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Abstract 

This thesis provides new understanding on the trophic role of Small Pelagic Fish (SPF) within the 

Celtic Sea ecosystem. SPF facilitate energy transfer, and changes in their community assemblages 

could impact food web dynamics. Anchovy, sardine, herring, mackerel, horse mackerel, and sprat 

spend some or all of their life within the Celtic Sea ecosystem and are of commercial and ecological 

importance. SPF are predominantly planktivorous, transferring energy from lower (e.g., plankton) to 

higher trophic levels (e.g., seabirds). The Celtic Sea is relatively understudied despite having 

undergone environmental changes within the last decades (e.g., recent increase in anchovy, and a 

decline in herring). The trophic interactions of SPF with planktonic communities and the surrounding 

environment of the Celtic Sea were investigated through i) diet analysis of SPF (stomach sampling 

campaign); ii) validation, and analysis of temporal/spatial variability of satellite retrieved 

phytoplankton chlorophyll-a; and iii) ecosystem modelling (Ecopath with Ecosim, EwE) to investigate 

the effect of SPF dynamics on the wider Celtic Sea food web.  

Stomach analyses indicated seasonal variation in SPF diet, although, calanoid copepods were 

consumed year-round. As these species are predominantly planktivorous, and chlorophyll-a is a 

proxy for phytoplankton biomass (a key input into ecosystem models), validation of satellite retrieved 

chlorophyll-a was undertaken for three algorithms, Sentinel-3A OLCI-OC4ME, Sentinel-3A OLCI-

NN, and MODIS-Aqua-OCI+OC3, for the region. Satellite outputs were then considered for use in 

the Celtic Sea ecosystem model (EwE). Diet of SPF from this study and updated biomass for 2013-

2021 were used as an input. The EwE model of the Celtic Sea demonstrated potential to address 

management related questions regarding SPF. Through the improvement and evaluation of 

ecosystem model inputs (diet studies and satellite validation), and implementation into the current 

EwE model, this research has highlighted SPF are key in pelagic energy transfer in the Celtic Sea.  
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Chapter 1 –  Introduction 

This thesis investigates the role of Small Pelagic Fish (SPF) and lower trophic levels within the Celtic 

Sea through a marine food web lens. The Celtic Sea supports important commercial mixed fisheries 

targeting many different benthic, demersal, and pelagic stocks (Hernvann & Gascuel, 2020). The 

region is home to diverse range of species, including Atlantic herring (Clupea harengus), Atlantic 

mackerel (Scomber scombrus), sprat (Sprattus sprattus), European anchovy (Engraulis 

encrasicolus), European sardine (Sardina pilchardus), and Atlantic horse mackerel (Trachurus 

trachurus). These small pelagic fish are important components of marine ecosystems. They are 

predominantly planktivorous and as such link lower and higher trophic levels of the marine food web 

(Cury et al., 2000). The state of their populations, therefore, plays a critical role ecologically, 

economically, and socially. Thus, understanding the underlying mechanisms driving their stocks and 

population dynamics is vital. 

In recent decades there have been many environmental changes that have affected marine 

ecosystems and ecosystem dynamics (Ottersen et al., 2004; Pauly et al., 1998; Votier et al., 2004). 

Methods such as ecosystem modelling have provided an insight to how these changes may impact 

ecosystem structure and function, thus its resilience. This, in turn can be used as a tool to inform 

marine management and spatial planning. Commercial species such as cod (Gadus morhua), often 

have longer time series, stock assessments, diet studies, and fishing mortality values, as such they 

provide better input data to models than those that are not commercially exploited. Therefore, to 

advance models representing the changes which have, and may occur in the future, in the 

ecosystem, localised input data for these data limited species needs to improve. SPF are an example 

of a functional group (species that can be aggregated by their ecology), that can be data limited 

within ecosystem or food web modelling (Więcaszek et al., 2015; Temple et al., 2017).  

This body of work focuses on the Celtic Sea, southwest of the United Kingdom, and area that is 

relatively understudied compared to others such as the North Sea, particularly with regards to 

understanding SPF.  
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1.1 The Celtic Sea 

The study area is defined as the Celtic Sea and Western Approaches (Figure 1.1) located in the 

shelf-seas of the Northeast Atlantic to the Southwest of the United Kingdom. Two seasonal front 

systems develop during spring and determine the main oceanographic features in the area: the Celtic 

Sea Front (separating the Celtic Sea from the Irish Sea) and the Ushant Front, which develops from 

the coast of Brittany and extends to the western English Channel, dividing the Celtic Sea from the 

English Channel (OSPAR, 2000). These fronts result in gradients and patchiness of plankton 

distribution in this area, due to generating vertically mixed and stratified conditions of the water 

column (Johns, 2006). The two main phytoplankton bloom events in the Celtic Sea take place during 

spring and autumn (September-October; Pingree et al., 1976). 

 

Figure 1.1 - The Celtic Sea (shaded light grey area) and Celtic Seas ecoregion (shaded dark grey area). Purple line = 
shelf area shallower than 200 m depth matching ICES (International Council for the Exploration of the Seas) divisions 
(polygons) 7.e – h and 7.j.2 (light grey), blue lines = fronts. 
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1.2 Phytoplankton in the Celtic Sea 

The composition of the phytoplankton community has changed in the Celtic Sea area since the 

1980s (Bedford et al., 2020; ICES, 2008; Widdicombe et al., 2010).  It was traditionally dominated 

by diatoms (Figure 1.2b), but more recently these have been decreasing (Bedford et al., 2020; 

Widdicombe et al., 2010), while coccolithophorids and the dinoflagellate Prorocentrum 

minimum,have been increasing (Widdicombe et al., 2010). Diatoms are dominant in high nutrient 

regions, with high rates of productivity, and form the base of the copepod-fish food webs. Conversely, 

dino- and micro-flagellates are lower in productivity and are found in stratified waters, and considered 

trophic dead ends (Verity & Smetacek, 1996). Regions with higher productivity are usually found 

within frontal zones (Pingree et al., 1975). Throughout the year, there are three main phases of 

phytoplankton production, the spring bloom in April at the surface, the deep chlorophyll maxima in 

May-September, and the autumn surface bloom from September – October (Pingree et al., 1976). 

The autumn bloom happens through the breaking down of vertical stratification, which releases 

nutrients found below the thermocline during the summer (Pingree et al., 1976). This is at the end of 

the annual phytoplankton growing season and represents an important time of year to autumn 

spawning planktivorous species (e.g., Clupea harengus – Atlantic Herring). This bloom is crucial to 

the survival of planktivorous larvae during the autumn and winter months (Coombs et al., 2010; 

Cushing, 1990), with the first few days being most critical for development as it is when they require 

enough suitable prey to ensure their survival (Houde, 2008). In the last few decades, the autumn 

bloom has become bigger in magnitude than the spring bloom, in terms of chlorophyll concentration 

(Smyth et al., 2010). Interannual shifts in the phytoplankton community during the autumn bloom 

season have been associated with the concentration of silicates (Capuzzo et al., 2022). This 

highlights how environmental conditions play a key role in phytoplankton community composition. It 

is important therefore, that we begin to understand these environmental changes seasonally and 

annually and the potential implications to trophic levels such as zooplankton and planktivorous 

pelagic fish.  
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Chlorophyll-a (pigment within phytoplankton) can be used as a proxy for phytoplankton biomass 

which can be used as an indicator for environmental changes (Gohin et al., 2008; Harvey et al., 

2019; Pasztaleniec & Poniewozik, 2010). Satellite remote sensing provides an opportunity to monitor 

chlorophyll-a at high temporal and spatial resolutions, however, to ensure this is comparable with 

observations they must first be validated for the region of interest.  

 

 

Figure 1.2 - Time series of a) Sea Surface Temperature (ºC) (b); Diatom abundance (c); small and large copepods biomass 
(mg wet weight) in the Celtic Sea. Adapted from Lauria, (2012).  
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1.3 Zooplankton in the Celtic Sea 

The mesozooplanktonic community of the Celtic Sea is primarily dominated by copepods (Scott et 

al., 2023, references therein), with only nine to ten taxa contributing to 95% of the plankton 

community (Scott et al., 2023). Season and year were identified as significant factors of community 

changes (Scott et al., 2023). Copepods are present throughout the year in the Celtic Sea, with 

different species present at various times. Calanoid copepods have an initial peak in April-May, with 

a secondary peak in September-October, depending on specific species, and are usually found 

around the Ushant front and south of Ireland (Johns, 2006; Kennington & Rowlands, 2006). The 

frontal regions are associated with seasonal stratification, which may result in elevated copepod 

abundance (Kennington & Rowlands, 2006; Scott et al., 2023). Cyclopoid copepods are also present 

throughout the region, with a lower overall abundance than calanoid copepods, and peak in October 

(Eloire et al., 2010). Since 1985, there has been an overall decrease in small and large copepod 

(Figure 1.2c; Lauria, 2012), as revealed by data collected by the Continuous Plankton Recorder 

(CPR). CPR has used ‘ships of opportunity’ to collect a planktonic time series since 1958. The 

dominant copepod taxa in the region are considered to be Calanus, with C. helgolandicus, a warm 

water affinity species increasing since 1980s and C. finmarchicus, a cold-water affinity species, 

which has decreased since the 1980s (Planque & Fromentin, 1996). Studies have indicated that 

significant changes of zooplankton spatial patterns over the last 40 years is potentially related to 

climate change (Pitois & Fox, 2006). Bedford et al., (2020), used CPR data in conjunction with 

environmental variables to reveal a negative correlation between sea surface temperature (SST) 

and small copepods. As such, climate driven variables can influence the zooplanktonic community, 

which may cause trophic cascades, impact zooplanktonic consumers (SPF), and indirectly affect 

predators of SPF.  
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1.4 Small pelagic fish, food webs and the Celtic Sea 

The mid trophic level (planktivorous species) of marine food webs frequently consist of a few 

abundant, most commonly pelagic, schooling fish species (Durant et al., 2009). These species are 

key components of the ecosystem in terms of energy flows as they channel energy and nutrients 

from lower trophic levels (plankton) to apex predators (marine mammals). They themselves often 

fluctuate in abundance, leading to a control of the ecosystem (regulating primary and secondary 

producers and their predators; Cury et al., 2000; Fauchald et al., 2011). Small pelagic fish species 

are mid trophic level species, of small or intermediate size and include sardine, anchovy, sprat, 

herring. They predominantly consume zooplankton, but also phytoplankton (e.g., sardine; Patel et 

al., 2023; Garrido et al., 2008), and can transform plankton productivity into available food for higher 

trophic levels (Alder et al., 2008; Bakun et al., 2010; Cury et al., 2000). As these species all feed on 

plankton, they may compete for food, which could lead to complex interactions. SPF are a primary 

food source for a wide range of marine predators, for example mammals (Pauly, 1998; Thompson 

et al., 1995), seabirds (Crawford et al., 2007; Daunt et al., 2008; Furness, 2007; Jahncke et al., 2004) 

and larger fish (Butler et al., 2010; Logan et al., 2011; Magnussen, 2011; Walter & Austin, 2003). 

They can also be of commercial importance, as they consist of ~25% of the world’s wild capture 

(FAO. et al., 2018), and 90% of SPF caught are used for reduction industries that produce fish meal 

and fish oil (Alder et al., 2008). In addition, SPF provide indirect economic and biological importance 

to the ecosystem, through a supporting service, in regulating energy flows, and are prey species to 

other fisheries (Hannesson et al., 2009). Therefore, they are important to the functioning of marine 

ecosystems biologically and economically.  

SPF, such as European anchovy and Atlantic herring, are short-lived (2-3 years), and fast growing, 

and often have high levels of natural mortality, as such depend on recruitment for their stock size. 

