEC, red indicating locations in 

EEC; C: mean median size per taxonomic group; D: Location of sampling stations of 

phytoplankton. .................................................................................................................... cclxxx 

Figure A 55 Taxonomic composition phytoplankton. A: Relative abundance and composition 

of phytoplankton in the EC. Size of pie charts represent abundance in cells/l and colored 

fractions represent the contribution of diatoms and dinoflagellates to the total abundance 

collected per station. B: Taxonomic composition and mean abundance with standard 

deviation per taxa in the WEC (turquoise) and EEC (red). Colored boxes mark taxa belonging 

to dinoflagellates and diatoms. Colors thereby corresponding to figure A. ....................... cclxxx 

 

List of Tables Appendix 

Table A 1 Taxa determined in 2008 sorted by taxonomic level.......................................... ccxii 

Table A 2 Taxa determined in 2022 sorted by taxonomic level......................................... ccxiii 

Table A 3 Posterior distribution of global model. ............................................................ ccxxvii 

Table A 4 Posterior distribution of spatial model. ........................................................... ccxxvii 

Table A 5 Posterior distribution of stage-space model run for plaice larvae. .................. ccxxxi 

Table A 6 Results GLMM testing inter-regional differences of sardines. Estimates with 

standard error (S.E.) indicate significant and non-significant positive or negative correlation 

between a covariate and the proportion of the respective parameter of sardines. Significance: 

*** (P<0.001), ** (P<0.01), * (P<0.05). AIC (Akaike’s Information Criteria). n indicates the 

number of individuals used in the model. ........................................................................... ccxlv 

Table A 7 Factors influencing trophic transfer including sex. Estimates indicate significant and 

non-significant positive or negative correlation between a covariate and the proportion of the 

respective FA in sardine. Significance: *** (P<0.001), ** (P<0.01), * (P<0.05). Type indicates 

the type of model used. N indicates the number of sampling stations used in the model. (s) 

indicate the parameters not displaying a linear relationship and thus integrated in the model 

with a spatial smoother. ..................................................................................................... cclxxiv 

Table A 8 Lipids and fatty acids (FA) in sardine. Values are reported as mean ± standard 

deviation by region (Eastern English Channel, Western English Channel). n corresponds to the 

individuals sampled per region. ......................................................................................... cclxxvi 



Appendix 

ccx 
 

Table A 9 Lipids and fatty acids (FA) in mesozooplankton (500-1000 µm). Values are reported 

as mean ± standard deviation by region (Eastern English Channel, Western English Channel).

 .......................................................................................................................................... cclxxviii 

 



Appendix I – Chapter 1 

ccxi 
 

Appendix I – Chapter 1 

 

Figure A 1 Sampling stations IBTS 2008. A: Water samples for phyto- and microplankton community analysis; B: 

Water samples for POM, nitrate, nitrite, ammonium, phosphate, silicate and chlorophyll a; C: Salinity, temperature 

and depth. 
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Table A 1 Taxa determined in 2008 sorted by taxonomic level. 
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Table A 2 Taxa determined in 2022 sorted by taxonomic level. 

Mesozooplankton Fish larvae classification 

Annelida Ammodytidae Phylum 

Chaetognatha Syngnathidae Subphylum 

Cnidaria  Pomatoschistus sp Classe 

Cnidaria (ephyra) Agonus cataphractus Infraclass  

Annelida (larvae) Aphia minuta Subclass 

Echinodermata (larvae) Crystallogobius linearis Order 

Crustacea (megalopa) Pomatoschistus minutus Infraorder 

Crustacea (nauplii) Clupea harengus Suborder 

Bryozoa (cyphonaute) Liparis liparis Family 

Bivalvia Microstomus kitt Genus 

Mollusca Pleuronectes platessa Species 

Ostracoda Sardina pilchardus   

Echinoidea (pluteus) Solea solea   

Ophiuroidea (pluteus) Syngnathus acus   

Cirripedia (cypris)     

Cirripedia (naulius)     

Copepoda (nauplii)     

Amphipoda     

Calanoida     

Euphausiacea (calyptopis larvae)      

Calanoida (copepodite)     

Cumacea     

Cyclopoida     

Decapoda     

Euphausiacea     

Harpacticoida     

Isopoda     

Mysidacea     

Mysidacea (larvae)     

Siphonostomatoida     

Decapoda (zoea)     

Brachyura (zoea)     

Brachyura     

Anomura     

Peltidiidae     

Calanidae     

Caprellidae     

Caridea     

Centropagidae     

Calanidae (copepodite)     

Gnathiidae     

Oithonidae     

Continued 
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Mesozooplankton Fish larvae classification 

Paguridae     

Porcellanidae     

Acartia spp.      

Calanus spp.     

Candacia spp.     

Centropages spp.     

Corycaeus spp.      

Evadne spp.     

Labidocera spp.     

Obelia spp.     

Ophiura spp.      

Podon spp.      

Paracanlus.Pseudocalanus     

Pseudodiaptomus spp.     

Temora longicornis     

Euterpina acutifrons     

Pseudocalanus elongatus     

Pleurobrachia pileus     

Paracalanus parvus     

Oikopleura dioica     
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Figure A 2 Empirical and theoretical variograms of species used for the determination of optimal grid cell 

size. (A) Small-sized herring larvae (6 – 12 mm), variogram model fitted to raw data; B; medium-sized herring larvae 

(13 – 20 mm), variogram fitted to raw data; (C) Appendicularia, variogram fitted to residuals of quadratic regression; 

(D) Acartia, variogram fitted to residuals of linear regression; (E) Calanoida, variogram fitted to residuals of linear 

regression, (F) Pseudocalanus, variogram fitted to residuals of linear regression; (G) Centropages, variogram fitted 

to residuals of quadratic regression. 
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Figure A 3 Taxon-specific optimal grid cell size (Lopt). Functions display maximal information content per cell 

(f(v)) depending on grid cell size (length and width in km) calculated for different taxa. PN = proportion of nugget 

variance removed, PS = proportion of sill variance retained. Lopt indicates taxon-specific optimal grid cell size. The 

median of the species specific Lopt (91.58 km, 0.83°) produced a single cell of central position not containing 

sampling stations and was thus accepted without further adjustment. 
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Figure A 4 Statistical methods to determine optimal number of clusters (2008 big spatial extent). (A) 

Silhouette width indicating an optimum number of three clusters, (B) Kelly-Gardner-Sutcliffe penalty function 

proposing an optimal number of four clusters, (C) Mantel correlation indicating an optimal number of four clusters. 

 

Figure A 5 Statistical methods to determine optimal number of clusters (Comparison 2008 vs 2022, small 

spatial extent). (A) Silhouette width indicating an optimum number of three clusters, (B) Kelly-Gardner-Sutcliffe 
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penalty function proposing an optimal number of four clusters, (C) Mantel correlation indicating an optimal number 

of four clusters. 

 

Figure A 6 Relative phyto- microplankton composition per zooplankton assemblage. 
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Figure A 7 Distribution of nutrients and chlorophyll a. Maps display mean per grid cell of nutrients sampled 

during the IBTS 2008. 
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Figure A 8 Taxa composition of assemblages in 2008 (left) and 2022 (right). Mean abundance of taxa was 

calculated with regard to the spatial distribution of clusters in 2008 for both years. 
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Figure A 9 Drivers per assemblage. Boxplots displaying the variability of a potential driver per assemblage. 

Beginning in the upper left corner continuing to the right: temperature, salinity, depth, concentration of particulate 

organic matter, concentration of chlorophyll a, total phyto- and microplankton abundance and Nitrogen/Phosphorus 

ratio. 
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Figure A 10 Mean abundance of taxa per cluster with individually scaled y-axis. Mean abundance is therefore 

not comparable between clusters but gives further inside in community per cluster. 
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Figure A 11 PCA on potential abiotic and biotic drivers. (A) Abiotic parameters displayed in a two-dimensional 

space of a PCA. (B) Assemblages/cluster displayed in the same two-dimensional space as in A. Numbers indicate 

grid cell ID. (C) Phyto- and microplankton groups displayed in a two-dimensional space of a PCA. (D) 

Assemblages/cluster displayed in the same two-dimensional space as in C. Numbers indicate grid cell ID. 
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Figure A 12 Boxplots of PCA dimensions per cluster. (A) First dimension of PCA applied to abiotic parameters. 

(B) Second dimension of PCA applied to abiotic parameters. (C) First dimension of PCA applied to biotic 

parameters.   

 

 

Figure A 13 Clusters received using different k. (A) Clusters derived using a k = 2; (B) Clusters derived using a 

k=3. 
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Figure A 14 Inter-annual differences of environmental conditions. Measurements taken in 2008 were 

subtracted from measurements taken in 2022 so that positive values indicate an increase in 2022 compared to 

2008. Numbers in grid cells indicate grid cell ID. A: Temperature; B: Salinity; C: Chlorophyll a; D: Particulate 

organic matter. 
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Figure A 15 Carbon (A) and nitrogen (B) stable isotope values at different larval sizes. 
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Table A 3 Posterior distribution of global model. 