The high variability in recruitment of SPF is driven by a range of abiotic and biotic factors, this 

includes but not limited to temperature (Bakun, 2006; Lloret et al., 2004), spawning conditions 

(availability and substrate quality; Kanstinger et al., 2018), cannibalism (Corten, 2013), predation 

(Richardson et al., 2011; Tsou & Collie, 2001), prey, availability and phenology (Martino & Houde, 
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2010; Wilson et al., 2018), and starvation (Leggett & Deblois, 1994). The early stages of growth, are 

critical for survival and are dependent on sufficient suitable prey (Houde, 2008). As these species 

are planktivorous, they are potentially affected by variations in environmental processes governing 

plankton abundance. Knowledge of SPF diet may therefore contribute to a better understanding of 

the influence changing prey availability can exert on abundance of these species. SPF are important 

facilitators of energy transfer in marine ecosystems, and the Celtic Sea is no exception. The Celtic 

Sea (Figure 1.1) is home to many SPF, both cold water affinity and warm water affinity species. The 

region is a transition zone and as such provides environmental conditions for many types of fish 

species. Key pelagic fish that spend some or all of their life in the region include Atlantic herring 

(Clupea harengus), Atlantic mackerel (Scomber scombrus), sprat (Sprattus sprattus), European 

anchovy (Engraulis encrasicolus), European sardine (Sardina pilchardus), and Atlantic horse 

mackerel (Trachurus trachurus). Sprat, sardine, and herring can be found all year round, including 

during spawning season, where they occupy shallower waters as nursery grounds. Atlantic mackerel 

(hereby known as mackerel) and horse mackerel, spawn on the shelf edge, after which their larvae 

drift to more coastal waters (Jansen et al., 2015). Anchovies overwinter in the region possibly to 

evade the colder North Sea waters (Huret et al., 2020). There have been changes in the abundances 

of these species in recent years (Figure 1.3). Anchovy abundance has increased northwards since 

the mid-1990s, possibly due to improved recruitment success of remnant local spawning populations 

(Huret et al., 2020; Petitgas et al., 2012).  Studies on the trophic ecology of European anchovy have 

previously been performed in the Bay of Biscay, Mediterranean Sea, Baltic Sea or North Sea (e.g., 

Plounevez & Champalbert, 2000; Raab et al., 2011, 2012; Tudela & Palomera, 1997). Therefore, 

studying the effect of the increase of anchovy to the Celtic Sea ecosystem, in terms of niche or 

dietary overlap with other SPF in the region, provides a key opportunity to understand potential 

competition. 

 

Spawning stock biomass (SSB) of the other five species have also altered within the Celtic and 

adjacent seas (Figure 1.3). Horse mackerel severely declined in the North Atlantic in the early 1980s 
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(Figure 1.3b; Hawkins et al., 2003; Lockwood & Shepherd, 1984), these were originally bycatch from 

the mackerel fishery., Therefore horse mackerel potentially profited from the vacant niche left by 

mackerel from which they became a new target species for pelagic fleets (Eaton, 1983). When horse 

mackerel declined from early 2000s, boarfish (Capros aper) became the main pelagic target species 

in the Celtic Sea (Hernvann & Gascuel, 2020). Herring, which has been assessed annually since 

1958, has more recently seen a decline (post-2010) in the Celtic Sea (Figure 1.3b) leading to a 

fishery closure to help the stock recover (ICES, 2020). More recently, sprat and sardine have been 

assessed, with ICES advice for these species being available since 2013 due to a new survey in the 

area providing an acoustic survey index (ICES, 2022). This revealed sardine SSB has increased 

(Figure 1.3a), coinciding with a recent surge of autumn spawning activity in the English Channel and 

climatic variability (Alheit & Hagen, 1997; Coombs et al., 2010). Therefore, with the recent increase 

of certain SPF species (anchovy and sardine) and decline in others (herring) it is important to 

understand how this might contribute to ecosystem functioning. Consequently, Chapter 3 will use 

stomach content analyses to improve knowledge of trophic interactions and ecosystem functioning 

of small pelagic fish in the Celtic Sea. 

 

One other way the changes in the Celtic Sea ecosystem has been assessed in recent years is 

through the development of ecosystem models (Hernvann et al., 2020; Lauria et al., 2012). However 

not all observed changes are reflected within these models. For example, the recent changes in 

anchovy stocks (increase) are not highlighted in the model analysis due to limited data availability 

and/or restricted time frames of the model runs (i.e., anchovy were not present within the ecosystem 

during the time frame of the model runs). Therefore, it is important that these models reflect changes 

occurring with the ecosystem incorporating the best available data.  



Chapter 1 – Introduction 

 
10 
 

 

 

Figure 1.3 - Time series of spawning stock biomass (SSB) in 1000 tonnes, of five pelagic stocks in the Celtic Seas 
ecoregion. a) Represents herring (Clupea harengus) stock from Irish Sea, Celtic Sea, and southwest of Ireland. Sardine 
(Sardinia pilchardus) from Southern Celtic Seas. Sprat (Sprattus sprattus) from English Channel. b) Represents Atlantic 
mackerel (Scomber scrombus) from the Northeast Atlantic and adjacent waters. Horse mackerel (Trachurus trachurus) 
from the Northeast Atlantic. Data was downloaded from https://www.ices.dk/data/assessment-tools/Pages/stock-
assessment-graphs.aspx Celtic Seas ecoregion assessment year 2022.  

 

https://www.ices.dk/data/assessment-tools/Pages/stock-assessment-graphs.aspx
https://www.ices.dk/data/assessment-tools/Pages/stock-assessment-graphs.aspx
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1.5 Aims and Objectives  

The aim of this research is to evaluate the role of small pelagic fish (SPF) in the Celtic Sea and 

develop an ecosystem (food web) model to understand the temporal dynamics of SPFs in the Celtic 

Sea. To meet this aim, the following objectives were undertaken:  

1. Conduct a stomach sampling of SPFs, namely, anchovy, sardine, horse mackerel, and sprat 

in the Celtic Sea and supplement the sampling data with historical fish-stomach data from 

DAPSTOM, to understand seasonally and ontogenetic diet shifts, and construct a combined 

diet matrix. Outputs will be used as an input to an ecosystem model.  

2. Validate Sentinel 3A- OLCI derived chlorophyll-a with in situ measurements from the PELTIC 

surveys and generate information about phytoplankton groups, e.g. employing a 

phytoplankton size class algorithm, as potential input into an SPF ecosystem (food web) 

model of the Celtic Sea.  

3. Adapt and update a pre-existing Ecopath with Ecosim model of the Celtic Sea (Hernvann et 

al., 2020) with newly collated diet data (Objective 1), and new biomass inputs from the 

PELTIC surveys for SPF. To understand the role of SPF within the Celtic Sea ecosystem and 

improve predictions of future ecosystem changes.  

 

1.6 Outline of next chapters 

The key literature for this thesis and how it relates to the research aims and objectives will be 

reviewed within Chapter 2.  

The trophic interactions between lower trophic levels (phytoplankton and zooplankton) and 

planktivorous fish, SPF, of Celtic Sea food web will be studied by analysing fish stomach content 

(Chapter 3) and by evaluating and validating chlorophyll-a maps from satellite retrievals (Chapter 

4). These will then be inputted in an ecosystem model to understand the role small pelagic fish on 

the wider food web of the Celtic Sea (Chapter 5).  
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More specifically, Chapter 3 will assess the diet of six small pelagic fish in the Celtic Seas ecoregion: 

Atlantic herring (Clupea harengus), Atlantic mackerel (Scomber scombrus), sprat (Sprattus 

sprattus), European anchovy (Engraulis encrasicolus), European sardine (Sardina pilchardus), and 

Atlantic horse mackerel (Trachurus trachurus), using a combination of historical data (DAPSTOM) 

and data collected onboard PELTIC Survey 2019, A multispecies approach will be applied to 

investigate feeding strategies (i.e., generalist vs specialist) and potential interspecific competition.  

Following this, Chapter 4 will validate the satellite retrievals of chlorophyll-a from Sentinel-3A and 

MODIS-AQUA in the Celtic Sea with in situ measurements. Performance metrics outlined in 

Pahlevan et al., (2020) will be computed for October 2016, 2017, and 2019 at different time windows 

(i.e., satellite overpass time to in situ data collection time) on three different algorithms. This study 

aims to contribute to our understanding of the performance of satellite-based chlorophyll-a estimates 

in the Celtic Sea.  

In Chapter 5 the trophic structure of the Celtic Sea ecosystem, and specifically the role of small 

pelagic fish, will be investigated through the application of an ecosystem-based mass-balance model 

Ecopath. The results from Chapter 2 & 3 will be considered as an input to update the model by 

Hernvann et al., (2020), alongside updated biomass data from PELTIC survey for small pelagic fish. 

A tropho-dynamic model will be applied, employing outputs from the global earth system model, 

CMIP6, to optimise the model for SPF, to address management questions. This will provide support 

for resource management of small pelagic fish in the Celtic Sea.  

In Chapter 6 the main results of the three study chapters in the thesis will be discussed and placed 

into a broader research context, drawing on the published literature within the field. Finally, any 

remaining gaps in current knowledge will be identified and recommendations will be made for future 

studies. 
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Chapter 2 –  Literature Review 

2.1 Food webs and trophic energy transfer  

Food webs, defined by predator prey interactions, determine how a marine ecosystem functions, 

responds to pressures (internally and externally), and can correspond to ecosystem resilience 

(Libralato et al., 2014). These predator-prey interactions facilitate the flow of energy, mass, and 

nutrients through a system (Krebs, 2009; Smith & Smith, 2009), with each organism present 

occupying a specific position within a food web (trophic level). For example, with respect to the 

primary resources, a primary producer such as phytoplankton would have a trophic level of 1, those 

that solely consume primary producers would have a trophic level of 2 (primary consumer) and so 

on (Figure 2.1). Trophic levels can be represented fractionally (fractional trophic levels) as predators 

can consume prey at different trophic positions within the food web. It is through this consumption 

that energy is transferred from basal production by net primary production to apex predators (Figure 

2.1). Net primary production is the rate at which primary producers fix organic carbon via 

photosynthesis minus cell respiration and is classed as input energy into the food web that cascades 

up to top predators (Trites et al., 1997). The net efficiency of photosynthesis by primary producers 

in the marine ecosystems is considered to be 3-6% (Miyamoto, 1997), and <10% of energy of that 

capture is transferred between consecutive trophic levels (i.e., > 2) up to apex predators (Lindeman, 

1942; Figure 2.1), termed trophic transfer efficiency.  
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Species positioned in the mid trophic levels are key regulators of ecosystem dynamics as they 

channel energy and nutrients from plankton to top predators (Figure 2.1). One key group of mid-

trophic species are pelagic schooling fish or small pelagic fish (SPF), e.g., anchovy and sardines, 

which dominate many marine ecosystems (Rice, 1995). Overall, food webs determine how the 

marine ecosystem functions, and thus resilience of the ecosystem itself (Libralato et al., 2014). 

The study of trophodynamics (i.e., the dynamics of nutrition and metabolism), first proposed by 

Lindeman (1942), is fundamental in understanding the flow of energy through an ecosystem. Later 

studies have strengthened the concept of trophodynamics, paving the way to incorporate food webs 

to aid ecosystem process understanding (Libralato et al., 2014). Ecologists have debated what 

controls and regulates marine food webs, for example whether the primary control is ‘top-down’, 

regulated by predators, or ‘bottom-up’ regulated by resources (Hunter & Price, 1992).  

Figure 2.1 - Example of trophic transfer in a marine ecosystem. Figure generated in Canva. Zooplankton (copepod), 
demersal fish (cod), and small pelagic fish (anchovy) icons from the Noun Project. Fishing icon from freeicons.io. 
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The food web can be controlled by “top-down” processes i.e., by higher trophic levels (e.g., seabirds 

or marine mammals) or anthropogenic pressures such as fishing. Some food webs are also 

controlled by intermediary trophic levels through ‘wasp-waist’ control, observed for SPF in upwelling 

ecosystems (Cury et al., 2003). Another mechanism, is “bottom-up” control, the inverse of top down, 

where the food web regulation is governed by lower trophic levels e.g., primary production, which 

could be through changes in temperature (Frederiksen et al., 2006; Ottersen et al., 2004). Higher 

temperatures can increase metabolic costs of an organism, thereby requiring more energy from 

lower trophic levels, to maintain their minimal viable size, whilst also reducing the energy that is 

passed onto higher trophic levels (Arim et al., 2007). Consequently, this can reduce the proportion 

of basal and apex species, as such reducing the length of the food chain (Arim et al., 2007; Glazier, 

2012). Following on from bottom-up control, primary production has been used as a good predictor 

of translating the potential yield of the world’s ocean (Ryther, 1969). More recently Ware & Thomson 

(2005), used satellite derived estimates of chlorophyll-a (Chl-a), to analyse the coupling between 

biomass of primary producers in fisheries production, showing strong bottom-up linkages. Frank et 

al., (2006), studied the northwest Atlantic, indicating the dependence of fisheries yields on primary 

production but also the importance of temporal dynamics to quantify top-down and bottom-up control, 

as this can vary both temporally and spatially. Similarly, satellite remote sensing has been used to 

show that survival of larval haddock off the shelf of Nova Scotia, Canada depends on the timing of 

the local spring phytoplankton bloom (Platt et al., 2003). Bottom-up control of fish production has 

been demonstrated in many ecoregions (Ware, 2000), supporting the general approach of tracing 

pathways involved in the translation of primary production to fishery yields (Stock et al., 2017) 

 

It is more likely that there is not a single control on the ecosystem but a combination, with the balance 

being dependent on the ecosystem’s state, diversity, and integrity (Cury et al., 2003; Hunter & Price, 

1992). These issues raised by the debate in ecosystem regulation processes are important because 

marine food webs support the world’s fisheries and understanding the balance of the different 
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controlling mechanisms can help provide insights into the structure and functioning, and potentially 

resilience, of the ecosystem (Reid et al., 2000).  