 

 

Table A 4 Posterior distribution of spatial model. 

species.station.sizeclass Mean SD 2.5% 5% 25% 50% 75% 95% 97.5% 

p.herring.0_20 0.130 0.059 0.039 0.048 0.085 0.123 0.169 0.236 0.262 

p.plaice.0_20 0.396 0.077 0.257 0.274 0.343 0.392 0.442 0.533 0.565 

p.herring.125_200 0.038 0.022 0.009 0.012 0.022 0.034 0.051 0.080 0.091 

p.plaice.125_200 0.365 0.095 0.181 0.210 0.304 0.362 0.431 0.520 0.545 

p.herring.20_125 0.018 0.020 0.000 0.001 0.004 0.011 0.024 0.057 0.072 

p.plaice.20_125 0.026 0.035 0.000 0.000 0.004 0.013 0.032 0.095 0.129 

p.herring.200_500 0.029 0.029 0.001 0.002 0.009 0.020 0.039 0.085 0.106 

p.plaice.200_500 0.040 0.049 0.001 0.002 0.008 0.022 0.052 0.142 0.179 

p.herring.500_1000 0.785 0.077 0.620 0.649 0.736 0.794 0.843 0.897 0.909 

p.plaice.500_1000 0.174 0.061 0.060 0.075 0.133 0.169 0.211 0.282 0.302 

            

Continued          

species.sizeclass Mean SD 2.5% 5% 25% 50% 75% 95% 97.5%

p.herring.0_20 0.231 0.047 0.133 0.150 0.203 0.231 0.260 0.307 0.324

p.plaice.0_20 0.508 0.060 0.376 0.400 0.471 0.513 0.551 0.599 0.614

p.herring.125_200 0.034 0.029 0.002 0.003 0.012 0.027 0.048 0.091 0.109

p.plaice.125_200 0.111 0.117 0.001 0.002 0.017 0.065 0.182 0.351 0.396

p.herring.20_125 0.031 0.027 0.001 0.002 0.011 0.023 0.043 0.086 0.101

p.plaice.20_125 0.078 0.091 0.001 0.002 0.012 0.040 0.113 0.286 0.330

p.herring.200_500 0.040 0.035 0.001 0.002 0.013 0.030 0.057 0.111 0.131

p.plaice.200_500 0.099 0.114 0.001 0.002 0.014 0.051 0.148 0.352 0.404

p.herring.500_1000 0.664 0.062 0.538 0.560 0.625 0.667 0.706 0.760 0.785

p.plaice.500_1000 0.203 0.080 0.063 0.078 0.144 0.199 0.255 0.348 0.372
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species.station.sizeclass Mean SD 2.5% 5% 25% 50% 75% 95% 97.5% 

p.herring.Z0147.0_20 0.086 0.041 0.025 0.030 0.053 0.079 0.116 0.158 0.174 

p.herring.Z0147.125_200 0.037 0.021 0.008 0.010 0.021 0.033 0.048 0.077 0.087 

p.herring.Z0147.20_125 0.022 0.033 0.000 0.000 0.003 0.009 0.028 0.085 0.123 

p.herring.Z0147.200_500 0.033 0.041 0.001 0.001 0.007 0.018 0.045 0.116 0.146 

p.herring.Z0147.500_1000 0.822 0.073 0.661 0.691 0.776 0.831 0.878 0.925 0.937 

p.herring.Z0153.0_20 0.119 0.054 0.029 0.038 0.077 0.116 0.160 0.209 0.224 

p.herring.Z0153.125_200 0.100 0.041 0.032 0.038 0.068 0.097 0.126 0.174 0.189 

p.herring.Z0153.20_125 0.020 0.023 0.000 0.001 0.004 0.011 0.027 0.068 0.087 

p.herring.Z0153.200_500 0.033 0.034 0.001 0.001 0.008 0.021 0.045 0.105 0.125 

p.herring.Z0153.500_1000 0.728 0.083 0.563 0.587 0.672 0.730 0.790 0.859 0.879 

p.herring.Z0154.0_20 0.093 0.045 0.024 0.030 0.056 0.087 0.125 0.174 0.187 

p.herring.Z0154.125_200 0.070 0.033 0.019 0.025 0.046 0.066 0.090 0.130 0.147 

p.herring.Z0154.20_125 0.018 0.023 0.000 0.000 0.003 0.010 0.024 0.064 0.084 

p.herring.Z0154.200_500 0.029 0.033 0.001 0.001 0.007 0.018 0.040 0.098 0.125 

p.herring.Z0154.500_1000 0.790 0.073 0.637 0.660 0.740 0.795 0.845 0.902 0.911 

p.herring.Z0155.0_20 0.080 0.043 0.018 0.022 0.044 0.074 0.110 0.158 0.170 

p.herring.Z0155.125_200 0.063 0.034 0.015 0.019 0.037 0.056 0.083 0.124 0.141 

p.herring.Z0155.20_125 0.027 0.036 0.000 0.000 0.004 0.013 0.036 0.102 0.130 

p.herring.Z0155.200_500 0.047 0.056 0.001 0.001 0.009 0.026 0.066 0.170 0.201 

p.herring.Z0155.500_1000 0.783 0.088 0.599 0.629 0.723 0.791 0.850 0.912 0.926 

p.herring.Z0162.0_20 0.152 0.053 0.058 0.070 0.110 0.149 0.192 0.241 0.257 

p.herring.Z0162.125_200 0.016 0.011 0.002 0.003 0.008 0.013 0.021 0.037 0.044 

p.herring.Z0162.20_125 0.013 0.019 0.000 0.000 0.002 0.007 0.016 0.049 0.067 

p.herring.Z0162.200_500 0.020 0.024 0.000 0.001 0.005 0.012 0.027 0.065 0.084 

p.herring.Z0162.500_1000 0.799 0.065 0.667 0.690 0.756 0.801 0.847 0.901 0.912 

p.herring.Z0163.0_20 0.136 0.049 0.052 0.063 0.098 0.133 0.173 0.218 0.232 

p.herring.Z0163.125_200 0.015 0.011 0.002 0.003 0.008 0.013 0.020 0.035 0.042 

p.herring.Z0163.20_125 0.013 0.019 0.000 0.000 0.002 0.006 0.016 0.051 0.068 

p.herring.Z0163.200_500 0.019 0.024 0.000 0.001 0.005 0.012 0.024 0.063 0.084 
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species.station.sizeclass Mean SD 2.5% 5% 25% 50% 75% 95% 97.5% 

p.herring.Z0163.500_1000 0.816 0.060 0.689 0.714 0.777 0.820 0.860 0.905 0.919 

p.herring.Z0164.0_20 0.187 0.055 0.085 0.099 0.147 0.187 0.227 0.275 0.290 

p.herring.Z0164.125_200 0.041 0.023 0.010 0.012 0.024 0.036 0.053 0.084 0.096 

p.herring.Z0164.20_125 0.019 0.025 0.000 0.000 0.004 0.011 0.025 0.068 0.090 

p.herring.Z0164.200_500 0.031 0.035 0.001 0.001 0.008 0.020 0.041 0.099 0.123 

p.herring.Z0164.500_1000 0.722 0.069 0.580 0.604 0.677 0.723 0.771 0.827 0.845 

p.herring.Z0165.0_20 0.151 0.057 0.042 0.059 0.111 0.151 0.194 0.244 0.256 

p.herring.Z0165.125_200 0.030 0.023 0.003 0.005 0.013 0.024 0.041 0.074 0.086 

p.herring.Z0165.20_125 0.015 0.019 0.000 0.000 0.003 0.009 0.020 0.050 0.068 

p.herring.Z0165.200_500 0.025 0.028 0.000 0.001 0.006 0.015 0.033 0.079 0.107 

p.herring.Z0165.500_1000 0.779 0.074 0.632 0.656 0.728 0.783 0.832 0.895 0.914 

p.herring.Z0166.0_20 0.092 0.052 0.021 0.025 0.048 0.079 0.129 0.188 0.205 

p.herring.Z0166.125_200 0.010 0.009 0.001 0.001 0.004 0.007 0.012 0.027 0.035 

p.herring.Z0166.20_125 0.011 0.017 0.000 0.000 0.002 0.005 0.014 0.044 0.063 

p.herring.Z0166.200_500 0.022 0.034 0.000 0.001 0.003 0.010 0.026 0.087 0.122 

p.herring.Z0166.500_1000 0.865 0.082 0.665 0.702 0.819 0.887 0.927 0.960 0.967 

p.herring.Z0175.0_20 0.071 0.043 0.009 0.013 0.036 0.064 0.101 0.150 0.166 

p.herring.Z0175.125_200 0.045 0.037 0.003 0.005 0.017 0.035 0.062 0.121 0.140 

p.herring.Z0175.20_125 0.023 0.035 0.000 0.000 0.003 0.010 0.027 0.096 0.130 

p.herring.Z0175.200_500 0.038 0.051 0.000 0.001 0.006 0.019 0.049 0.140 0.189 

p.herring.Z0175.500_1000 0.823 0.085 0.641 0.671 0.766 0.831 0.889 0.947 0.960 

            

p.plaice.Z0147.0_20 0.299 0.040 0.222 0.234 0.272 0.298 0.326 0.367 0.379 

p.plaice.Z0147.125_200 0.404 0.087 0.212 0.254 0.352 0.410 0.463 0.534 0.555 

p.plaice.Z0147.20_125 0.035 0.053 0.000 0.000 0.004 0.014 0.042 0.148 0.199 

p.plaice.Z0147.200_500 0.051 0.068 0.001 0.001 0.008 0.025 0.067 0.192 0.243 

p.plaice.Z0147.500_1000 0.211 0.067 0.080 0.097 0.166 0.211 0.256 0.323 0.342 

p.plaice.Z0153.0_20 0.224 0.042 0.141 0.154 0.196 0.224 0.251 0.295 0.309 

p.plaice.Z0153.125_200 0.620 0.075 0.456 0.490 0.581 0.629 0.669 0.726 0.744 
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species.station.sizeclass Mean SD 2.5% 5% 25% 50% 75% 95% 97.5% 