It has been considered that energy transfer in oligotrophic (poor in nutrients) systems is less efficient 

than in productive systems (generally considered to be 0.1 or 10% of energy transferred between 

trophic levels; Jennings et al., 2002). In oligotrophic oceans, primary production (PP) is dominated 

by picophytoplankton, between 0.2 and 2 µm in size, (Agawin et al., 2000), that are not efficiently 

captured by copepods, part of the mesozooplankton (between 0.2 to 20mm in size; Irigoien et al., 

2014). This may imply there is lower transfer efficiency from primary producer to primary consumers 

and subsequently higher trophic levels than in more productive systems (Ryther, 1969). There are a 

lot of uncertainties within trophic transfer efficiencies and estimates of energy transfer can span 

several orders of magnitude (Bonsall & Hassell, 2007). Therefore, understanding the processes, 

particularly from lower trophic levels, is key in understanding the functioning and structure of marine 

ecosystems.  

The ecosystem control principles underpin many ecosystem-based models (e.g., Coll et al., 2008; 

Pauly & Christensen, 1995), which have been used to link PP to fisheries.  Multi-trophic level studies 

of the North Sea have shown there is strong evidence for bottom-up control on the ecosystem 

(Frederiksen et al., 2006) and within the Celtic Sea, between 1986-2007 the planktonic and herring 

community were not strongly regulated by top-down control (Lauria et al., 2012). However, these 

models like many others find collecting baseline data on abundance particularly challenging for non-

commercial species that are only caught sporadically (Temple et al., 2018; Więcaszek et al., 2015). 

Similarly, there is limited to no data on recent species introductions or re-introductions in the area, 

e.g., anchovy in the Celtic Sea. These species may impact the trophic coupling of the ecosystem. 

As small pelagic fish pertain to mid-trophic levels, improvements in their baseline data can help 

disentangle key questions regarding how the Celtic Sea ecosystem is regulated, developing on work 

on previous work e.g., Lauria et al. (2012) and Hernvann et al., (2020).   

 



Chapter 2 – Literature Review 

 
18 
 

 

2.2 Small pelagic fish in marine food web models 

A variety of ecosystem models have been used to understand trophic ecology, such as Ecopath with 

Ecosim (EwE; Christensen & Walters, 2004), multi-species virtual population analysis (MSVPA; 

Helgason et al., 1979; Pope, 1979), and stochastic multi-species models (Kinzey & Punt, 2008; Lewy 

& Vinther, 2004). All of which have been developed to promote ecosystem-based management of 

fisheries and to understand ecosystem functioning. 

 
EwE is an ecological modelling software built and developed since the 1980s. EwE has three main 

components: Ecopath (see Figure 2.2 for an example model output), Ecosim and Ecospace. Ecopath 

is a static snapshot of the system (Christensen et al., 2008), Ecosim is a dynamic simulation module 

that is used for policy related questions and Ecospace is a spatial-temporal dynamic module used 

for protected area management (Christensen et al., 2008). The first Ecopath model was created by 

Polovina, (1984) on French Frigate Shoals, since then Ecosim was developed by Walters et al., 

(1997) and Ecospace by Walters et al., (1999). Globally, there are over 100 models that have utilised 

EwE (Colléter et al., 2015), to understand the impacts of fishing on the ecosystem (Adebola & 

Mutsert, 2019; Coll et al., 2008; Deehr et al., 2014; Heymans & Tomczak, 2016; Johnson, 2006), 

explore policy options (Chagaris et al., 2015; Dias et al., 2022; Heymans et al., 2009; Montero et al., 

2021; Sreekanth et al., 2021; Wang et al., 2012), and simulate ecosystem response to climate 

change (Ainsworth et al., 2011), amongst many other questions and increasingly to facilitate 

ecosystem based management. One main drawback of models such as these (EwE, MSVPA and 

stochastic multi-species models), is the reliance on robust data for local fish diets to estimate 

accurate predation parameters. Therefore, it is important to ensure that inputs to the models are 

local and up to date to reflect system investigated.  

 
To date, there have been several ecosystem models developed for the Celtic Sea area, with the 

majority focussing on using the application Ecopath with Ecosim (Bentorcha et al., 2017; Guénette 

& Gascuel, 2012; Hernvann et al., 2020; Lauria, 2012; Lauria et al., 2016; Potier, 2021; Figure 2.3). 

The first EwE model was created in 2009 with each further iteration of the model developed in 
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response to specific research questions (Figure 2.3). The latest model by Potier, (2021), updated 

the model generated by Hernvann et al., (2020) through the development of specific fishing fleets 

rather than monospecific fleets as previously assigned, and in doing so provided a more 

representative overview of the fishing occurring in the Celtic Sea. Hernvann et al., (2020) made 

major developments from the former model (Moullec et al., 2017). One of the main changes was 

through the use of a new diet matrix that incorporates stomach content data, stable isotope, and 

literature data into a Bayesian hierarchical model generated into an R package called 

‘EcoDiet’(Hernvann et al., 2022). The inclusion of all these data types ensures the diet matrix 

provides a representation of the functional group’s diet. Hernvann et al., (2022) used a combination 

of all three data types and reiterates the importance for updating stomach data to be within the area 

of interest when using this method. Therefore, it is important that stomach sampling campaigns 

continue to fill missing data gaps for species, such as SPF within the Celtic Sea. Currently, the 

models presented in Table 2.2 use either Fishbase diets (Froese & Pauly, 2009), or DAPSTOM 

(Pinnegar, 2014) for diets of small pelagic fish. However, the SPF stomach samples used are not 

always collected in the Celtic Sea (e.g., Table 2.2). 

 

Figure 2.2 – An Example of the Ecopath model of the Celtic Sea ecosystem from Hernvann et al., (2020). 
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Figure 2.3 - Development of the Celtic Sea ecosystem Ecopath with Ecosim (EwE) model from 2009 - present day. 

 

In the case of the pre-existing EwE models, SPF have not always been considered as single 

functional groups; this could be due to lack of data, such as biomass and/or diet data, required as 

inputs to the steady state model, Ecopath, or changes in the ecosystem. For example, anchovy had 

been included in the functional group ‘Medium Pelagic Fish’ within the latest Celtic Sea model. Prior 

to that, the first Ecopath model, generated in 1985, had not considered this species as it was absent 

in the region. In 2013, a new pelagic survey mapped and quantified anchovy in the Celtic Sea (Doray 

et al., 2021). Anchovy biomass has increased in the region and has gradually expanded its 

distribution. Thus, anchovy should be considered as a separate functional group within the model to 

reflect the change that has occurred. Biomass data for SPF from 2013 has been collected annually 
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through the Cefas’ PELTIC survey, and as such can be used as an input to the model. Further, 

improvements to the pre-existing model (Hernvann et al., 2020) can be made by the inclusion of 

newly available biomass data from Cefas’ Peltic surveys and localised stomach content analyses of 

SPF.  

 

Table 2.1 Ecopath with Ecosim developments for the Celtic Sea, the key questions the model aimed to answer, and 
understanding how small pelagic fish (SPF), anchovy, herring, sardine, Atlantic horse mackerel, mackerel, and sprat are 

represented within the model. CS = Celtic Sea, BoB = Bay of Biscay.  

Reference Area Aim 

Model 

component 

used 

Built on previous 

model? 

How have SPF been addressed? 

Functional 

Groups 
Diet Data Biomass Data 

Guenette & 

Gasuel (2009) 

CS & 

BoB 

Impact of fishing on 

this ecosystem 

using an Ecosim 

model and 

considering 

fisheries, changes 

in productivity and 

trophic relationships 

Ecopath; 

Ecosim; 

EcoTroph 

NA 

All six SPF 

included but 

noted that 

anchovy was 

found in BoB only. 

Fishbase 

ICES where 

available or 

estimated by 

model 

Lauria et al. 

(2012) 
CS 

Describe the trophic 

linkages in the 

Celtic Sea 

ecosystem, 

focusing on the 

functional role of 

apex predators 

(seabirds) 

Ecopath; 

Ecosim 
NA 

Grouped sardine, 

sprat, herring, 

anchovy together 

DAPSTOM 

ICES where 

available or 

estimated by 

model 

Bentorcha et 

al. (2014) 

CS & 

BoB 

The impact of 

fishing on the food 

web over the last 

three decades 

1980-2012 

Ecopath; 

Ecosim; 

EcoTroph 

Updated from 

Guenette & Gascuel 

(2009) modified for 

1980 and updated 

for 2012. 

Abundance series 

from the reports of 

ICES stock 

All six SPF 

included but 

noted that 

anchovy was 

found in BoB only. 

Fishbase 

ICES where 

available or 

estimated by 

model 
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assessment working 

groups, are used for 

the adjustment of a 

Ecosim model 

Lauria et al. 

(2016) 
CS 

Update to Lauria 

(2012) to include 

new functional 

groups, update 

temporal dynamics 

and fully 

parameterises a 

spatial version of 

the model 

Ecopath; 

Ecosim; 

Ecospace 

Update to Lauria 

(2012) 

All six SPF 

included but 

sardine, sprat and 

anchovy grouped 

together in 

Clupeid group 

DAPSTOM 

ICES where 

available or 

estimated by 

model 

Bentorcha et 

al. (2017) 

CS & 

BoB 

The impact of 

fishing on the food 

web over the last 

three decades 

1980-2012 

Ecopath; 

Ecosim; 

EcoTroph 

Updated from 

Bentorcha (2014) 

All six SPF 

included but 

noted that 

anchovy was 

found in BoB only. 

Fishbase 

ICES where 

available or 

estimated by 

model 

Moullec et al. 

(2017) 
CS 

(i) analyse the 

trophic functioning 

of the Celtic Sea 

and the Bay of 

Biscay, (ii) 

investigate 

ecosystem changes 

over the 1980–2013 

period and, (iii) 

explore the 

response to 

management 

measures at the 

food web scale. 

 

Ecopath; 

Ecosim; 

EcoTroph 

Updated from 

Bentorcha et al. 

(2017) by splitting 

Celtic Sea and Bay 

of Biscay into 

separate 

ecosystems from 

1980 - 2013. 

No specific 

anchovy group, 

incorporated into 

Medium pelagic 

fish functional 

group 

Fishbase – 

See Table 

2.2 

ICES where 

available or 

estimated by 

model 
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Hernvann et 

al. (2020) 
CS 

Interdependent 

impacts of fishing 

and climate change 

on the structure and 

functioning in the 

Celtic Sea. 

Represent the 

effects of the 

environment on the 

distribution and 

productivity of 

functional groups, 

from phytoplankton 

to top predators 

from 1985 - 2016. 

Ecopath; 

Ecosim; 

Ecospace 

Updated from 

Moullec et al. (2017) 

by developing a 

spatio-temporal 

explicit model using 

Ecospace, by 

incorporating 

biogeochemical 

model output 

(NEMO-ERSEM) 

and species 

distribution models. 

Generated a new 

Ecopath model for 

1985 and 2016. 

No specific 

anchovy group, 

incorporated into 

medium pelagic 

fish functional 

group 

Same as 

Moullec et 

al. 2017 + 

SIA data + 

literature 

review + 

EcoDiet R 

Package 

ICES or 

EVHOE where 

available or 

estimated by 

model 

Potier (2021) CS 

What are the 

ecosystem effects 

of each of the Celtic 

Sea fleets and their 

interactions via food 

webs in the context 

of climate change? 

And vice versa: how 

is climate change 

(CC), through its 

ecosystem effects, 

likely to affect each 

of the Celtic Sea 

fleets 

Ecopath; 

Ecosim; 

Ecospace 

Updated from 

Hernvann et al. 

(2020) the 1985 

Ecopath model to 

include multispecific 

definition of fleets. 

The Fs simulated by 

Hernvann et al. 

2020 over the period 

1985-2016 are used 

as forcing time 

series in the new 

built model. 

Same as 

Hernvann et al. 

(2020) 

Same as 

Hernvann 

et al. 

(2020) 

Same as 

Hernvann et 

al. (2020) 

This study CS 

Describe the trophic 

linkages in the 

Celtic Sea 

ecosystem, 

focusing on the 

functional role of 

pelagic fish (e.g., 

anchovy) from 2013 

Ecopath; 

Ecosim 

Updated from 

Hernvann et al. 

(2020) to focus on 

SPF. 

Removed the 

medium pelagic 

group. New group 

defined for 

anchovy. All SPF 

are species 

separate 

functional groups 

Patel et al. 

(2023) - 

DAPSTOM 

+ PELTIC 

2019 + 

EcoDiet R 

Package 

PELTIC + 

ICES + 

EVHOE 
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Table 2.2 - Location of small pelagic fish diet samples used in Moullec et al. (2017). 

Common Name Species Reference Source Locations 

Mackerel Scomber scombrus - Fishbase general 

Horse mackerel Trachurus trachurus Smith-Vaniz, (1986) Fishbase general 

Herring Clupea harengus Rice, (1963) Fishbase Isle of Man Irish Sea 

Sardine Sardina pilchardus Bode et al., (2004); Whitehead, (1985) Fishbase general 

Sprat Sprattus sprattus Oven et al., (1995) Fishbase Black Sea 

Anchovy Engraulis encrasicolus Plounevez & Champalbert, (2000) Reference Bay of Biscay spring spawning 

 

2.3 Development in diet studies to understand trophic relationships 

Diet studies (e.g., stomach content analyses) can be utilised to overcome uncertainties in trophic 

transfer efficiencies, predator-prey interactions, and evaluation of fractional trophic levels within an 

ecosystem (Pauly & Christensen, 2000; Pauly & Sa-a, 2000). The outcome of diet studies are utilised 

as key inputs to ecosystem models, thus required at a regional scale, due to variation of predators 

and prey at larger scales.  

Over the past 70 years there have been many methods and developments within diet studies (e.g., 

Buckland et al., 2017; Hynes, 1950), the majority of which analysed stomach contents. However, 

there is still not a consensus on best practice. Amundsen & Sánchez-Hernández, (2019) 

recommended methods based on three main types of objectives, primarily related to quantification: 

• Relative diet composition 

• Prey selectivity 

• Food consumption rate 

The first of these (relative diet composition), is the focus of this review and is the objective, of many 

feeding studies. It provides information on trophic ecology and basic feeding traits, as well as diet 

shifts (seasonally and ontogenetically). Specific metrics of relative diet composition are consistently 

calculated throughout the literature (as described in Buckland et al., 2017):   

• Frequency of occurrence (presence/absence) - the proportions of individuals containing a 

particular prey. 
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• Numerical (count) – Number of items of a prey group as a proportion of the total number of 

prey items. 

• Volumetric points – Visual estimate of relative volumes by assigning a number from 0-10 for 

a particular prey group. 

• Volumetric grid – Area of each prey type when the prey is squashed to uniform depth. 

• Volumetric displacements- Volume of water displaced by each prey type. 

• Gravimetric weight – Wet or dry weight of each prey type.  

Each of these metrics has limitations, for example, numerical count and frequency of occurrence 

often lack the size-based aspect of the prey item, i.e., the presence of one fish is equivalent to one 

phytoplankton. Therefore, volumetric or gravimetric methods were considered, with many studies 

adopting the time-consuming gravimetric weight metric (e.g., Cortés, 1999; Stergiou & Karpouzi, 

2001). Amundsen & Sánchez-Hernández, (2019) found little difference between the gravimetric and 

the volumetric points metric results and therefore recommended the more time efficient volumetric 

points method, over the gravimetric method. In general, stomach content analyses (SCA) are subject 

to bias and limitations due to differential digestion rates, degradation of identification structures, 

snapshot information, uncertain representation of whole population and undetected secondary 

ingestions (Amundsen & Sánchez-Hernández, 2019).  

To combat these limitations, there are several techniques that are being used to complement SCA, 

such as faecal or regurgitates analyses, behavioural observations, or molecular techniques such as 

SIA, fatty acids, and DNA methods. Numerous studies have used a combination of SCA and 

stomach isotope analyses (SIA), for example for small pelagic fish in the Mediterranean Sea 

(Bachiller et al., 2021), and in bottlenose dolphins (Tursiops truncates; Giménez et al., 2017). SIA 

has emerged as a suitable approach to reconstruct diet and trophic levels through mass-balance 

mixing models. SIA provides integrated information on the diet of predators over a longer time 

periods than SCA. This method also has its caveats and biases, however, using stable isotopes to 

assess the diet of a generalist and opportunistic predators can be challenging due to the broad 

spectrum of preys consumed. Potential prey species may have a similar isotopic value, resulting in 
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loss of taxonomic resolution when using a mixing model. One major limitations of SIA is the inability 

to obtain information on the size of prey, an important factor in developing size based trophic models. 

Other methods such as eDNA, can identify easily digestible organisms such as jellyfish. However, 

this technique only provides a presence-absence of prey in the diet. 

 

In summary, whilst there is not a standardised method to conduct stomach analyses, using 

technological advancements such as eDNA and SIA can complement existing visual and gravimetric 

methods. These methods are complementary as they each resolve a limitation of another method. 

However, it is important that the chosen method is designed to be compatible with earlier studies, 

as this can enable the generation of longer diet composition time series of the species of interest. 

Therefore, as a minimum, the volumetric point method would provide both a more efficient and 

compatible dataset, should there be economical, time or resource constraints preventing a multi-

method approach. 

 

2.4 Small pelagic fish diet studies in the Celtic Sea and limitations 

Many diet studies in the Celtic Sea have focused on commercially important demersal and large 

pelagic species, for example, European hake (Merluccius merluccius), European haddock 

(Melanogrammus aeglefinus), Atlantic cod (Gadus morhua), whiting (Merlangius merlangus), 

megrim (Lepidorhombus whiffiagonis), pollack (Pollachius pollachius), European plaice 

(Pleuronectes platessa), common sole (Solea) solea, black‐bellied angler (Lophius budegassa), blue 

whiting (Micromesistius poutassou), and saithe (Pollachius virens) (du Buit, 1982, 1992, 1995, 1996; 

Mahe et al., 2007; Pinnegar et al., 2003; Rault et al., 2017). To our knowledge, there have been 

limited diet studies of SPF in the Celtic Sea region (Hillgruber & Kloppmann, 2001; Lamb et al., 2019; 

Pinnegar et al., 2015). Lamb et al., (2019) used molecular techniques to understand jellyfish 

consumption by mackerel, sprat, and sardine, as jellyfish are easily digested. Their study showed 

that mackerel consumed jellyfish relatively frequently compared to sprat and sardine (Lamb et al., 
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2019). More traditional techniques (i.e., through microscopy) in the Celtic Sea demonstrated that 

mackerel larvae relied mostly on copepod nauplii and eggs when first feeding and later shifted 

towards cannibalistic piscivory during the next stages of growth (Hillgruber & Kloppmann, 2001). 

Pinnegar et al., (2015), analysed mackerel data from DAPSTOM (a public database of fish diet 

composition) in the Celtic Sea, showing copepods were the main prey of their diet. As far as we are 

aware there have limited recent studies using traditional stomach sampling techniques of SPF in the 

Celtic Sea. Therefore, Chapter 3 –will investigate the diet composition of SPF in the Celtic Sea and 

explore the effects of seasonality on their diet, as Scott et al., (2023) indicated that season is a 

significant factor in zooplanktonic community, and therefore may influence SPF diet.  

 

2.5 Satellite remote sensing as input to models 

Satellite remote sensing has provided a large scale, cost-effective solution to observing the oceans. 

However, in order to use these retrievals (derived from algorithms) at global or regional scales, for 

example for use in ecosystem modelling (e.g., satellite derived primary production or phytoplankton 

size classes), they must first be validated by comparison with in situ measurements.  

Since the deployment of the NASA satellite Coastal Zone Color Scanner (CZCS) in 1978, the first 

instrument devoted to the measurement of ocean colour, numerous environment variables can be 

detected from space e.g., Sea Surface Temperature (SST), Chlorophyll concentration (Chl-a) 

(Chassot et al., 2011). After CZCS, there have been several operational satellites with sensors 

dedicated to ocean colour e.g., MODIS-Aqua (National Aeronautics and Space Administration - 

NASA), MERIS (European Space Agency - ESA), Sentinel 3 – OLCI (ESA). The most common 

remote sensing variables used are SST and Chl-a, followed by surface salinity, windspeed, sea 

surface height and chlorophyll derived primary productivity (Williamson et al., 2019, Chassot et al., 

2011). Some of the newest satellites e.g., Sentinel 3, have higher resolution, and are able to provide 

continuous ocean colour monitoring, whilst older satellites are to be decommissioned. For Sentinel 

3, validation is still ongoing and in optically complex waters (i.e., multiple different water constituents, 

such as coastal waters) regional validation is required before satellite products can be utilised 
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(Toming et al., 2017). Retrieval algorithms are sensor specific, and so requires optimisation and 

validation before use, as all sensor deployments are slightly different.  

 

Empirical models of PP are usually based on Chl-a, which is often geographically specific, and have 

been studied extensively. Ryther & Yentsch, (1957) pioneered the approach, using a simple 

regression between log Chl-a and PP and since then a number of studies have improved and 

developed upon this (Campbell & O’Reilly, 1988; Eppley, 1972). More recently, models have 

included other parameters such as chlorophyll specific carbon fixation in the water column, sea 

surface daily photosynthetically available radiation (PAR), the euphotic depth and chlorophyll 

concentration at the surface from a satellite sensor (Behrenfeld & Falkowski, 1997). Semi-analytical 

approaches have also been developed (Platt & Sathyendranath, 1988, 1993), utilising satellite 

remote sensing derived Chl-a. The difference between these two approaches is the complexity of 

the semi analytical approach (Platt & Sathyendrath, 1993), that requires the evaluation of many 

photosynthetic parameters at various illuminations. End users use satellite derived carbon and 

chlorophyll for various different applications.  

Over the last few decades, there have been many strides in refining the algorithm from satellite 

derived Chl-a to PP (Behrenfeld & Falkowski, 1997; Longhurst et al., 1995). Satellite derived PP has 

been used in food web analysis to understand how primary productivity impacts fisheries yields. 

Chassot et al., (2011), and Friedland et al., (2012), linked phytoplankton productivity from SeaWiFS 

to catch yields, with adjustment to the trophic level of the catch. This adjustment meant that the 

length of the food web can be taken into consideration. Friedland et al., (2012) updated Chassot et 

al., (2010)’s model by adding mesozooplankton productivity and particle fluxes into the equation as 

a ratio between secondary production and primary production. 

Despite there being strong relationships between phytoplankton production (primary production) and 

fish catches (Ware & Thomson, 2005), the relationships between these two trophic levels are not 

always simple (Stock et al., 2017), in part, as catches are not necessarily representative of biomass. 
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Stock et al., (2017) model supported Ryther’s hypothesis that PP and trophodynamics processes 

must act cooperatively to generate observed catch gradients. The model used global fish catch data 

(Sea Around Us - Pauly et al., 2020) and plankton food web fluxes from an earth system model 

(ESM2.6 - utilising satellites Chl-a retrievals from SeaWIFS), to conceptualise the flow of energy in 

marine ecosystems.  

In the development of food web models, satellite remote sensing variables e.g., chlorophyll-a are 

beginning to be utilised. Chlorophyll-a can be derived through the use of maximum band ratios or 

neural networks e.g., standard products from European Space Agency (ESA). Vertically Generalised 

Production Model (VGPM – Behrenfeld & Falkowski, 1997), utilises satellite retrievals collected by 

MODIS-Aqua and SeaWiFS to generate primary production. Previous EwE models in the Celtic Sea 

used a time series of PP as a forcing variable of the productivity of phytoplankton groups (Hernvann 

et al., 2020). However, MODIS-Aqua is due to be decommissioned, therefore, to continue to use 

products such as VGPM newer satellites are required. Newer satellites, such as the Sentinel 3 

mission from the European Space Agency, are of higher spatial resolution (300m compared to 

MODIS – 1km), with retrievals still undergoing validation. Currently the satellite retrievals for Sentinel 

3-OLCI have not been validated within the Celtic Sea. The use of satellite derived variables requires 

validation for each region as they may be affected by environmental specificities (Toming et al., 

2017). Therefore, Chapter 4 will investigate the performance metrics of S3A-OLCI chlorophyll-a 

retrievals with in situ data collected onboard Cefas’ PELTIC survey in the Celtic Sea.   