p.plaice.Z0153.20_125 0.021 0.038 0.000 0.000 0.003 0.008 0.023 0.090 0.125 

p.plaice.Z0153.200_500 0.032 0.051 0.000 0.001 0.005 0.014 0.037 0.130 0.169 

p.plaice.Z0153.500_1000 0.103 0.043 0.034 0.043 0.074 0.097 0.125 0.181 0.205 

p.plaice.Z0154.0_20 0.229 0.042 0.144 0.159 0.202 0.229 0.257 0.297 0.312 

p.plaice.Z0154.125_200 0.569 0.074 0.412 0.446 0.525 0.574 0.618 0.677 0.696 

p.plaice.Z0154.20_125 0.023 0.035 0.000 0.000 0.003 0.009 0.027 0.093 0.124 

p.plaice.Z0154.200_500 0.034 0.051 0.001 0.001 0.006 0.016 0.042 0.128 0.175 

p.plaice.Z0154.500_1000 0.145 0.051 0.052 0.067 0.111 0.141 0.176 0.234 0.255 

p.plaice.Z0155.0_20 0.207 0.042 0.125 0.139 0.180 0.207 0.235 0.277 0.292 

p.plaice.Z0155.125_200 0.535 0.103 0.280 0.346 0.481 0.549 0.606 0.676 0.696 

p.plaice.Z0155.20_125 0.038 0.062 0.000 0.000 0.003 0.013 0.042 0.166 0.231 

p.plaice.Z0155.200_500 0.061 0.088 0.001 0.001 0.007 0.025 0.076 0.239 0.328 

p.plaice.Z0155.500_1000 0.159 0.064 0.049 0.063 0.113 0.153 0.199 0.274 0.299 

p.plaice.Z0162.0_20 0.568 0.047 0.469 0.487 0.539 0.571 0.600 0.642 0.652 

p.plaice.Z0162.125_200 0.174 0.078 0.040 0.055 0.117 0.170 0.224 0.310 0.339 

p.plaice.Z0162.20_125 0.020 0.027 0.000 0.000 0.003 0.010 0.026 0.076 0.100 

p.plaice.Z0162.200_500 0.030 0.037 0.000 0.001 0.006 0.017 0.040 0.105 0.138 

p.plaice.Z0162.500_1000 0.207 0.058 0.088 0.107 0.167 0.209 0.247 0.300 0.313 

p.plaice.Z0163.0_20 0.543 0.047 0.447 0.465 0.513 0.546 0.576 0.615 0.628 

p.plaice.Z0163.125_200 0.184 0.078 0.046 0.064 0.129 0.181 0.233 0.317 0.343 

p.plaice.Z0163.20_125 0.020 0.025 0.000 0.000 0.003 0.010 0.027 0.075 0.092 

p.plaice.Z0163.200_500 0.029 0.034 0.000 0.001 0.006 0.017 0.041 0.098 0.121 

p.plaice.Z0163.500_1000 0.223 0.057 0.103 0.127 0.186 0.226 0.262 0.311 0.328 

p.plaice.Z0164.0_20 0.493 0.049 0.394 0.410 0.460 0.495 0.526 0.572 0.584 

p.plaice.Z0164.125_200 0.321 0.080 0.150 0.181 0.272 0.323 0.375 0.447 0.470 

p.plaice.Z0164.20_125 0.022 0.031 0.000 0.000 0.003 0.010 0.028 0.085 0.113 

p.plaice.Z0164.200_500 0.035 0.044 0.000 0.001 0.006 0.018 0.045 0.125 0.158 

p.plaice.Z0164.500_1000 0.129 0.041 0.053 0.066 0.100 0.128 0.157 0.197 0.212 

p.plaice.Z0166.0_20 0.442 0.043 0.356 0.370 0.413 0.441 0.471 0.514 0.529 
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species.station.sizeclass Mean SD 2.5% 5% 25% 50% 75% 95% 97.5% 

p.plaice.Z0166.125_200 0.146 0.080 0.027 0.036 0.086 0.135 0.191 0.289 0.335 

p.plaice.Z0166.20_125 0.028 0.049 0.000 0.000 0.003 0.011 0.030 0.123 0.178 

p.plaice.Z0166.200_500 0.050 0.078 0.000 0.001 0.006 0.019 0.053 0.234 0.311 

p.plaice.Z0166.500_1000 0.335 0.114 0.079 0.111 0.265 0.355 0.421 0.492 0.512 

 

Table A 5 Posterior distribution of stage-space model run for plaice larvae. 

stage.station.size class Mean SD 2.5% 5% 25% 50% 75% 95% 97.5% 

 0.840 0.277 0.450 0.491 0.647 0.790 0.977 1.337 1.510 

1.0_20 0.379 0.089 0.224 0.247 0.317 0.371 0.434 0.536 0.568 

2.0_20 0.377 0.094 0.213 0.236 0.311 0.371 0.437 0.542 0.574 

3.0_20 0.381 0.097 0.213 0.231 0.312 0.374 0.445 0.550 0.583 

1.125_200 0.271 0.114 0.059 0.091 0.192 0.267 0.348 0.462 0.501 

2.125_200 0.333 0.140 0.059 0.100 0.235 0.332 0.427 0.567 0.611 

3.125_200 0.349 0.149 0.056 0.095 0.245 0.350 0.453 0.595 0.629 

1.20_125 0.066 0.060 0.002 0.004 0.021 0.048 0.093 0.181 0.219 

2.20_125 0.067 0.070 0.001 0.002 0.014 0.043 0.097 0.211 0.255 

3.20_125 0.062 0.068 0.001 0.002 0.013 0.037 0.089 0.197 0.247 

1.200_500 0.101 0.094 0.003 0.006 0.033 0.073 0.138 0.299 0.353 

2.200_500 0.117 0.121 0.001 0.003 0.026 0.078 0.172 0.372 0.462 

3.200_500 0.100 0.115 0.001 0.003 0.020 0.058 0.138 0.341 0.439 

1.500_1000 0.184 0.082 0.053 0.069 0.125 0.175 0.230 0.333 0.370 

2.500_1000 0.106 0.064 0.020 0.026 0.060 0.093 0.138 0.229 0.264 

3.500_1000 0.110 0.068 0.017 0.024 0.059 0.097 0.146 0.242 0.277 

           

1.Z0147.0_20 0.318 0.052 0.218 0.235 0.283 0.317 0.351 0.405 0.425 

1.Z0147.125_200 0.293 0.145 0.023 0.045 0.186 0.299 0.399 0.527 0.557 

1.Z0147.20_125 0.093 0.101 0.002 0.003 0.018 0.059 0.131 0.311 0.372 
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stage.station.size class Mean SD 2.5% 5% 25% 50% 75% 95% 97.5% 

1.Z0147.200_500 0.154 0.151 0.002 0.004 0.033 0.102 0.236 0.469 0.533 

1.Z0147.500_1000 0.142 0.084 0.015 0.026 0.078 0.132 0.198 0.298 0.330 

1.Z0153.0_20 0.207 0.048 0.116 0.132 0.175 0.208 0.240 0.285 0.301 

1.Z0153.125_200 0.506 0.147 0.111 0.233 0.427 0.527 0.610 0.703 0.728 

1.Z0153.20_125 0.063 0.075 0.001 0.002 0.012 0.034 0.084 0.223 0.273 

1.Z0153.200_500 0.107 0.143 0.002 0.003 0.019 0.053 0.139 0.398 0.561 

1.Z0153.500_1000 0.116 0.069 0.013 0.021 0.064 0.106 0.160 0.242 0.270 

1.Z0154.0_20 0.225 0.046 0.137 0.150 0.194 0.225 0.255 0.303 0.316 

1.Z0154.125_200 0.492 0.149 0.067 0.180 0.423 0.518 0.592 0.685 0.707 

1.Z0154.20_125 0.064 0.074 0.001 0.002 0.012 0.037 0.087 0.215 0.262 

1.Z0154.200_500 0.114 0.148 0.002 0.003 0.020 0.062 0.142 0.455 0.604 

1.Z0154.500_1000 0.105 0.062 0.013 0.021 0.058 0.096 0.144 0.221 0.246 

1.Z0155.0_20 0.201 0.043 0.118 0.132 0.172 0.200 0.229 0.272 0.291 

1.Z0155.125_200 0.414 0.140 0.059 0.130 0.339 0.430 0.509 0.609 0.643 

1.Z0155.20_125 0.071 0.085 0.001 0.003 0.014 0.040 0.096 0.252 0.315 

1.Z0155.200_500 0.123 0.150 0.002 0.004 0.022 0.064 0.162 0.457 0.570 

1.Z0155.500_1000 0.192 0.090 0.029 0.045 0.123 0.191 0.255 0.343 0.372 

1.Z0162.0_20 0.555 0.052 0.448 0.466 0.520 0.557 0.592 0.638 0.654 

1.Z0162.125_200 0.143 0.087 0.013 0.023 0.076 0.130 0.198 0.303 0.335 

1.Z0162.20_125 0.049 0.050 0.001 0.002 0.012 0.032 0.070 0.152 0.186 

1.Z0162.200_500 0.070 0.070 0.001 0.003 0.018 0.047 0.102 0.218 0.255 

1.Z0162.500_1000 0.182 0.079 0.037 0.055 0.124 0.181 0.239 0.308 0.329 

1.Z0166.0_20 0.416 0.044 0.329 0.343 0.387 0.417 0.446 0.486 0.500 

1.Z0166.125_200 0.091 0.062 0.009 0.013 0.043 0.079 0.128 0.207 0.238 

1.Z0166.20_125 0.047 0.053 0.001 0.002 0.012 0.029 0.064 0.153 0.195 

1.Z0166.200_500 0.067 0.071 0.001 0.003 0.018 0.045 0.092 0.210 0.269 

1.Z0166.500_1000 0.378 0.090 0.170 0.214 0.327 0.387 0.442 0.505 0.528 

           

2.Z0147.0_20 0.294 0.049 0.2 0.217 0.263 0.293 0.327 0.376 0.394 
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stage.station.size class Mean SD 2.5% 5% 25% 50% 75% 95% 97.5% 