 

For the development of ecosystem-based models, the importance of localised data is paramount for 

understanding how the ecosystem is regulated (e.g., top-down or bottom-up control). The Celtic Sea 

ecosystem regulation is still unclear with both indirect and direct top-down and bottom-up controls 

on the ecosystem (Lauria et al., 2012). Species in the system such as anchovy have increased within 

the region and are part of mid trophic group called SPF, a key group in energy transfers to apex 

predators (bottom-up) and they themselves are potentially regulated by predators (top-down). The 
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impact of SPF community change and how this may affect ecosystem regulation in the Celtic Sea is 

poorly understood.  Whilst many previous models in the region have included SPF in their model, 

the data (biomass and diet) is often limited. This literature review highlights the importance of 

developing the knowledge base of SPF in the Celtic Sea, by the improving of data representing lower 

trophic levels. This body of work as stated in the Aims and Objectives, will include novel stomach 

content analyses using the volumetric method of SPF and validation of newly operational satellites 

(Sentinel 3) to represent phytoplankton size classes, in order to progress pre-existing models in the 

Celtic Sea. 
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Chapter 3 –  Seasonality of diet overlap among small pelagic 

fish in the waters southwest of the UK 

3.1 Introduction 

Small pelagic fish (SPF) are important components of marine ecosystems. They are predominantly 

planktivorous and as such, link lower and higher trophic levels (TLs) (Cury et al., 2000). They support 

25% of the world’s total fish landings (in weight), primarily through anchovy, sardine, mackerel, and 

herring (FAO, 2018). The state of their populations therefore plays a critical role, ecologically, 

economically, and socially. Thus, understanding the underlying mechanisms driving their stocks and 

population dynamics is vital. SPF are often short-lived with high recruitment, and so may be a useful 

indicator species for ecosystem changes, because of their important ecological links between plankton 

and higher TLs (Bakun, 2006). Furthermore, SPF are affected by changes in environmental conditions 

(Van Der Lingen et al., 2006), both indirectly, through their planktonic prey, and directly, by interannual 

variability in recruitment (Lloret et al., 2004; Patti et al., 2020). In addition, biomass changes in SPF 

could be partially attributed to inter- and intra-specific interactions, e.g., food competition (Bachiller et 

al., 2021; Utne et al., 2012). The feeding behaviour of these species within the ecosystem influences 

the stability of marine food webs. Generalist (non-selective) feeders are able to readily switch between 

prey types depending on availability and can help maintain stability by compensating for oscillations 

of specific food sources generated by environmental changes, thus supporting energy flows 

(Beckerman et al., 2006; Dunne et al., 2002; Gravel et al., 2011; Rooney et al., 2006). As SPF are 

prey for piscivorous fish (Trenkel et al., 2005), marine mammals, and seabirds (Kaschner et al., 2006), 

food webs with SPF that are generalist (non-selective) feeders are deemed to be more resilient to 

climatic variability (Beaudoin et al., 2001). 

The Celtic Sea, Irish Sea, and English Channel, defined as the Celtic Seas ecoregion (ICES, 

2004;Figure 1.1), supports important commercial mixed fisheries targeting many different benthic, 

demersal, and pelagic stocks. The ecoregion is home to a diverse range of SPF species, including 

Atlantic herring Clupea harengus, Atlantic mackerel Scomber scombrus, sprat Sprattus sprattus, 
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European anchovy Engraulis encrasicolus, European sardine Sardina pilchardus, and Atlantic horse 

mackerel Trachurus trachurus. Each of these species is planktivorous for at least part of their lifecycle, 

and therefore they likely have overlapping diets (Bachiller & Irigoien, 2015; Raab et al., 2012). Sprat, 

sardine, and herring are found throughout the year in the Celtic Seas ecoregion, including during the 

spawning season (Bréchon et al., 2013; Wallace & Pleasants, 1972). The larvae and juveniles utilise 

the relatively shallow waters as nursery grounds. Horse mackerel and mackerel larvae drift from the 

shelf edge (the main spawning ground) into the coastal waters after hatching (Jansen et al., 2015). 

Anchovies overwinter within the Celtic Sea region, possibly to escape the colder waters of the North 

Sea (Huret et al., 2020). Several of these planktivorous species have shown substantial changes in 

abundance in the region (e.g., Beare et al., 2004; ICES, 2010; Shephard et al., 2014). For example, 

European anchovy in the area has increased since the mid-1990s (Beare et al., 2004), due to 

increased recruitment success (Huret et al., 2020; Petitgas et al., 2012). In contrast, some herring 

populations in the region have been in decline, causing fisheries closures (ICES, 2020). The region is 

also an important spawning and nursery ground for migratory species, notably Atlantic mackerel, and 

Atlantic horse mackerel (Ellis et al., 2002; ICES, 2007), which have also exhibited changes in their 

distribution in the region (van der Kooij et al., 2015). Sardine populations have been shown to fluctuate 

with climatic variability (Alheit & Hagen, 1997), and a recent increase in autumn spawning activity of 

sardine in the English Channel has been observed (Coombs et al., 2010). Sprat stock and structure 

within the Celtic Seas ecoregion is generally unknown. However, since 2013, there has been ICES 

advice on sprat within the region due to new surveys providing an acoustic survey index (ICES, 2022). 

In other regions, such as the Baltic Sea, there have been changes in sprat abundance over time (Eero 

et al., 2012), possibly attributable to many different factors (indirect and direct), including bottom-up 

processes, e.g. food availability and temperature. As such, it is acknowledged that the changes in SPF 

populations are partially climate driven (Alheit et al., 2009; Checkley et al., 2009). 

Given the possible diet overlap between these planktivorous species, it is likely that the increase of 

any of these species will have an impact on the food availability for others and may particularly impact 

specialist feeders. Thus, understanding the dietary overlap between these co-occurring species is 
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crucial, as it will help determine the trophic interactions within the community, and the distribution of 

other species within the ecosystem (Bachiller et al., 2021; Bachiller & Irigoien, 2015), ultimately 

affecting fisheries yields. Better understanding of the dietary overlap between SPF is also important 

for improving fisheries advice. This is because many fish population dynamics models use diet data 

to understand trophodynamics and feeding ecology to underpin fisheries management, e.g., 

ATLANTIS (a spatially explicit end-to-end marine ecosystem model with dynamically integrated 

physics, ecology and socio-economic modules; Audzijonyte et al., 2019; Fulton et al., 2004), Ecopath 

with Ecosim (Christensen et al., 2014; Pauly et al., 2000), and OSMOSE (Object-oriented Simulator 

of Marine Ecosystems; (Shin & Cury, 2001). In addition, single species models and individual-based 

models including fish energy budget can provide spatial and temporal estimates of biomass of certain 

SPF (e.g., Boyd et al., 2018, 2020). To our knowledge, there have only been a handful of diet studies 

in the Celtic Seas ecoregion  (Denis et al., 2016; Hillgruber & Kloppmann, 2001; Lamb et al., 2019; 

Pinnegar et al., 2015). Many of the diet studies focused on higher TLs (du Buit, 1982, 1992, 1995, 

1996; Mahe et al., 2007; Pinnegar et al., 2002; Rault et al., 2017), and information on SPF is limited. 

SPF are important facilitators of energy in ecosystems, which respond strongly to bottom-up changes 

(Peck et al., 2021), such as plankton availability. The planktonic communities in the Celtic Seas 

ecoregion change seasonally (Eloire et al., 2010; Johns, 2006); therefore, understanding overlapping 

resources between these SPF at the seasonal scale can help understand the ecological relevance 

of these species to the ecosystem.  

The main aim of this paper is to adopt a multispecies approach to determine the diet composition of 

6 main SPF across seasons and investigate their potential inter-specific competition in the Celtic 

Seas ecoregion. We hypothesise that the SPF species will have generalist feeding behaviours and 

similar diets within the Celtic Seas ecoregion. To investigate this, we used stomach content analyses 

from fish samples collected during a multidisciplinary fishery survey (Pelagic ecosystem survey in 

the western English Channel and Celtic Sea [PELTIC]) in October 2019 (Cefas, 2019; Doray et al., 

2021) to complement the historical stomach data archived in a database, DAPSTOM (an integrated 

Database Portal for fish STOMach Records; Pinnegar, 2014). The compiled dataset was used to (1) 
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simultaneously determine the diets of 6 pelagic species at different life stages (i.e., larvae and non-

larvae) across seasons to establish feeding strategies (i.e., generalist vs specialist); and (2) compute 

a species pairs diet overlap index (Pianka) to understand potential competition between species 

pairs. By addressing potential trophic interactions of key pelagic species, this study provides insights 

relevant to fisheries management multispecies assessment and food web modelling (e.g., Bentorcha 

et al., 2017; Lauria et al., 2012). 

 

3.2 Methodology 

3.2.1 Sampling area 

The study area includes the western English Channel, Celtic Sea, and Irish Sea, collectively defined 

here as the Celtic Seas ecoregion (ICES, 2004). The SPF community in this area are generally 

confined to shelf waters of < 200 m depth (Figure 3.1). Two seasonal front systems develop during 

spring and determine the main oceanographic features in the area: the Celtic Sea Front (separating 

the Celtic Sea from the Irish Sea) and the Ushant Front, which develops from the coast of Brittany 

and extends to the western English Channel (dividing the Celtic Sea from the English Channel) 

(OSPAR, 2000). These fronts generate spatial heterogeneity in oceanic conditions, including 

gradient of food distribution for SPF in this area.  

3.2.2 Stomach sampling 

Stomach contents of 6 main pelagic species (Atlantic herring, Atlantic mackerel, sprat, European 

anchovy, European sardine, and Atlantic horse mackerel) were examined in this study. The stomach 

contents included a combination of historical data (DAPSTOM; Pinnegar, 2014) and new samples 

collected onboard the PELTIC survey. These new samples were collected because the historical 

data for species such as anchovy were underrepresented within this region in certain seasons. 
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3.2.2.1 Historical data 

The DAPSTOM dataset is a stomach contents database designed and built by Pinnegar, (2014), in 

response to a ‘data-rescue’ call from the EU Network of Excellence project EurOcean. The current 

database (version 5.3) spans from 1893 to 2016, sampled across all seasons. DAPSTOM was 

filtered for the 6 species of interest and samples taken from the Irish Sea, Celtic Sea, and English 

Channel. DAPSTOM contains both ‘pooled’ and individual fish stomach data (where ‘pooled’ data is 

a single record for multiple stomachs sampled, more commonly recorded in the earlier surveys). In 

some circumstances, the actual number of a particular prey item was not recorded; instead, the 

‘frequency of occurrence’ of a particular prey item was collected (i.e., the number of stomachs 

containing a particular prey item). Therefore, all records are considered as the minimum number of 

prey items in the stomach, although it is possible that prey items and consumption could be 

underestimated (Pinnegar, 2014). The number of stomach samples used from DAPSTOM is shown 

in Table 3.1.  

3.2.2.2 PELTIC stomach sampling survey 

The PELTIC survey is an annual autumn survey conducted on board the RV ‘Cefas Endeavour’ 

and is designed and implemented by the Centre for Environment, Fisheries and Aquaculture Science 

(Cefas) since 2012 (ICES, 2012). This survey aimed to address gaps in the knowledge about SPF 

and the surrounding ecosystem to understand the role these species play in the ecosystem, and to 

help inform sustainable management practices. 

 
Stomach samples used in this study were collected during the survey in 2019 (30 September to 28 

October) from the Celtic Sea and western English Channel. Anchovy, sardine, sprat, and horse 

mackerel were sampled from catches obtained by the 20 × 40 m herring mid-water trawl. The 

sampling strategy was opportunistic: at each station, a minimum of 3 individuals of the same species 

were analysed. The total numbers of stomachs sampled of each species are found in Table 

3.1(PELTIC values presented in parentheses). 
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Table 3.1 - Number of stomach samples per season used in the analysis, in the Celtic Sea, Irish Sea, and western English 
Channel. Numbers not in parentheses: the combined non-empty stomach samples from the PELTIC Survey and 
DAPSTOM; numbers in parentheses: non-empty stomach samples from PELTIC only. Stomachs with no season assigned 
and the number of empty stomachs (from a combination of seasons) were not used in further analysis. (−) No data available 
for the species and season. Individuals classed as larvae were ≤ 4 cm in length, all other individuals were > 4 cm. *Due to 
low sample numbers these samples are removed from further analyses. Numbers of empty stomachs by season are in 
Table A 1. 

  Season    

Species Spring (MAM) Summer 

(JJA) 

Autumn 

(SON) 

Winter 

(DJF) 

Unknown 

Season 

Empty 

Stomachs 

Anchovy 13 - 38 (38) - - 9 

Herring 97 154 66 (0) 360 - 904 

Herring larvae 85 - 1* (0) 2968 26 1459 

Horse mackerel 98 - 22 (19) 2* 9 385 

Horse mackerel 

larvae 

- 6 7 (4) - 40 18 

Mackerel 1949 259 - 15 - 806 

Mackerel larvae - 27 3* (0) - 85 75 

Sardine 7 106 65 (41) - - 37 

Sardine larvae - 24 3* (0) - 15 345 

Sprat 61 1* 79 (25) 487 - 559 

Sprat larvae 70 2* 11 (0) 77 - 197 

 

Prior to stomach extraction, each fish was measured (to the nearest 0.5 cm) and weighed (nearest 

0.1 g). Stomach extraction and content analysis were carried out on board following recommended 

methods (Amundsen & Sánchez-Hernández, 2019) and in line with methods used in DAPSTOM. 

Stomachs were preferably analysed immediately after extraction (or preserved in 90% ethanol for a 

maximum of 90 d) using a binocular microscope (Olympus SZX16 with the SZX2 base) and a 

magnification of 0.7−11.5 and ×10 optic lenses. The linear size of prey (mm), if fully intact, was taken. 

The minimum number of individuals within each prey group was recorded and they were identified 

to the highest taxonomic resolution. The stomach contents from historical records from the Celtic 

Seas ecoregion were merged with those from the survey (Table 3.1). 