2.Z0147.125_200 0.339 0.177 0.024 0.046 0.200 0.342 0.476 0.622 0.658 

2.Z0147.20_125 0.103 0.129 0.001 0.001 0.010 0.042 0.151 0.399 0.451 

2.Z0147.200_500 0.182 0.193 0.001 0.002 0.020 0.101 0.311 0.568 0.635 

2.Z0147.500_1000 0.082 0.065 0.005 0.009 0.032 0.065 0.116 0.215 0.243 

2.Z0153.0_20 0.196 0.052 0.097 0.113 0.160 0.195 0.233 0.284 0.298 

2.Z0153.125_200 0.580 0.155 0.106 0.281 0.514 0.608 0.683 0.771 0.794 

2.Z0153.20_125 0.053 0.064 0.001 0.001 0.009 0.030 0.072 0.183 0.239 

2.Z0153.200_500 0.108 0.151 0.001 0.002 0.016 0.054 0.137 0.404 0.624 

2.Z0153.500_1000 0.062 0.043 0.006 0.009 0.029 0.053 0.085 0.146 0.167 

2.Z0154.0_20 0.206 0.053 0.109 0.124 0.169 0.205 0.241 0.296 0.314 

2.Z0154.125_200 0.555 0.173 0.047 0.177 0.475 0.589 0.673 0.764 0.791 

2.Z0154.20_125 0.061 0.080 0.000 0.001 0.008 0.029 0.080 0.229 0.298 

2.Z0154.200_500 0.123 0.169 0.001 0.002 0.015 0.056 0.163 0.504 0.697 

2.Z0154.500_1000 0.056 0.041 0.005 0.008 0.025 0.046 0.077 0.135 0.155 

2.Z0155.0_20 0.197 0.050 0.106 0.120 0.163 0.196 0.230 0.279 0.299 

2.Z0155.125_200 0.499 0.167 0.049 0.142 0.415 0.532 0.618 0.714 0.744 

2.Z0155.20_125 0.067 0.084 0.001 0.001 0.010 0.034 0.090 0.246 0.304 

2.Z0155.200_500 0.132 0.169 0.001 0.002 0.021 0.066 0.172 0.523 0.675 

2.Z0155.500_1000 0.105 0.060 0.014 0.022 0.060 0.096 0.140 0.218 0.244 

2.Z0162.0_20 0.581 0.064 0.451 0.470 0.537 0.582 0.627 0.683 0.700 

2.Z0162.125_200 0.181 0.106 0.014 0.027 0.099 0.171 0.253 0.373 0.405 

2.Z0162.20_125 0.049 0.052 0.001 0.001 0.010 0.030 0.072 0.155 0.193 

2.Z0162.200_500 0.080 0.081 0.001 0.002 0.017 0.052 0.120 0.245 0.286 

2.Z0162.500_1000 0.110 0.061 0.016 0.023 0.062 0.102 0.151 0.222 0.244 

2.Z0163.0_20 0.552 0.062 0.428 0.447 0.510 0.554 0.595 0.651 0.669 

2.Z0163.125_200 0.201 0.114 0.014 0.029 0.112 0.194 0.281 0.398 0.438 

2.Z0163.20_125 0.055 0.063 0.001 0.001 0.010 0.032 0.079 0.186 0.228 

2.Z0163.200_500 0.090 0.094 0.001 0.002 0.017 0.057 0.137 0.283 0.327 

2.Z0163.500_1000 0.102 0.065 0.009 0.015 0.050 0.091 0.144 0.222 0.247 
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stage.station.size class Mean SD 2.5% 5% 25% 50% 75% 95% 97.5% 

2.Z0164.0_20 0.451 0.059 0.331 0.351 0.412 0.451 0.489 0.546 0.565 

2.Z0164.125_200 0.275 0.148 0.018 0.041 0.159 0.273 0.386 0.510 0.553 

2.Z0164.20_125 0.077 0.099 0.000 0.001 0.008 0.032 0.106 0.308 0.350 

2.Z0164.200_500 0.128 0.144 0.001 0.001 0.016 0.062 0.208 0.436 0.487 

2.Z0164.500_1000 0.070 0.059 0.004 0.008 0.027 0.052 0.098 0.189 0.221 

2.Z0166.0_20 0.483 0.052 0.382 0.394 0.449 0.484 0.521 0.565 0.579 

2.Z0166.125_200 0.129 0.087 0.010 0.017 0.062 0.112 0.179 0.296 0.339 

2.Z0166.20_125 0.052 0.060 0.001 0.001 0.010 0.029 0.073 0.178 0.222 

2.Z0166.200_500 0.085 0.090 0.001 0.002 0.017 0.051 0.126 0.274 0.326 

2.Z0166.500_1000 0.251 0.094 0.056 0.086 0.186 0.256 0.318 0.397 0.419 

           

3.Z0147.0_20 0.303 0.053 0.204 0.218 0.266 0.301 0.339 0.393 0.408 

3.Z0147.125_200 0.362 0.186 0.018 0.043 0.222 0.371 0.513 0.649 0.678 

3.Z0147.20_125 0.093 0.121 0.001 0.001 0.010 0.038 0.131 0.368 0.443 

3.Z0147.200_500 0.156 0.180 0.001 0.002 0.017 0.076 0.251 0.545 0.601 

3.Z0147.500_1000 0.085 0.069 0.005 0.008 0.032 0.067 0.121 0.223 0.256 

3.Z0153.0_20 0.193 0.060 0.085 0.103 0.152 0.187 0.233 0.297 0.322 

3.Z0153.125_200 0.590 0.177 0.088 0.215 0.504 0.628 0.714 0.806 0.828 

3.Z0153.20_125 0.055 0.077 0.001 0.001 0.007 0.023 0.069 0.222 0.285 

3.Z0153.200_500 0.099 0.153 0.001 0.001 0.011 0.038 0.114 0.413 0.620 

3.Z0153.500_1000 0.063 0.048 0.005 0.008 0.027 0.052 0.086 0.160 0.186 

3.Z0162.0_20 0.581 0.061 0.461 0.478 0.541 0.584 0.625 0.675 0.693 

3.Z0162.125_200 0.190 0.112 0.014 0.025 0.100 0.178 0.268 0.386 0.423 

3.Z0162.20_125 0.046 0.053 0.001 0.001 0.008 0.026 0.066 0.164 0.192 

3.Z0162.200_500 0.069 0.078 0.001 0.002 0.012 0.039 0.098 0.238 0.281 

3.Z0162.500_1000 0.114 0.066 0.012 0.019 0.061 0.106 0.158 0.232 0.255 

3.Z0163.0_20 0.555 0.056 0.443 0.458 0.516 0.558 0.596 0.640 0.655 

3.Z0163.125_200 0.208 0.116 0.016 0.028 0.118 0.198 0.292 0.410 0.436 

3.Z0163.20_125 0.053 0.062 0.000 0.001 0.009 0.028 0.075 0.183 0.230 
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stage.station.size class Mean SD 2.5% 5% 25% 50% 75% 95% 97.5% 

3.Z0163.200_500 0.079 0.091 0.001 0.002 0.013 0.042 0.115 0.280 0.329 

3.Z0163.500_1000 0.106 0.070 0.007 0.012 0.049 0.095 0.154 0.232 0.257 

3.Z0164.0_20 0.495 0.057 0.380 0.398 0.456 0.496 0.534 0.586 0.605 

3.Z0164.125_200 0.289 0.127 0.027 0.053 0.204 0.297 0.379 0.490 0.524 

3.Z0164.20_125 0.055 0.061 0.001 0.002 0.011 0.034 0.077 0.188 0.235 

3.Z0164.200_500 0.092 0.102 0.001 0.002 0.017 0.055 0.129 0.313 0.380 

3.Z0164.500_1000 0.069 0.048 0.007 0.011 0.033 0.059 0.095 0.164 0.186 
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Appendix III – Chapter 3 

3.1 Phytoplankton community composition 

FlowCam. Samples were digitized using an 8-bit grayscale Benchtop B2 Series FlowCam® 

Model VS-IV (Yokogawa Fluid Imaging Technologies, Inc., Scarborough, ME, USA). This is an 

image acquisition system building on optical microscopy. It can generate high-resolution 

images of particles in the flow, in the size range 2 μm-1000 μm (depending on the 

magnification/flow cell depth combination). For our study, a 4X objective (40X overall 

magnification) coupled with a 300 μm-depth flow-cell was used and samples were run in 

“AutoImage” operation mode. In this way, as described by Zarauz et al. (2007), all particles in 

the field-of-view of the camera (phytoplankton, zooplankton and inorganic particles) are 

captured and imaged at a regular user-defined interval, which allows an accurate estimation 

of imaged volume and consequently of particle concentration. 

A database representative of each plankton community met in the English Channel and North 

Sea, was built using samples taken throughout 2013 (in the frame of the IFREMER 

Phytoplankton and Phycotoxins monitoring network, REPHY (REPHY-French Observation And 

Monitoring Program For Phytoplankton And Hydrology In Coastal Waters, 2023) and the SRN 

(Suivi Régional de Nutriments) monitoring programme (Lefebvre and Devreker, 2023)). A total 

of 31700 images were manually classified in 20 plankton groups. Moreover, instead of 

manually removing inorganic particles and artefacts as is commonly done (Zarauz et al., 2007), 

we added 6 groups for floating dark and light dead particles, bubbles, fibers, etc. to the 20 

plankton groups in order to automatically identify and then eliminate them from the statistics. 

EcoTransLearn. “EcoTransLearn” is an R-package that facilitates the use of Transfer Learning 

methods to automatically classify digital images for ecological studies (Wacquet and Lefebvre, 

2022). This tool includes some Convolutional Neural Networks models, widely used in Deep 

Learning, for many applications, and in particular for image recognition.  

All models were pre-trained on the ImageNet dataset, which is an image database, organized 

according to the WordNet hierarchy, and composed of approximately 1.4 M images sorted 

into 1000 classes. EcoTransLearn uses the Python Deep Learning toolbox Keras for both model 

construction step and automated classification process thanks to the R-package “reticulate”. 

For our study, the model used is the VGG16 adapted with the plankton dataset built from 

images acquired with the FlowCam (Wacquet and Lefebvre, 2022). 
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3.2 GLMM sardine morphological and physiological 

parameters.  

3.2.1 Verification 

For each parameter a glm without a spatial component and a glmm with a spatial component 

were run to assess reduction of spatial autocorrelation by using a spatial term as random 

effect. Presented is only the outcome of the glmm because these models were the more 

appropriate because they either reduced the spatial autocorrelation or the AIC. 