This data was split by meteorological seasons: spring (March−May), summer (June−August), 

autumn (September−November), and winter (December−February), to explore the possible effects 
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of prey availability. As the life history of the species can influence size and prey (Wilson et al., 2018), 

the data was split based on fish length, into larvae (≤ 4 cm), and juveniles and adults, which together 

we call non-larval fish (> 4 cm). This threshold was chosen based on a natural split of around 4 cm 

of the available fish lengths in the dataset across the different species (Figure A 1). Spatial coverage 

of stomach samples is shown in Figure 3.1. Due to the inconsistency in data availability, it was not 

possible to analyse the dataset by specific areas, i.e., Celtic Sea, Irish Sea, and western English 

Channel (see Appendix - Figure A 2). 

 
For consistency, the prey groupings were standardised based on those available from DAPSTOM 

and were dependent on the taxonomic resolution during identification. The numerical estimations 

(percentage contribution of each prey group) were calculated per SPF species by summing the 

minimum number of each prey group, dividing by the total number of prey, and then dividing by the 

total number of non-empty stomachs. Any prey group that contributed to < 3% of the overall stomach 

were removed for ease of interpretation and to identify the major prey groups, as rare or uncommon 

prey groups for species with small sample size may be overemphasised (Berg, 1979). All further 

analyses used the calculated proportions. It was assumed that stomachs for all individuals are at 

100% and of equal capacity, as DAPSTOM does not have a stomach fullness measure. All analyses 

and figures were generated in R (version 3.6.3; R Core Team, 2020), and the diet composition 

network using R package ‘visNetwork’ (Almende et al., 2019). 
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Figure 3.1 - Spatial distribution and number of non-empty stomach samples from DAPSTOM and the 
PELTIC survey within the Celtic Seas ecoregion for 6 pelagic species (anchovy, herring, horse 
mackerel, mackerel, sardine, and sprat); larvae defined as < 4 cm. Thick black lines: simplified 100 

and 200 m isobaths. 
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3.2.3 Fractional trophic level 

Fractional TL of a species represents the trophic position of the species based on weighted average 

contribution of prey from different TLs into its diet. Fractional TL for each pelagic species was 

calculated seasonally from the diet matrix representing the fractions of prey in the diet of the predator 

and the fractional TLs of the prey species using Equation 3.1 (Cortés, 1999): 

   

                   (3.1) 

where TL is the trophic level of predator species i, TLj is the fractional trophic level of prey group j, 

DCij represents the fraction of j in the diet of i, and n is the total number of prey species. For the 

calculation, prey groups require a trophic level, these were obtained from literature sources (Table 

A 2). 

3.2.4 Strategies of feeding 

To understand the feeding strategy (i.e., specialised or generalised) and prey importance by diet 

(Bacha & Amara, 2009) of the SPF species, prey composition was analysed. We followed the 

graphical method described in Costello (1990) with the modifications outlined by Amundsen et al., 

(1996) by using prey numbers (Scharf et al., 2000). The method compares the relative frequency of 

occurrence (i.e., the percentage of non-empty stomachs that a prey group occurred) with the 

frequency in numbers (percentage of abundance) as described in Bachiller et al., (2021).  

To examine how relative prey size (linear length in mm) differs among fish species across seasons 

we generated relative frequency histograms of predator/prey size ratios (PPSRs) of prey 

consumption as described in Bachiller et al., (2013, 2021). The size of prey was taken from 

measurements on the PELTIC survey or DAPSTOM. For the prey groups where size information 

was not available, size ranges from literature were used (Table A 3). A high PPSR value represents 

smaller prey items consumed, while lower PPSR values larger items ingested into the stomach 

(Scharf et al., 2000). 
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3.2.5 Diet overlap 

From the relative prey proportions generated from stomach data, three different overlap indices were 

computed for further analyses: Morisita, Schoener (also known as percentage overlap), and Pianka 

(Krebs, 1999). Although the Morisita index (range 0–1, where 0 = no similarity and 1 = complete 

similarity) takes into consideration the abundances of the prey groups within the stomachs and is 

less dependent on sample size (Krebs, 1999; Wolda, 1981), it can overrepresent similarities, with 

values sometimes exceeding 1 (i.e. >100%) (Chao et al., 2006). On the other hand, the Schoener 

percentage overlap (Schoener, 1970) is often biased by sample size (Krebs, 1999), and was not 

considered for our data, which included varying sample size for six species. We therefore focused 

only on the Pianka overlap index (Pianka, 1973), defined by Equation 3.2, for further analysis. 

  

                                                                                                                                             

(3.2) 

 

 

where Ojk = Pianka’s measure of niche overlap between species j and species k, 

pij=proportion of resource i of the total resources used by species j, pik = proportion of resource i of 

the total resources used by species k, and n = total number of resources states. Pianka overlap 

ranges from 0 (where there are no resources in common) to 1.0 (a complete overlap). The Pianka 

overlap was calculated using R Core Team (2020; version 3.6.3) and package ‘spaa’ (Zhang, 2016). 

The Pianka index was bootstrapped with 1000 iterations to estimate a 95% confidence interval. To 

compare the spread of the bootstrap, a normalised metric was derived (hereafter termed normalised 

spread - NS) which was calculated by dividing the spread of the confidence intervals by the average 

of Pianka index calculated from the diet matrix and multiplied by 100. The lower the normalised 

spread, the greater the confidence in the range as the sample-to-sample variation is smaller. This 

provided a defined and normalised value to compare between different samples. The Pianka index 
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was categorised into low (<0.4), medium (0.4-0.7), and high (>0.7) (Keast, 1978; Novakowski et al., 

2008). A Principal Component Analysis (PCA; Legendre & Legendre, 1998) was applied to explore 

the differences and overlap in the species’ diet. The PCA was undertaken in R (R Core Team, 2020; 

version 3.6.3) using the ‘factoextra’ package (Kassambara & Mundt, 2020). 

3.2.6 Diversity indices 

 Shannon diversity (H’) of prey consumed and prey richness (S, defined as the total number of prey 

groups consumed) indices were calculated to understand whether there was a difference in diversity 

of prey groups between the stomachs of the SPF species. Shannon diversity index (H’) is described 

in Equation 3.3. 

                              (3.3) 

where pi is the proportion of the prey group made up of species i. Prey richness (S) is the 

total number of prey groups consumed. 

3.2.7 Statistical analyses 

An ANOVA was performed for diet overlap, H’, and S between non-larval fish species to understand 

the differences between species and seasons. Only non-larval species (i.e., > 4 cm) were chosen 

due to data constraints with the larval species, with many of them only sampled during 1 season. 

The ANOVA was computed in R (R Core Team, 2020; version 3.6.3). 

 

3.3 Results 

3.3.1 Diet composition and feeding strategies across seasons 

The diet composition of the SPF in the study area changed across seasons, highlighted by the 

difference in abundances of prey groups (Figure 3.2). Most of the species consumed calanoid 

copepods regardless of season. Values of S and H’ for all non-larval species differed between 
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seasons, with both indices statistically significant (ANOVA, F = 7.0491, p = 0.0262; ANOVA, F = 

18.48, p = 7.5 × 10−12, respectively). 

Non-larval sprat consistently consumed copepods in all seasons, particularly calanoid copepods 

(16− 72%; Figure 3.2). S of prey groups in non-larval sprat across the seasons was low (between 2 

and 3); spring had a maximum S equal to 3 and a higher value of H’ (0.786) compared to autumn, 

which had the lowest H’ (0.44; Figure 3.3). The dominant prey group for non-larval sprat changed 

between seasons: calanoid copepods (72%) in spring, cyclopoid copepods (84%) in autumn, and 

teleost eggs (72%) in winter (Figure 3.2). Non-larval sprat also consumed diatoms (16%) and 

copepod eggs (12%) in spring. The Costello diagram (Figure 3.4) indicated that across all seasons, 

calanoid copepods was the dominant prey group for non-larval sprat, with > 45% occurrence. The 

low PPSR values indicated consumption of relatively large prey groups across all seasons (Figure 

3.5). 

Sprat larvae had greater S in spring and autumn (4), mostly consuming phytoplankton in spring 

(67%) and winter (86%). However, sprat larvae in autumn ingested an almost equal split between 

calanoid copepods, diatoms, other phytoplankton, and tintinnids (26, 26, 26, and 23% respectively; 

Figure 3.2), resulting in a higher value of H’ than in spring (1.38 and 1.00 respectively; Figure 3.3). 

Sprat larvae diet in winter had a lower H’ (0.41) and S (2) compared to spring and autumn. 

Calanoid copepods were consumed in all seasons by non-larval herring (18−95%) and were the 

dominant prey groups in summer and autumn (Figure 3.2). In autumn and summer, herring almost 

exclusively consumed calanoid copepods (95% and 81% respectively), with a low S (2), and low H’ 

(0.18) in autumn Figure 3.3). The highest value of H’ was in winter (1.34) alongside the highest S 

(4). 

There was no dominant prey group in winter (Figure 3.2). During spring, over half of non-larval 

herring diet was dominated by teleost eggs (54%), with the rest consisting of calanoid copepods 

(32%) and euphasiids (7%; Figure 3.2). In winter, herring prey group frequencies were <50% (Figure 

3.4), compared to summer and autumn, in which calanoid copepods were dominant in the diet. 
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Similarly, herring larvae had a varied diet in winter, consuming a wider range of prey groups (winter: 

S = 5; spring: S = 4; Figure 3.3), and a higher H’ than in spring (winter: H’ = 1.51; spring: H’ = 1.23; 

Figure 3.3). Calanoid copepods were present in spring and winter of herring larvae diet (Figure 3.2), 

accounting for 51% of the ingested prey in spring, with the remaining 49% equally split between 

cirripedes, copepod eggs, and bivalves. No data for herring larvae in summer and autumn were 

available. 

 

Figure 3.2 - Average proportions of prey groups consumed by 6 pelagic species (anchovy, herring, horse mackerel, 
mackerel, sardine, and sprat) and overlapping prey types across seasons (a: spring, MAM; b: summer, JJA; c: autumn, 
SON; d: winter, DJF) in the Celtic Sea, Irish Sea, and English Channel. Yellow nodes: prey groups; non-yellow nodes: 
predators. Predator species arranged by trophic levels of the species (y-axis) and calculated from the diet composition 
shown in the network using Eq. (1). Percentage contribution of prey type to a species diet indicated by thickness and 

numerical value of each edge. Non-larval species are > 4 cm, unless defined as larvae, which are ≤ 4 cm. 
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Sardines varied their diet across seasons (Figure 3.2), although it was the only species which 

consistently consumed phytoplankton throughout the year. Throughout the seasons, S did not 

change (4); however, H’ was lowest in autumn (0.77) and highest in spring (1.31). In spring, they 

consumed mainly calanoid copepods (33%) and amphipods (33%), while in summer, they 

switched towards a greater phytoplankton based diet (50% diatoms, 5% other phytoplankton, 41% 

calanoid copepods, and 4% crustaceans). Sardine’s diet in autumn was dominated by calanoid 

copepods (77%; Figure 3.2). Many of the prey groups consumed had a frequency of abundance of 

< 50% and frequency of occurrence < 60%, with calanoid copepods most dominant in autumn and 

summer and no group dominant in spring (Figure 3.4). Sardine consumed a wide range of prey 

sizes from relatively large to small, indicated by both low and high PPSR groups (Figure 3.5). 

Sardine larvae were only sampled in the summer and only consumed copepod eggs; as such, H’ 

and S were low (S = 1, H’ = 0; Figure 3.3).  

 

Figure 3.3 - Prey richness (S; data bars; left-hand axis) and Shannon diversity index of prey (H ’; data points; right-hand 
axis) for 6 pelagic species (anchovy, herring, horse mackerel, mackerel, sardine, and sprat) in the Celtic Seas ecoregion. 

Non-larvae are > 4 cm, unless defined as larvae, which are ≤ 4 cm. 
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Anchovies had a varying diet across the seasons, although calanoid copepods (18−57%) and 

crustaceans (5−18%) were part of their diet in all seasons sampled (spring and autumn; Figure 3.2). 

They had the same S values (5) in spring and autumn, and similar H’ values for each season (spring: 

H’ = 1.32; autumn: H’ = 1.24; Figure 3.3). In spring, anchovies consumed mostly shrimp (50%), with 

a mixture of amphipods (18%), copepods (18%), crustaceans (4%), and euphausiids (9%). In 

autumn, the diet of anchovies showed an increase in calanoid copepods to 57%, and an increase in 

crustaceans to 23%. Shrimp and calanoid copepods were the dominant prey groups in spring and 

autumn respectively, at > 50% in frequency and occurrence (Figure 3.4). The size of prey consumed 

was relatively large in comparison to body length, with mainly low PPSR values in both seasons 

(Figure 3.5). No anchovy larvae samples were available. The main constituent of horse mackerel 

diet across all seasons was calanoid copepods (e.g., 79% and 71% of diet in spring and autumn 

respectively; Figure 3.2). This is also consistent with the Costello diagram (Figure 3.4) in autumn 

where the frequency and occurrence were > 50%. The remaining diet in spring consisted of 

euphausiids (21%) and in autumn of a mixture of crustaceans (16%) and cyclopoid copepods (4%).  