TAG-ST ratio: 

Family: gaussian  ( identity ) 
Formula:          TAG_ST ~ region + region:Sexe + exp(pos + 0 | group) 
Data: dat_v 
 
     AIC      BIC   logLik deviance df.resid  
  2632.0   2656.5  -1309.0   2618.0      238  

 

Number of obs: 245, groups:  group, 1 
 
Dispersion estimate for gaussian family (sigma^2): 2.32e+03  
 
Conditional model: 
              Estimate Std. Error z value Pr(>|z|)     
(Intercept)     72.342      9.103   7.947 1.91e-15 *** 
regionE          9.953     12.208   0.815    0.415     
regionW:SexeM  -10.297      8.789  -1.172    0.241     
regionE:SexeM   -5.011      9.657  -0.519    0.604     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Figure A 16 TAG-ST ratio model verification using the DHARMa package. The plot function of the package 

allows to calculate an quantile regression, which compares the empirical 0.25, 0.5 and 0.75 quantiles with the 

theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), and provides a p-value for the deviation from the 

expected quantile. Red color indicates a significant deviation from the expected quantile. Left:  qq-plot to detect 

deviations from expected distribution, with added tests for correct distribution (KS test), dispersion and outliers. 

Right: Residuals against predicted values.    

Moran I test under randomisation 
 
data:  residuals   
weights: nb2listw(spdep::dnearneigh(coordinates(datsp), 0, 1))     
 
Moran I statistic standard deviate = -0.88432, p-value = 0.8117 
alternative hypothesis: greater 
sample estimates: 
Moran I statistic       Expectation          Variance  
     -0.013995953      -0.004098361       0.000125267  
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Figure A 17 Variogram TAG-ST ratio. To evaluate spatial autocorrelation in the model residuals, variograms were 

created based on residuals of the glm (upper) not accounting for spatial autocorrelation in the model and on 

residuals of the glmm (lower) accounting for spatial autocorrelation in the model (lower). 

 

Length: 

Family: gaussian  ( identity ) 
Formula:          Length ~ region + region:Sexe + exp(pos + 0 | group) 
Data: dat_v 
 
     AIC      BIC   logLik deviance df.resid  
  1057.9   1082.4   -521.9   1043.9      238  

 

Number of obs: 245, groups:  group, 1 
 
Dispersion estimate for gaussian family (sigma^2): 2.81  
 
Conditional model: 
              Estimate Std. Error z value Pr(>|z|)     
(Intercept)    19.0691     0.4901   38.91  < 2e-16 *** 
regionE         2.5631     0.6803    3.77 0.000165 *** 
regionW:SexeM  -1.1992     0.3160   -3.80 0.000148 *** 
regionE:SexeM  -0.8093     0.3772   -2.15 0.031916 *   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Figure A 18 Length model verification using the DHARMa package. The plot function of the package allows to 

calculate an quantile regression, which compares the empirical 0.25, 0.5 and 0.75 quantiles with the theoretical 

0.25, 0.5 and 0.75 quantiles (dashed black line), and provides a p-value for the deviation from the expected quantile. 

Red color indicates a significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and outliers. Right: Residuals 

against predicted values.    

Moran I test under randomisation 
 
data:  residuals   
weights: nb2listw(spdep::dnearneigh(coordinates(datsp), 0, 1))     
 
Moran I statistic standard deviate = -1.1928, p-value = 0.8835 
alternative hypothesis: greater 
sample estimates: 
Moran I statistic       Expectation          Variance  
     -0.017749914      -0.004098361       0.000130987 
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Figure A 19 Variogram Length. To evaluate spatial autocorrelation in the model residuals, variograms were 

created based on residuals of the glm (upper) not accounting for spatial autocorrelation in the model and on 

residuals of the glmm (lower) accounting for spatial autocorrelation in the model (lower). 

Weight 

Family: gaussian  ( log ) 
Formula:          Weight ~ region + region:Sexe + exp(pos + 0 | group) 
Data: dat_v 
 
     AIC      BIC   logLik deviance df.resid  
  2150.7   2175.3  -1068.4   2136.7      238  

 

Number of obs: 245, groups:  group, 1 
 
Dispersion estimate for gaussian family (sigma^2):  245  
 
Conditional model: 
              Estimate Std. Error z value Pr(>|z|)     
(Intercept)    3.99712    0.07014   56.99  < 2e-16 *** 
regionE        0.48675    0.09224    5.28 1.31e-07 *** 
regionW:SexeM -0.18857    0.05825   -3.24  0.00121 **  
regionE:SexeM -0.12209    0.04024   -3.03  0.00241 **  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Figure A 20 Weight model verification using the DHARMa package. The plot function of the package allows to 

calculate an quantile regression, which compares the empirical 0.25, 0.5 and 0.75 quantiles with the theoretical 

0.25, 0.5 and 0.75 quantiles (dashed black line), and provides a p-value for the deviation from the expected quantile. 

Red color indicates a significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and outliers. Right: Residuals 

against predicted values.    

 

Moran I test under randomisation 
 
data:  residuals   
weights: nb2listw(spdep::dnearneigh(coordinates(datsp), 0, 1))     
 
Moran I statistic standard deviate = -1.1744, p-value = 0.8799 
alternative hypothesis: greater 
sample estimates: 
Moran I statistic       Expectation          Variance  
    -0.0175417143     -0.0040983607      0.0001310302 

 

 



Appendix III – Chapter 3 

ccxliv 
 

 

Figure A 21 Variogram Weight. To evaluate spatial autocorrelation in the model residuals, variograms were 

created based on residuals of the glm (upper) not accounting for spatial autocorrelation in the model and on 

residuals of the glmm (lower) accounting for spatial autocorrelation in the model (lower). 

 

Le Cren’s condition index 

Family: gaussian  ( log ) 
Formula:          condition ~ region + region:Sexe + exp(pos + 0 | group) 
Data: dat_v 
 
     AIC      BIC   logLik deviance df.resid  
  -429.3   -404.8    221.7   -443.3      238  

 

Number of obs: 245, groups:  group, 1 
 
Dispersion estimate for gaussian family (sigma^2): 0.00874  
 
Conditional model: 
              Estimate Std. Error z value Pr(>|z|) 
(Intercept)    0.01703    0.01417   1.202    0.229 
regionE       -0.03080    0.01967  -1.566    0.117 
regionW:SexeM  0.01558    0.01657   0.941    0.347 
regionE:SexeM -0.02899    0.01933  -1.499    0.134 
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Figure A 22 Le Cren’s index model verification using the DHARMa package. The plot function of the package 

allows to calculate an quantile regression, which compares the empirical 0.25, 0.5 and 0.75 quantiles with the 

theoretical 0.25, 0.5 and 0.75 quantiles (dashed black line), and provides a p-value for the deviation from the 

expected quantile. Red color indicates a significant deviation from the expected quantile. Left:  qq-plot to detect 

deviations from expected distribution, with added tests for correct distribution (KS test), dispersion and outliers. 

Right: Residuals against predicted values.    

 
 
Moran I test under randomisation 
 
data:  residuals   
weights: nb2listw(spdep::dnearneigh(coordinates(datsp), 0, 1))     
 
Moran I statistic standard deviate = 0.17886, p-value = 0.429 
alternative hypothesis: greater 
sample estimates: 
Moran I statistic       Expectation          Variance  
     -0.002049834      -0.004098361       0.000131179  
 

 

3.2.2 Summary results 

Table A 6 Results GLMM testing inter-regional differences of sardines. Estimates with standard error (S.E.) 

indicate significant and non-significant positive or negative correlation between a covariate and the proportion of 
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the respective parameter of sardines. Significance: *** (P<0.001), ** (P<0.01), * (P<0.05). AIC (Akaike’s Information 

Criteria). n indicates the number of individuals used in the model. 

 

 

Figure A 23 Differences of biological parameters of sardine between regions. A: Comparison of length 

between sardines caught in the EEC and WEC. Red dots indicate mean; B: Comparison of weight between sardines 

caught in the EEC and WEC. Red dots indicate mean; C: Comparison of TAG-ST ratio between sardines caught in 

the EEC and WEC. Red dots indicate mean; D: Comparison of Le Cren’s index between sardines caught in the 

EEC and WEC. Red dots indicate mean; E: Proportion of spawning and non-spawning individuals per region. 

 

 

Intercept (S.E.) 19.07 (0.5) *** 4.0 (0.07) *** 72.34 (9.10) *** 0.02 (0.01)

region 2.56 (0.68) *** 0.49 (0.09) *** 9.95 (12.21) -0.03 (0.02)

regionWEC:sex -1.2 (0.31) *** -0.19 (0.06) ** -10.3 (8.79) 0.02 (0.02)

regionEEC:sex -0.81 (0.38) * 0.12 (0.04) ** -5.01 (9.66) -0.03 (0.02)

AIC 1058 2151 2632 -429

n 245 245 245 245

Estimates (S.E.)

length weight TAG-ST ratio Le Cren's index
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3.3 Differences in environmental parameters between 

the basins 

The prevailing environmental conditions during the study period corresponded to the known 

conditions in the study area during autumn (Stanford and Pitcher, 2004). The WEC was 

significantly more saline (p-value: <0.01, WEC: 35.1 ± 0.2, EEC: 34.3 ± 0.5), deeper (p-value: 

<0.01, WEC: 80.9 ± 23 m, EEC: 37.6 ± 16 m) and colder than the EEC (p-value: 0.01, WEC: 16.6 

± 0.9 °C, EEC: 17 ± 05 °C) (Figure A 24). 

 

 

Figure A 24 Environmental conditions in the WEC and EEC during CGFS 2021. A: Temperature; B: Salinity; 

C: Depth; P-values of the statistical analysis are indicated in the heading of figures A-C. 
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3.4 GLMM and GAM to evaluate factors influencing 

trophic transfer - Model selection process 

3.4.1 EPA 

3.4.1.1 GLMM 

Family: beta  ( logit ) 
Formula:          s20_5n3 ~ z20_5n3 + condition + region + Mat
urity + exp(pos +      0 | group) 
Data: dat_transformed 
 
     AIC      BIC   logLik deviance df.resid  
 -1234.7  -1207.1    625.4  -1250.7      225  
Number of obs: 233, groups:  group, 2 
 
Dispersion parameter for beta family ():  418  
 
Conditional model: 
                Estimate Std. Error z value Pr(>|z|)     
(Intercept)    -2.230669   0.202561 -11.012   <2e-16 *** 
z20_5n3         0.017411   0.007102   2.451   0.0142 *   
condition       0.156365   0.109843   1.424   0.1546     
regionW        -0.171999   0.115890  -1.484   0.1378     
Maturitymature -0.252890   0.029697  -8.516   <2e-16 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Figure A 25 EPA GLMM verification using the DHARMa package. The plot function of the package allows to 

calculate an quantile regression, which compares the empirical 0.25, 0.5 and 0.75 quantiles with the theoretical 

0.25, 0.5 and 0.75 quantiles (dashed black line), and provides a p-value for the deviation from the expected quantile. 

Red color indicates a significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and outliers. Right: Residuals 

against predicted values.    
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Figure A 26 EPA GLMM test for over/underdispersion. If fitted model (red line), is among simulated values no 

over- or underdispersion is present. 

 

Figure A 27 EPA GLMM - Quantile residuals fitted against each covariate. Is second quantile is colored red, a 

non linear trend was detected and a GAM will be applied in a next step to take into account this non-linear pattern. 
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Figure A 28 Variogram EPA GLMM. To evaluate spatial autocorrelation in the model residuals, variograms were 

created based on residuals of a GLMM (left) not accounting for spatial autocorrelation in the model and on residuals 

of the GLMM (right) accounting for spatial autocorrelation in the model. 

3.4.1.2 GAM 

Family: Beta regression(322.038)  
Link function: logit  
 
Formula: 
s20_5n3 ~ s(z20_5n3) + Maturity + condition + region 
 
Parametric coefficients: 
               Estimate Std. Error z value Pr(>|z|)     
(Intercept)    -1.97253    0.11877 -16.608  < 2e-16 *** 
Maturitymature -0.26037    0.03030  -8.593  < 2e-16 *** 
condition       0.23234    0.11700   1.986   0.0471 *   
regionW        -0.18806    0.03949  -4.762 1.91e-06 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Approximate significance of smooth terms: 
             edf Ref.df Chi.sq  p-value     
s(z20_5n3) 2.932  3.694  21.53 0.000199 *** 
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--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
R-sq.(adj) =  0.449   Deviance explained = 47.4% 
-REML = -598.74  Scale est. = 1         n = 233 

 

 

Figure A 29 Convergence plots for GAM on EPA. The first panel showcases a Q-Q plot, comparing model 

residuals to a normal distribution. A well-fitted model will exhibit residuals that closely align with a straight line. In 

the bottom left panel, a histogram of residuals is presented, expected to have a symmetrical bell shape. The top-

right panel displays residuals values, which ideally should be evenly distributed around zero. The final panel in the 

bottom right shows the response versus fitted values, where a perfect model would yield a straight line. 
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Figure A 30 EPA GAM verification using the DHARMa package. The plot function of the package allows to 

calculate an quantile regression, which compares the empirical 0.25, 0.5 and 0.75 quantiles with the theoretical 

0.25, 0.5 and 0.75 quantiles (dashed black line), and provides a p-value for the deviation from the expected 

quantile. Red color indicates a significant deviation from the expected quantile. Left:  qq-plot to detect deviations 

from expected distribution, with added tests for correct distribution (KS test), dispersion and outliers. Right: 

Residuals against predicted values.    
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Figure A 31 EPA GAM test for over/underdispersion. If fitted model (red line), is among simulated values no 

over- or underdispersion is present. 
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Figure A 32 Variogram EPA GAM. To evaluate spatial autocorrelation in the model residuals, variograms were 

created based on residuals of a GLMM (left) accounting for spatial autocorrelation in the model and on residuals of 

the GAM (right) not accounting for spatial autocorrelation in the model. 
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Figure A 33 EPA GAM - Quantile residuals fitted against each covariate. Is second quantile is colored red, a 

non linear trend was detected and a GAM will be applied in a next step to take into account this non-linear pattern. 
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Figure A 34 Model prediction per covariate for EPA GAM. 

 

3.4.1.3 Conclusion models EPA 

AIC of glmm with spatial component (modelEPA1), glmm without spatial component 

(modelEPA_V) and of gam (gamEPA): 

 

                 df       AIC 
modelEPA1  8.000000 -1234.728 
modelEPA_V 7.000000 -1204.992 
gamEPA     8.694339 -1212.164 
 

Including a spatial term in the model did enhance the AIC (modelEPA1 vs modelEPA_V). The 

gam not taking into account spatial autocorrelation had still a lower AIC than the glmm 

without spatial autocorrelation. As the variogram of the gam and the glmm (with spatial 
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component) is similar and the gam allows taking into account the non-linear relationship 

between sardine and zooplankton EPA and shows non remaining patterns in the residuals in 

contrast to the glmm (modelEPA1) the gam was chosen as final model although it had a higher 

AIC than the glmm.  

 

3.4.2 DHA 

First a glmm was tried to take into account spatial autocorrelation of the samples: 

3.4.2.1 GLMM 

Family: beta  ( logit ) 
Formula:          s22_6n3 ~ z22_6n3 + condition + region + Maturity + exp(p
os +      0 | group) 
Data: dat_transformed 
 
     AIC      BIC   logLik deviance df.resid  
  -671.7   -644.1    343.8   -687.7      225 
Number of obs: 233, groups:  group, 2 
 
Dispersion parameter for beta family (): 60.3  
 
Conditional model: 
                Estimate Std. Error z value Pr(>|z|)     
(Intercept)    -1.069236   0.301324  -3.548 0.000387 *** 
z22_6n3         0.001606   0.008776   0.183 0.854763     
condition      -0.254578   0.219564  -1.159 0.246264     
regionW         0.345105   0.195454   1.766 0.077453 .   
Maturitymature -0.194178   0.057048  -3.404 0.000665 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Figure A 35 DHA GLMM verification using the DHARMa package. The plot function of the package allows to 

calculate an quantile regression, which compares the empirical 0.25, 0.5 and 0.75 quantiles with the theoretical 

0.25, 0.5 and 0.75 quantiles (dashed black line), and provides a p-value for the deviation from the expected 

quantile. Red color indicates a significant deviation from the expected quantile. Left:  qq-plot to detect deviations 

from expected distribution, with added tests for correct distribution (KS test), dispersion and outliers. Right: 

Residuals against predicted values.    
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Figure A 36 DHA GLMM test for over/underdispersion. If fitted model (red line), is among simulated values no 

over- or underdispersion is present. 

 

 
Figure A 37 Variogram DHA GLMM. To evaluate spatial autocorrelation in the model residuals, variograms were 

created based on residuals of a GLMM (left) not accounting for spatial autocorrelation in the model and on residuals 

of the GLMM (right) accounting for spatial autocorrelation in the model. 
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Figure A 38 DHA GLMM - Quantile residuals fitted against each covariate. Is second quantile is colored red, 

a non linear trend was detected and a GAM will be applied in a next step to take into account this non-linear 

pattern. 

 
 

The spatial component in the model could not remove all spatial autocorrelation but it 

enhanced the AIC of the model (-671) compared to the same model not including a spatial 

component (AIC -640). When plotting residuals against each covariate non linear patterns in 

the residuals were detected for zooplankton DHA. Thus, a gam was applied to model these 

non linear patterns by using a smooth term. 

 

3.4.2.2 GAM 

Family: Beta regression(47.067)  
Link function: logit  
 
Formula: 
s22_6n3 ~ s(z22_6n3) + condition + region + Maturity 
 
Parametric coefficients: 
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               Estimate Std. Error z value Pr(>|z|)     
(Intercept)    -0.98704    0.23761  -4.154 3.27e-05 *** 
condition      -0.37008    0.23287  -1.589   0.1120     
regionW         0.41698    0.06127   6.806 1.01e-11 *** 
Maturitymature -0.15814    0.05767  -2.742   0.0061 **  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Approximate significance of smooth terms: 
           edf Ref.df Chi.sq p-value 
s(z22_6n3)   1      1  0.847   0.358 
 
R-sq.(adj) =  0.272   Deviance explained = 28.9% 
-REML = -321.81  Scale est. = 1         n = 233 

 

 

Figure A 39 Convergence plots for GAM on DHA. The first panel showcases a Q-Q plot, comparing model 

residuals to a normal distribution. A well-fitted model will exhibit residuals that closely align with a straight line. In 

the bottom left panel, a histogram of residuals is presented, expected to have a symmetrical bell shape. The top-

right panel displays residuals values, which ideally should be evenly distributed around zero. The final panel in the 

bottom right shows the response versus fitted values, where a perfect model would yield a straight line. 
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Figure A 40 DHA GAM verification using the DHARMa package. The plot function of the package allows to 

calculate an quantile regression, which compares the empirical 0.25, 0.5 and 0.75 quantiles with the theoretical 

0.25, 0.5 and 0.75 quantiles (dashed black line), and provides a p-value for the deviation from the expected 

quantile. Red color indicates a significant deviation from the expected quantile. Left:  qq-plot to detect deviations 

from expected distribution, with added tests for correct distribution (KS test), dispersion and outliers. Right: 

Residuals against predicted values.    
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Figure A 41 DHA GAM test for over/underdispersion. If fitted model (red line), is among simulated values no 

over- or underdispersion is present. 

 

Figure A 42 Variogram DHA GAM. To evaluate spatial autocorrelation in the model residuals, variograms were 

created based on residuals of a GLMM (left) accounting for spatial autocorrelation in the model and on residuals of 

the GAM (right) not accounting for spatial autocorrelation in the model. 
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Figure A 43 DHA GAM - Quantile residuals fitted against each covariate. Is second quantile is colored red, a 

non linear trend was detected and a GAM will be applied in a next step to take into account this non-linear pattern. 
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Figure A 44 Model prediction per covariate for DHA (GAM). 