Horse mackerel diet in autumn had a higher S, H’, and a cluster of low frequency and low occurrence 

prey groups than in spring (autumn: S = 4, H’ = 0.88; spring: S = 2, H’ = 0.51; Figure 3.3). Overall, 

the PPSR low values demonstrated that horse mackerel consume relatively large prey groups 

(Figure 3.5). Horse mackerel larvae had an S of 4 in summer, consuming calanoid copepods (38%), 

cyclopoid copepods (22%), diatoms (24%), and Cladocera (16%), supported by a higher H’ value 

(summer: H’ = 1.33; autumn: H’ = 0.95; Figure 3.3). In autumn, horse mackerel larvae had a lower 

S (3), as they did not consume phytoplankton (diatoms), but, like the non-larval horse mackerel, they 

consumed a higher amount of calanoid copepods (58%; Figure 3.2). 

Mackerel switched diet across seasons, with calanoid copepods as the consistent prey group, e.g., 

53% of the diet in spring and 85% in summer (Figure 3.2). Values of S and H’ were highest in spring 

(S = 7, H’ = 1.48), decreasing to an S of 4 in summer and winter. Winter had higher H’ compared to 

summer (winter: H’ = 1.14; summer: H’ = 0.58; Figure 3.3). In winter, non-larval mackerel consumed 

less calanoid copepods (7%) and more non-diatom phytoplankton (52%) compared to the other 
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seasons. The remaining composition consisted of appendicularians, which increased from 11% in 

spring to 29% in winter; no appendicularians were consumed in autumn (Figure 3.2). In winter, there 

was no dominant prey group (Figure 3.4). Mackerel consumed relatively large prey groups for their 

size, as demonstrated by low PPSR groups; however, alongside sardines, they were the only 

species to consume a high PPSR group (Figure 3.5). 

In summer, there was no dominant prey group for mackerel larvae. They consumed copepod eggs 

(38%), calanoid copepods (21%), copepod nauplii (20%), Cladocera (13%), and phytoplankton (9%; 

Figure 3.2). This resulted in a high S (5) and H’ (1.49) (Figure 3.3). Mackerel larvae consumed 

relatively large prey groups for their size, demonstrated by low PPSR groups (Figure 3.5). 

In general, the majority of the prey groups had low frequency of occurrence (Figure 3.4), but there 

was a wide spread of prey groups in the diet of all 6 species (Figure 3.2). This observation suggests 

that all 6 SPF exhibit generalist feeding behaviours (Figure 3.4). Notably, both the relative frequency 

and occurrence of calanoid copepods were high (> 70%) in the diet of herring in summer, in herring 

larvae in spring, horse mackerel in autumn, horse mackerel larvae in autumn and spring, and sprat 

in spring. 

Regarding PPSR, many of the species (horse mackerel; horse mackerel larvae, mackerel larvae, 

herring larvae, and anchovy in all seasons) consumed large prey, representing > 50% of diet 

composition (indicated by low PPSR values). Non-larval sardine in autumn and mackerel in winter 

were the only predators to consume smaller sized prey groups compared to their body size (indicated 

by higher PPSR values; Figure 3.5). 
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Figure 3.4 - Costello diagram for 6 pelagic species (anchovy, herring, horse mackerel, mackerel, sardine, and sprat) in the 
Celtic Seas ecoregion. Non-larvae are >4 cm, unless defined as larvae, which are ≤4 cm. Amphi: Amphipods; Append.: 
appendicularians; Calan.: calanoid copepods; Chaeto.: Chae to gnatha; Clado.: Cladocera; Cop. eggs: copepod eggs; 
Crust.: crustaceans; Cyclo.: cyclopoid copepods; Dino.: dinoflagellates; Euphau.: euphausiids; Fish larv.: fish larvae; 
Gastro.: gastropods; Harpact.: harpacticoid copepods; Moll.: mollusc; Phyto. Other: phytoplankton other (non-diatoms or 
dinoflagellates); Tintin.: tintinnids. 
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Figure 3.5 - Seasonal variability of prey size using predator:prey size ratio (PPSR; total length predator:total length prey) 
for 6 pelagic species (anchovy, herring, horse mackerel, mackerel, sardine, and sprat) in the Celtic Seas ecoregion. Non-
larval species are >4 cm, unless defined as larvae, which are ≤4 cm. Data lines: cumulative frequency of the predator:prey 
size ratio groups; dashed lines: 100% frequency. 
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3.3.2 TLs 

TLs for most SPF were variable across seasons, except for horse mackerel (3.27−3.28), which had 

minimal fluctuations (Table 3.2). Sprat larvae had the lowest TL of 2.16, of all species regardless of 

season, while anchovy had the highest overall TL of 3.51 in spring (Table 3.2). In autumn, horse 

mackerel larvae had their highest TL, while for herring it was in winter. However, 1-way ANOVA 

indicated there were no statistically significant differences in TLs across seasons and across species 

(ANOVA, F = 0.667, p = 0.587). 

Table 3.2 - Trophic levels calculated for each of the 6 species across seasons using Eq. (2.1). 'Average' (this study) and 
Fishbase (from Froese & Pauly 2009) values are mean ± SE. (−) No available data. 

  Season    

Species Spring (MAM) Summer 

(JJA) 

Autumn (SON) Winter 

(DJF) 

Average FishBase 

Herring 3.01 3.22 3.23 3.30 3.19 (±0.06) 3.4 (±0.1 se) 

Herring larvae - 3.06 - 2.76 2.91 (±0.15) - 

Anchovy 3.51  3.14 - 3.32 (±0.18) 3.2 (±0.36 se) 

Sardine 3.11 2.65 2.97 - 2.88 (±0.17) 3.1 (±0.1 se) 

Sardine larvae - 2.50    - - 2.50 (±) - 

Mackerel 3.01 3.18  2.65 2.94 (±0.16) 3.6 (±0.2 se) 

Mackerel larvae - 2.78 - - 2.78  - 

Sprat 2.94 - 3.12 2.92 2.99 (±0.06) 3.0 (±0.07se) 

Sprat larvae 2.32 - 2.54 2.16 2.34 (±0.11) - 

Horse mackerel 3.28 - 3.27 - 3.27 (±0.00) 3.5 (±0.0 se) 

Horse mackerel 

larvae 

- 2.88 3.35 - 3.11(±0.23) - 

 

3.3.3 Diet overlap 

The PCA (Figure 3.6) showed that non-larval mackerel differed from all other SPF in spring (Figure 

3.6a), as they consumed prey groups the other species did not (such as copepod nauplii, 

Chaetognatha, Appendicularia, and fish larvae). All other SPF were closely located in orthogonal 

space, and as such, consumed similar prey groups (Figure 3.6a). In spring, high diet overlap was 
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observed between all combinations of mackerel, herring larvae, horse mackerel, and sprat, with the 

highest overlap between horse mackerel and sprat (Pianka index = 0.932, NS = 107.3; Figure 3.7; 

Table A 4).  

Figure 3.6 - Principal component analysis (PCA) of diet composition for 6 pelagic species (anchovy, herring, horse 
mackerel, mackerel, sardine, and sprat) for 2 PCA components (Dim1 vs. Dim2) for each meteorological season (a: spring, 
MAM; b: summer, JJA; c: autumn, SON; d: winter, DJF) in the Celtic Seas ecoregion. Black text: pelagic species; blue 
text: prey species (variables); blue arrows: direction of the variables as projected into 2D space. Predators are >4 cm, 
unless defined as larvae, which are ≤4 cm. Prey abbreviations as in Figure 2.4. 
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Herring larvae had high overlap with mackerel (Pianka = 0.81), sprat (Pianka = 0.89), and horse 

mackerel (Pianka = 0.85; Figure 3.7). In summer, there was only 1 cluster, formed by sardine larvae, 

mackerel larvae, and horse mackerel larvae (Figure 3.6b), while sardine, mackerel, and herring were 

isolated in orthogonal space, in particular, herring driven by calanoid copepods, harpacticoid 

copepods, and mysids (Figure 3.6b). Sardine larvae had only 1 high overlap, with mackerel larvae 

(Pianka = 0.76, NS = 43), while mackerel larvae diets had generally low overlaps (< 0.45) with the 

other SPF considered (Figure 3.7). Herring and mackerel presented the highest diet overlap in 

summer (Pianka = 0.98, NS = 101.7). In autumn, horse mackerel larvae, sprat, anchovy, horse 

mackerel, and herring formed a cluster (Figure 3.6c). Sardine and sprat larvae were isolated, driven 

by dinoflagellates/bivalves and phytoplankton/tintinnids respectively (Figure 3.6c). Autumn was 

characterized by high diet overlap between anchovy and horse mackerel, and between herring and 

sardine (Pianka = 0.98, NS = 34.3; Pianka = 0.979, NS = 102.0, respectively; Figure 3.7, Table A 3). 

In general, anchovy had a high diet overlap with all other species except sprat and sprat larvae. 

Sprat only had low overlaps (< 0.4) in autumn. In winter, no clear clustering was observed (Figure 

3.6d); herring larvae and sprat diets were both driven by copepod Calanoida and teleost eggs. The 

only high diet overlap in winter was between sprat larvae and mackerel (Pianka index = 0.84, NS = 

118.0). Overall, horse mackerel larvae had a high diet overlap with both herring and sardine in both 

summer and autumn, while the sprat−sprat larvae, herring−sprat larvae, and anchovy−sprat 

combinations had generally low diet overlaps throughout the seasons. 
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Figure 3.7 - Pairwise dietary overlap (Pianka’s index) network of 6 pelagic species (anchovy, herring, horse mackerel, 
mackerel, sardine, and sprat) across seasons (a: spring, MAM; b: summer, JJA; c: autumn, SON; d: winter, DJF) in the 
Celtic Seas ecoregion using Eq. (2). Pianka overlap ranges from 0 (where there are no resources in common) to 1.0 (a 
complete overlap). *Low normalised spread (normalised spread was calculated by dividing the spread of the confidence 
intervals by the average of the Pianka index multiplied by 100); these values are in Table S5. Predators are > 4 cm, unless 

defined as larvae, which are ≤ 4 cm. Thickness of lines represent Pianka index value. 

 

There was no statistically significant difference in diet overlap between seasons for all non-larval 

SPF species (ANOVA, F = 2.48, p = 0.082), indicating that collectively the average of diet overlaps 

of the predators between different seasons did not change. However, for a few given species, there 

were significant differences of overlap between seasons (Table 3.3): non-larval anchovy (ANOVA, 

F = 11.32, p = 0.012), sprat (ANOVA, F = 9.11, p = 0.019), and mackerel (ANOVA, F = 7.09, p = 

0.027). 
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Table 3.3 - ANOVA of Pianka index of all and individual species and the seasons that were compared. *Significant (p ≤ 
0.05). 

Species F value P value Seasons 

All 2.48 0.0823 Spring/Summer/Autumn/Winter 

Anchovy 11.32 0.012* Spring/Autumn 

Herring 1.24 0.349 Spring/Summer/Autumn/Winter 

Mackerel 7.10 0.0262* Spring/Summer/Winter 

Horse 
mackerel 

0.41 0.541 Spring/Autumn 

Sardine 0.86 0.460 Spring/Summer/Autumn 

Sprat 9.12 0.0194* Spring/Autumn 

 

 

3.4 Discussion 

3.4.1 Diet composition and overlap of juveniles and adults (non-larvae) 

This study found that the diet composition of SPF in the Celtic Seas ecoregion changed across 

seasons. Despite intra-annual variability in prey consumption by most species, calanoid copepods 

were the most prominent prey for all species, as well as some of the most abundant prey types, in 

agreement with other studies on similar species (e.g., Bachiller & Irigoien, 2015; Möllmann et al., 

2004; Raab et al., 2012). In fact, calanoid copepods are found throughout the year in the study area, 

with peaks in abundance in April and May, and a secondary peak between October and December, 

depending on specific calanoid species (Johns, 2006; Kennington & Rowlands, 2006). Calanoid 

species are most abundant around the Ushant Front area and south of Ireland  (Johns, 2006), where 

non-larval horse mackerel and mackerel were sampled, and west of the Isle of Man (Kennington & 

Rowlands, 2006), where the majority of non-larval sprat and herring were sampled. These areas are 

associated with seasonal stratifications that could help result in elevated copepod abundances 

(Kennington & Rowlands, 2006). This could explain the medium to high overlaps between these 2 

species pairs, due to the peak in calanoid copepods in spring. Autumn was the season with the 

highest diet overlap between the SPF species (particularly the comparison anchovy− horse 
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mackerel) possibly due to the consumption of similar prey groups and similar proportions. However, 

autumn is the ending of the planktonic growing season, with prey groups such as calanoid copepods 

lowest from December to March (Johns, 2006). Winter had the smallest diversity of prey groups, 

likely because of the decrease in diversity in plankton in this season (Giering et al., 2019; Johns, 

2006). The majority of both horse mackerel and mackerel were sampled in between the 100 and 200 

m isobaths towards the shelf edge (south of Ireland), where calanoid copepods are present and peak 

during spring (Johns, 2006), which may explain the high overlap between these species. 