 

3.4.2.3 Conclusion model DHA 

AIC of glmm with spatial component (modelDHA), glmm without spatial component 

(modelDHA_V) and of gam (gamDHA): 

                 df       AIC 
modelDHA   8.000000 -671.6912 
modelDHA_V 6.000000 -640.3781 
gamDHA     6.000415 -651.8730 
 

As the relationship of sardine and zooplankton DHA in the GAM model turned out to be linear 

(edf = 1), and the glmm taking into account spatial autocorrelation had a saller AIC the glmm 

(modelDHA) was chosen as the most appropriate model. 
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3.4.3 ARA 

3.4.3.1 GLMM 

Family: beta  ( logit ) 
Formula:          s20_4n6 ~ z20_4n6 + condition + region + Maturity 
Data: dat_transformed 
 
     AIC      BIC   logLik deviance df.resid  
 -2075.5  -2054.8   1043.7  -2087.5      227  
 
 
Dispersion parameter for beta family (): 1.5e+03  
 
Conditional model: 
               Estimate Std. Error z value Pr(>|z|)     
(Intercept)    -4.26261    0.16762 -25.430  < 2e-16 *** 
z20_4n6         0.17162    0.04037   4.251 2.13e-05 *** 
condition      -0.03625    0.15771  -0.230 0.818225     
regionW        -0.14545    0.04304  -3.380 0.000726 *** 
Maturitymature -0.29070    0.03977  -7.310 2.67e-13 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Figure A 45 ARA GLMM verification using the DHARMa package. The plot function of the package allows to 

calculate an quantile regression, which compares the empirical 0.25, 0.5 and 0.75 quantiles with the theoretical 

0.25, 0.5 and 0.75 quantiles (dashed black line), and provides a p-value for the deviation from the expected quantile. 

Red color indicates a significant deviation from the expected quantile. Left:  qq-plot to detect deviations from 

expected distribution, with added tests for correct distribution (KS test), dispersion and outliers. Right: Residuals 

against predicted values.    
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Figure A 46 ARA GLMM test for over/underdispersion. If fitted model (red line), is among simulated values no 

over- or underdispersion is present. 
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Figure A 47 Variogram ARA GLMM. To evaluate spatial autocorrelation in the model residuals, variograms were 

created based on residuals of a GLMM (left) not accounting for spatial autocorrelation in the model and on residuals 

of the GLMM (right) accounting for spatial autocorrelation in the model. 
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Figure A 48 ARA GLMM - Quantile residuals fitted against each covariate. Is second quantile is colored red, a 

non linear trend was detected and a GAM will be applied in a next step to take into account this non-linear pattern. 
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Figure A 49 Model prediction per covariate for ARA (GLMM). 

 

3.4.3.2 Conclusion model ARA 

As the variograms of a glmm with a spatial component and without did not indicate spatial 

autocorrelation, the glmm without a spatial component as random effect was chosen. As no 

non-linear relationships between sardine ARA and the coviates was found in the residuals a 

glmm without spatial component as random effect was chosen. 
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Figure A 50 Correlation between spawning activity, TAG-ST ratio, length and region. Points represent sardine 

individuals. 
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Figure A 51 Relation between sardines EFA and TAG-ST ratio. Colors indicate western or eastern English 

Channel. 

Table A 7 Factors influencing trophic transfer including sex. Estimates indicate significant and non-significant 

positive or negative correlation between a covariate and the proportion of the respective FA in sardine. Significance: 

*** (P<0.001), ** (P<0.01), * (P<0.05). Type indicates the type of model used. N indicates the number of sampling 

stations used in the model. (s) indicate the parameters not displaying a linear relationship and thus integrated in the 

model with a spatial smoother. 

 

Fatty acid Intercept type N

zooplankton FA Le Cren's index spawning region sex

EPA -1.98483 (s)*** 0.23373* -0.25823*** -0.18878*** 0.01947 GAM 233

DHA 1.0145 (s) -0.37257 -0.15466** 0.40958*** 0.06258 GAM 233

ARA -4.29442 0.17503*** -0.03282 -0.28696*** -0.14667*** 0.0448 GLMM 234

Estimates
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Figure A 52 Differences of biological parameters of sardine between sex. A: Comparison of length between 

sex. Red dots indicate mean independent of region; B: Comparison of weight between sex. Red dots indicate mean 

independent of region; C: Comparison of TAG-ST ratio between sex independent of region; D: Comparison of Le 

Cren’s index between sex independent of region. E: PCA on FA of females (green dots) and males (gray triangle); 

F: Proportion of females and males per region. 
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3.5 Principal Component Analysis Zooplankton (PCA)  

 

Figure A 53 PCA taxonomic composition zooplankton (entire size spectrum sampled: 300 – 1000+ µm). A: 

Taxa displayed in two-dimensional space of first and second principal component. The darker the taxon, the higher 

its contribution to the first component. Displayed are all taxa with a higher contribution than 1.5%; B: Sampling 

stations displayed in a two-dimensional space of first and second principal component. The bigger the dot the higher 

its contribution to the first component. Blue dots were located in the WEC, red dots in the EEC. Numbers represent 

sampling station id. 

3.6 Complete FA profiles of zooplankton and sardine 

Table A 8 Lipids and fatty acids (FA) in sardine. Values are reported as mean ± standard deviation by region 

(Eastern English Channel, Western English Channel). n corresponds to the individuals sampled per region.  

  % 

  WEST EAST 

  n = 129 n = 117 

  
mean ± 

S.D. 
mean ± 

S.D. 

Saturated FA 

     

iso15:0  0.13± 0.09  0.01± 0.03 

iso17:0  0.26± 0.10  0.25± 0.14 

 14:0  3.69± 0.95  3.88± 1.07 

 15:0  0.60± 0.12  0.55± 0.14 

 16:0 20.88± 2.11 21.54± 1.24 

 17:0  0.63± 0.11  0.53± 0.17 

 18:0  4.95± 0.61  5.97± 0.80 

 20:0  0.28± 0.14  0.51± 0.28 

 22:0  0.20± 0.17  0.24± 0.19 

     

Monounsaturated FA 

     

16:1n-10  0.55± 0.16  0.40± 0.20 

Continued   

  % 

  WEST EAST 
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16:1n-9  0.32± 0.10  0.40± 0.10 

16:1n-7  3.72± 0.99  5.08± 1.37 

16:1n-5  0.22± 0.09  0.07± 0.09 

17:1n-7  0.12± 0.12  0.05± 0.09 

18:1n-9  7.92± 3.19 11.45± 2.92 

18:1n-7  2.35± 0.54  3.25± 0.59 

18:1n-5  0.23± 0.16  0.03± 0.07 

20:1n-11  0.31± 0.19  0.08± 0.05 

20:1n-9  2.05± 1.21  1.70± 0.49 

20:1n-7  0.21± 0.12  0.31± 0.17 

22:1n-11  1.92± 1.58  0.11± 0.20 

22:1n-9  0.52± 0.23  0.52± 0.32 

24:1n-9  0.83± 0.27  0.65± 0.17 

     

Polyunsaturated FA 

     

16:2n-4  0.23± 0.17  0.38± 0.26 

16:3n-4  0.12± 0.17  0.37± 0.30 

16:4n-1  0.24± 0.29  0.54± 0.42 

18:2n-7  0.05± 0.14  0.37± 0.30 

18:2n-6  1.23± 0.38  0.59± 0.20 

18:2n-4  0.04± 0.08  0.13± 0.14 

18:3n-6  0.06± 0.09  0.04± 0.08 

18:3n-4  0.04± 0.08  0.02± 0.08 

18:3n-3  1.12± 0.32  0.72± 0.26 

18:4n-3  2.13± 0.56  1.58± 0.46 

20:2  0.09± 0.17  0.51± 0.30 

20:2n-6  0.33± 0.11  0.15± 0.12 

20:4n-6  1.11± 0.35  1.33± 0.34 

20:3n-3  0.18± 0.11  0.06± 0.09 

20:4n-3  0.95± 0.24  0.80± 0.15 

20:5n-3 10.49± 2.29 12.70± 1.94 

21:5n-3  0.38± 0.11  0.49± 0.13 

22:4n-6  0.23± 0.16  0.25± 0.20 

22:5n-6  0.57± 0.17  0.50± 0.20 

22:5n-3  1.42± 0.24  1.73± 0.28 

22:6n-3 25.65± 6.77 18.85± 5.33 

     

18:0dma  0.09± 0.14  0.00± 0.01 

     
Total SFA 31.56± 0.91 33.49± 0.91 

Total MUFA 21.43± 3.30 24.07± 2.51 

Total PUFA 46.34± 3.69 41.75± 2.46 

Total PUFA w/ 16C 0.57± 0.28 1.28± 0.52 

Continued   

  % 
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Appendix III – Chapter 3 

cclxxviii 
 

   

Total PUFA n-3 41.30± 3.71 36.13± 2.48 

Total PUFA n-6 3.55± 0.31 2.88± 0.46 

n-3/n-6 11.67± 0.77 12.79± 1.66 

DHA / EPA  2.57± 0.51 1.52± 0.37 

   
 

Table A 9 Lipids and fatty acids (FA) in mesozooplankton (500-1000 µm). Values are reported as mean ± 

standard deviation by region (Eastern English Channel, Western English Channel). 

  % 

  West  East 

  n = 20  n = 19 

  mean  ± S.D.   mean ± S.D. 

          

Saturated FA 

          

iso15:0 0.28 ± 0.04  0.25 ± 0.07 

iso17:0 0.31 ± 0.09  0.56 ± 0.11 

14:0 6.67 ± 2.30  4.58 ± 1.88 

15:0 0.69 ± 0.11  0.76 ± 0.19 

16:0 15.96 ± 1.01  15.63 ± 1.25 

17:0 0.82 ± 0.14  1.01 ± 0.24 

18:0 3.55 ± 1.12  5.23 ± 1.00 

20:0 0.24 ± 0.13  0.26 ± 0.13 

22:0 0.11 ± 0.03  0.18 ± 0.10 

          

Monounsaturated FA 

          

16:1n-7 3.61 ± 0.99  5.36 ± 1.52 

16:1n-5 0.35 ± 0.08  0.24 ± 0.07 

17:1n-7 0.54 ± 0.51  0.23 ± 0.24 

18:1n-9 4.26 ± 1.30  3.34 ± 1.34 

18:1n-7 1.32 ± 0.49  3.03 ± 1.28 

18:1n-5 0.16 ± 0.03  0.18 ± 0.10 

20:1n-11 0.14 ± 0.05  0.46 ± 0.42 

20:1n-9 0.79 ± 0.53  0.31 ± 0.19 

20:1n-7 0.10 ± 0.08  0.29 ± 0.16 

22:1n-11 1.84 ± 1.57  0.10 ± 0.06 

22:1n-9 0.20 ± 0.10  0.11 ± 0.10 

22:1n-7 0.06 ± 0.06  0.13 ± 0.10 

24:1n-9 0.54 ± 0.13  0.40 ± 0.20 

        

Continued        

          

  West East 
 

Polyunsaturated FA 
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16:2n-7 0.06 ± 0.06  0.11 ± 0.11 

16:2n-4 0.41 ± 0.18  0.68 ± 0.51 

16:3n-4 0.24 ± 0.13  0.73 ± 0.73 

16:4n-3 0.33 ± 0.08  0.21 ± 0.11 

16:4n-1 0.68 ± 0.25  1.37 ± 0.65 

18:2n-6 1.91 ± 0.59  0.89 ± 0.17 

18:2n-4 0.07 ± 0.06  0.22 ± 0.11 

18:3n-6 0.11 ± 0.08  0.11 ± 0.08 

18:3n-3 1.15 ± 0.83  1.19 ± 0.63 

18:4n-3 4.65 ± 2.21  2.66 ± 1.26 

18:5n-3 0.27 ± 0.17  0.08 ± 0.10 

20:2n-6 0.33 ± 0.10  0.30 ± 0.13 

20:4n-6 0.85 ± 0.34  1.47 ± 0.42 

20:3n-3 0.46 ± 0.17  0.30 ± 0.09 

20:4n-3 0.75 ± 0.21  0.44 ± 0.07 

20:5n-3 16.08 ± 2.43  20.95 ± 2.15 

21:5n-3 0.47 ± 0.08  0.52 ± 0.14 

22:4n-6 0.13 ± 0.10  0.23 ± 0.14 

22:5n-6 0.65 ± 0.14  0.65 ± 0.10 

22:5n-3 0.72 ± 0.07  0.99 ± 0.25 

22:6n-3 25.76 ± 3.72  20.82 ± 3.40 

          

Total SFA 28.63 ± 1.24  28.46 ± 1.94 

Total MUFA 13.90 ± 2.93  14.17 ± 2.80 

Total PUFA 56.08 ± 3.26  54.92 ± 2.52 

Total PUFA w/ 16C 1.40 ± 0.55  2.89 ± 1.91 

Total PUFA n-3 50.64 ± 3.41  48.16 ± 2.89 

Total PUFA n-6 3.98 ± 0.62  3.65 ± 0.67 

n-3/n-6 13.02 ± 2.04  13.68 ± 2.86 

DHA / EPA  1.62 ± 0.24  1.02 ± 0.22 

                

 



Appendix III – Chapter 3 

cclxxx 
 

3.7 Phytoplankton community 

 

Figure A 54 Phytoplankton size-structure. A: Mean median size per basin; B: mean median size per station. 

Turquoise indicating stations located in the WEC, red indicating locations in EEC; C: mean median size per 

taxonomic group; D: Location of sampling stations of phytoplankton. 

 

Figure A 55 Taxonomic composition phytoplankton. A: Relative abundance and composition of phytoplankton 

in the EC. Size of pie charts represent abundance in cells/l and colored fractions represent the contribution of 

diatoms and dinoflagellates to the total abundance collected per station; B: Taxonomic composition and mean 

abundance with standard deviation per taxa in the WEC (turquoise) and EEC (red). Colored boxes mark taxa 

belonging to dinoflagellates and diatoms. Colors thereby corresponding to figure A. 



 

 
 

Abstract 

Understanding ecosystem functioning is important to predict, manage and protect the 

ecosystems in which we live and on which we depend. Intending to contribute to a better 

ecosystem understanding the present thesis focused on zooplankton that play a crucial role 

in the functioning of marine ecosystems with regard to biogeochemical cycles and trophic 

transfer. Despite their central role, zooplankton are to-date not adequately represented in 

ecosystem-models, potentially affecting ecosystem-management. The present thesis explores 

three different perspectives on zooplankton functioning namely taxonomical composition 

(chapter 1), size-structure (chapter 2) and biochemical composition (chapter 3) using an 

integrated approach that considers both lower and higher trophic levels within the context of 

Multitrophic Biodiversity Ecosystem Functioning. Chapter 1 revealed the existence of five 

zooplankton assemblages in the Southern North Sea and Eastern English Channel (EEC) during 

winter that varied with regard to productivity, taxa abundance and composition. Assemblage 

composition and distribution was driven by abiotic (e.g., dissolved nutrients, salinity, depth, 

temperature) and biotic variables (e.g., phyto- and microplankton composition), including 

water masses and fish spawning grounds. Chapter 2 revealed a weak size structuration of 

plankton between 20 and 500 µm regarding their isotopic signature indicating omnivory was 

the dominant feeding strategy of this plankton size class during winter. Herring (Clupea 

harengus) and plaice (Pleuronectes platessa) larvae displayed species-specific isotopic 

signatures and different prey size preferences. Additionally, spatial differences in prey size 

composition were observed among plaice larvae sampled at river influenced stations 

compared to those collected at stations in the center of the EEC. The fatty acid (FA) profile of 

zooplankton and sardine (Sardina pilchardus) differed between the western and the eastern 

side of the English Channel alongside with differences in the taxonomical composition of 

phytoplankton and zooplankton, indicating a bottom-up control of the trophic transfer of 

these essential nutrients. Independent of the perspective, all chapters revealed spatial 

patterns in ecosystem functioning, as spatial variability in zooplankton characteristics seemed 

to be related to both lower and higher trophic levels. The combined investigation of 

zooplankton taxonomy and traits (size and FA composition) in relation to lower and higher 

trophic levels revealed additional zooplankton characteristics related to trophic strategy, 

reproduction and survival further connecting zooplankton to ecosystem functioning. Thus, 

investigating zooplankton in a multitrophic context considering different aspects of their 



 

 
 

diversity contributed to a more mechanistic understanding of zooplankton as part of, and in 

relation to the ecosystem. It further facilitated the development of hypotheses to explain the 

observed patterns and relationships. Consequently, the approach used in the present study 

appears promising to acquire information needed to enhance the representation of 

zooplankton in ecosystem models and ecosystem-based management.  

 

Résumé 

La compréhension du fonctionnement des écosystèmes est importante pour prédire, gérer et 

protéger les écosystèmes dans lesquels nous vivons et dont nous dépendons. Cette thèse y 

apporte une contribution en scrutant le compartiment zooplanctonique, qui joue un rôle 

crucial – quoiqu’encore largement méconnu – dans le fonctionnement des écosystèmes 

marins, et plus particulièrement les cycles biogéochimiques et le transfert trophique. La 

présente thèse propose trois perspectives différentes sur le fonctionnement du zooplancton, 

centrées sur la composition taxonomique (chapitre 1), la structuration en taille (chapitre 2) et 

la composition biochimique (chapitre 3), en utilisant une approche intégrée qui prend en 

compte les niveaux trophiques inférieurs et supérieurs dans le contexte du Multitrophic 

Biodiversity Ecosystem Functioning. Le chapitre 1 a révélé l'existence de cinq assemblages de 

zooplancton dans le sud de la mer du Nord et l'est de la Manche (EEC) pendant l'hiver, qui 

variaient en termes de productivité, d'abondance des taxons et de composition. La 

composition et la distribution des assemblages étaient déterminées par des variables 

abiotiques (nutriments dissous, salinité, profondeur, température, matière organique en 

suspension, chlorophylle a) et biotiques (composition du phyto- et du microplancton), des 

masses d'eau et des frayères de poissons. Le chapitre 2 a révélé une faible structuration de la 

taille du plancton entre 20 et 500 µm en ce qui concerne leur signature isotopique. Cela 

indique que l'omnivorie est la stratégie alimentaire dominante de cette classe de taille de 

plancton en hiver. Les larves de hareng (Clupea harengus) et de plie (Pleuronectes platessa) 

présentaient des signatures isotopiques spécifiques et différentes préférences de taille de 

proie. Des différences spatiales ont ainsi été observées dans la composition de la taille des 

proies des larves de plie échantillonnées dans les stations influencées par les rivières et dans 

les stations situées au centre de la Manche orientale. Le profil en acides gras (AG) du 

zooplancton et de la sardine différait entre la partie ouest et est de la Manche, ainsi que des 

différences dans la composition taxonomique du phytoplancton et du zooplancton, indiquant 



 

 
 

un contrôle ascendant du transfert trophique de ces nutriments essentiels. Tous les chapitres 

ont révélé une structuration spatiale dans le fonctionnement de l'écosystème, car la variabilité 

spatiale des caractéristiques du zooplancton semblait être liée aux niveaux trophiques 

inférieurs et supérieurs. L'étude combinée de la taxonomie et des traits du zooplancton (taille 

et composition en AG) en relation avec les niveaux trophiques inférieurs et supérieurs a révélé 

des caractéristiques supplémentaires du zooplancton liées à la stratégie trophique, à la 

reproduction et à la survie reliant le zooplancton à l'écosystème. Ainsi, l'étude du zooplancton 

dans un contexte multitrophique prenant en compte différents aspects de sa diversité a 

contribué à une compréhension plus mécaniste du zooplancton en tant que partie et en 

relation avec d'autres composants de l'écosystème et a facilité l'élaboration d'hypothèses 

pour expliquer les schémas et les relations observés. Par conséquent, l'approche utilisée dans 

cette thèse semble prometteuse pour acquérir les informations nécessaires pour améliorer la 

représentation du zooplancton dans les modèles écosystémiques et la gestion écosystémique. 

 