Horse mackerel’s diet was particularly selective towards calanoid copepods, possibly explaining the 

strong diet overlap between this species and the other SPF. Horse mackerel also preyed upon 

cyclopoid copepods in autumn, in coincidence with the peak in abundance of this species (Eloire et 

al., 2010). Observations from the Bay of Biscay and the Belgian part of the North Sea (Bachiller & 

Irigoien, 2015; Van Ginderdeuren et al., 2013) indicated that horse mackerel can show an 

opportunistic active predation on larger prey items (e.g. euphausiids) when they are available. As 

such, the consumption of calanoid copepods in this study may indicate the absence of larger prey 

item in the planktonic community during feeding. 

Similarly, this study found herring consumed a small range of prey groups of generally larger sizes, 

with calanoid copepods the most common, in addition to euphausiids and mysids, as also observed 

in the North Sea (Casini et al., 2004; Corten, 2000; Flinkman et al., 1998). Celtic Sea herring are 

autumn-spawners, and it is thought that during the spawning period, feeding is limited (Hardy, 1924; 

Muus & Nielsen, 1999); therefore, even if herring consumed almost exclusively calanoid copepods 

in autumn, they are less likely to be competitors with other species during this season. Furthermore, 

herring can switch to smaller prey items if larger prey sizes are not available (Gibson & Ezzi, 1992). 

In this study, herring did not have a dominant prey group during spring and winter but consumed a 

higher number of teleost eggs, likely as result of insufficient planktonic prey availability (Segers et 

al., 2007). Teleost eggs also contributed to sprat diet, which have been reported to prey on plaice 

eggs and cod eggs in the Irish Sea (Ellis & Nash, 1997; Fox et al., 2012; Plirú et al., 2012) and in 

the Baltic Sea (Nissling, 2004), respectively. Conversely, these species could actively select teleost 
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eggs when available and as such, result in a lower proportion of calanoid copepods in the diet, due 

to opportunistic predation. This could be addressed with the addition of concurrent plankton biomass 

data; however, this is outside the scope of this study. Further studies would be required to 

understand the result in increased predation on fish eggs, as there are potential bottom-up effects 

on the recruitment of the species predated upon. Overall, herring and horse mackerel displayed 

more specialist feeding behaviours, and could be vulnerable to changes in the availability of a 

particular prey. 

Mackerel showed a generalist feeding strategy with the largest values for species richness and 

Shannon diversity in spring, and diverse prey sizes consumed in winter, in agreement with several 

previous studies (e.g., Bachiller et al., 2016; Debes et al., 2012; Kvaavik et al., 2019; Óskarsson et 

al., 2016; Utne et al., 2012; references therein). This study has shown the importance of 

appendicularians in the diet of mackerel in the Celtic Seas ecoregion in spring and winter, which as 

such may be non-coincidental consumption, as reported in the Norwegian Sea (Bachiller et al., 2016; 

Langøy et al., 2012; Prokopchuk & Sentyabov, 2006). 

Sardine and mackerel were the main consumers of phytoplankton and were the only predators to 

consume smaller prey items (PPSR results), which is commonly reported for sardine (e.g., Garrido 

et al., 2008), particularly in nearshore habitats (Emmett et al., 2005). Sardine was the only species 

that consistently consumed phytoplankton throughout the year, but also consumed larger prey items 

such as crustaceans, decapods, and copepods, consistent with findings in the Bay of Biscay 

(Bachiller & Irigoien, 2015). This demonstrates that this species can use both particulate and filter 

feeding (Garrido et al. 2007; Bachiller et al., 2020; 2021), although filter feeding is the main feeding 

mode (Garrido et al., 2008). Phytoplankton was also identified as part of sprat diet, although this has 

rarely been reported in non-larval sprat diet (this study; Falkenhaug & Dalpadado, 2014), while other 

studies have observed the absence of phytoplankton within the diet (Bernreuther, 2007; Casini et 

al., 2004; Dickmann et al., 2007; Raab et al., 2012; Voss et al., 2009). It is possible that 

phytoplankton were ingested, through a shift to filter feeding, to maximize energy intake and 

availability (Falkenhaug & Dalpadado, 2014; Gibson & Ezzi, 1992). Many SPF (e.g., sardine and 
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herring) can switch between filter (non-selective) and particulate (selective) feeding (e.g., Garrido et 

al., 2007; Nikolioudakis et al., 2014; Van Der Lingen et al., 2006), which allows the fish to 

appropriately exploit the planktonic food web (van der Lingen et al., 2009). 

Anchovy consumed large prey groups compared to their body size, such as euphausiids in this study 

(PPSR results), in the North Sea (Raab et al., 2011) and in the Bay of Biscay (Bachiller & Irigoien, 

2015). This suggests that anchovy within the study area could use an opportunistic prey selection 

for larger prey items in spring. However, euphausiids have an initial peak in May and a main peak in 

October and are found primarily south of Ireland (Johns, 2006). The spring samples are found in 

areas of high euphausiid abundance, compared to autumn samples located off the Cornish coast; 

therefore, prey availability could be a contributing factor to feeding strategy. Many of the dietary 

seasonal changes in this study are likely attributable to prey availability (Pinnegar et al., 2003), and 

will suit the SPF with generalist feeding behaviours (Beckerman et al., 2006; Dunne et al., 2002; 

Gravel et al., 2011; Rooney et al., 2006), such as mackerel and anchovy.  

 

3.4.2 Diet composition and overlap of larvae 

Copepod eggs were a main component in sardine larvae diet, particularly in summer. During 

maturation, the larvae shift their diet from copepod eggs to copepodites and then adult copepods, 

concomitant with larvae size changes (Conway et al., 1994; Morote et al., 2010; Munuera-Fernández 

& González-Quirós, 2006). In contrast with non-larval sprat, sprat larvae consumed largely 

phytoplankton, reflecting an ontogenetic shift in diet (Dickmann et al., 2007). As with sprat, herring 

showed an ontogenetic diet shift, as non-larval herring consumed prey groups larger than that of 

herring larvae, relative to their size (e.g., Wilson et al., 2018). The mackerel−herring larvae diet 

overlap observed in winter could be explained by phytoplankton consumption; however, herring 

larvae were mainly sampled nearshore in the Irish Sea, whereas mackerel were observed in Celtic 

Sea offshore waters. Therefore, this potential competition may not be such a concern. 
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In their life cycle, planktivorous SPF are consumers of organisms across the whole planktonic size 

spectra (e.g., phytoplankton, micro-, meso-, and macro- zooplankton), because with age and 

maturity, they can ingest prey of larger sizes (Bachiller et al., 2013). Often, when available, larger 

prey items are consumed, as they are more energetically valuable (Nikolioudakis et al., 2014). This 

study showed that larval species often consumed similar prey groups, such as copepod 

developmental stages in spring. Small copepods are particularly important to larval facultative filter-

feeding species, such as sprat and herring, as low herring larval abundances have been associated 

with declines in copepods (Alvarez-Fernandez et al., 2015). The most critical phase of development 

for more specialist feeders such as herring are within the first few days, when they require sufficient 

suitable prey to successfully feed (Houde, 2008). Therefore, recruitment success can be impacted 

by suitable planktonic prey availability, which in turn is influenced by other factors such as 

environmental conditions. In fact, small copepods have experienced changes within the region and 

adjacent seas. In the Celtic Sea region, smaller copepods have seen a decline over the last few 

decades, showing a negative correlation with sea surface temperature (Bedford et al., 2020), whilst 

in the adjacent North Sea, a decline in recruitment of commercially important fish stocks was linked 

to a decline in small copepod abundance (since the 1990s) and to declining primary production 

(Capuzzo et al., 2022; Pitois & Fox, 2006). 

 

3.4.3 Trophic levels 

Although the prey composition changed throughout the year, there was no statistically significant 

difference in TL between seasons of the SPF. A possibility is that the major contributor in the prey 

composition (calanoid copepods) was relatively abundant in the diet throughout the year, whereas 

the low frequency prey groups changed between seasons. Horse mackerel for example did not 

change dominant prey groups, explaining the similar TLs calculated for the seasons sampled. The 

averaged TLs identified in this study for SPF species such as mackerel and anchovy were different 

from levels presented in FishBase (Froese & Pauly, 2009). This may be attributable to the different 

size ranges and life stage of the SPF species investigated. The data downloaded from FishBase 
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was filtered for the region and to similar sizes; however, this was not always possible. For example, 

the relatively low TL calculated for mackerel, particularly in relation to those provided in FishBase 

(Froese & Pauly, 2009), is likely due to the size of mackerel investigated in the study; most of the 

mackerel stomachs considered were obtained from smaller fish, while the TL calculated in FishBase 

contains a mixture of juvenile and adults (Froese & Pauly, 2009). The waters southwest of the UK 

includes an important nursery area for mackerel, which may explain the prevalence of smaller 

mackerel found within this study. Fish are an important part of the diet of larger mackerel (Engelhard 

et al., 2013), and most of the larger mackerel tend to reside off the shelf area, outside the study area. 

The presence of phytoplankton in the stomachs of juvenile mackerel contributed to the reduction in 

this species’ TL and is likely the result of available prey. In fact, mackerel could have consumed 

more phytoplankton in winter (52% of the diet) to meet their calorific requirements. Similarly, to 

mackerel, herring, horse mackerel, and sardine demonstrated lower TLs than in FishBase. In this 

study, sardine consumed phytoplankton, which was not present in the FishBase listed diet, and so 

explains the difference in TL. Horse mackerel in FishBase consumed finfish in the North Sea, which 

is a higher TL than the prey groups consumed by horse mackerel in this study. Interestingly, herring 

in FishBase demonstrated a higher TL than reported here; the consumption of bony fish 

(Ammodytidae) by herring reported in FishBase was the main difference between the TL 

calculations. Conversely, the reported TL in FishBase for anchovy was lower than in this study. This 

could be explained by the food items used for FishBase calculations containing more instances of 

phytoplankton, while the only instance of phytoplankton consumption in this study was 4% of diatoms 

in the autumn. 

 

3.4.4 Potential impacts of environmental changes on SPF 

SPF species pairings in this study does not always equate to competition, especially if there are 

enough food resources to achieve fish calorific intake and optimum fitness (Holt, 1987), and spatial 

segregation. In contrast, top-down control by these planktivorous species (consuming large vs. small 

copepods) and feeding strategy (generalist vs. specialist) can affect the zooplankton community. 
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Interactions may become apparent due to sea surface temperature changes in the Celtic Seas 

ecoregion, with a decadal mean of 0.66 ± 0.02°C (Lauria et al., 2012). This can change feeding 

conditions in the future and lead to shifting distribution scenarios (Pennino et al., 2020); in fact, 

European anchovy has increased its distribution in the study area (Beare et al., 2004), due to 

increased recruitment success of existing local northern stocks (Petitgas et al., 2012, Huret et al., 

2020) and the ability of individuals to reach an overwintering size (Raab, 2013). After spawning in 

the southern North Sea, adult and juvenile anchovy overwinter in the relatively warmer waters of the 

western English Channel (Huret et al., 2020). This will have indirect as well as direct effects on SPF, 

possibly forcing changes in growth and survival of SPF species through prey availability and 

distribution variability (e.g., Corten, 2001; Cushing, 1990; Southward et al., 1995). It is difficult to 

predict how these potential changes in prey availability and distribution will affect SPF, due to their 

variable seasonal diet and the ability to switch from specialist to generalist diets (e.g., herring in this 

study switching from specialist in autumn and summer, to generalists in winter and spring). The 

importance of SPF is clear, as the abundance of the SPF can drive the abundance of demersal 

species in the region through a bentho-pelagic trophic link (Eme et al., 2022). 

 

3.4.5 Considerations on the methods and recommendations 

The methodology adopted to collect, collate, and analyse fish stomach contents data may present 

some limitations, which should be considered when interpreting the results. The main caveat of this 

study is the lack of concurrent planktonic community data; as such, the feeding strategies of the 

species studied cannot be ascertained, as consumption may reflect prey availability. The Costello 

diagram provides insight into the dominant prey group, or groups, from which we can begin to explore 

the possibilities of feeding strategies. We would recommend the collection of concurrent zooplankton 

community data to confirm these feeding strategies across seasons. A general overview of the 

seasonally available prey can be determined from several detailed studies in the region (Bedford et 

al., 2020; Capuzzo et al., 2022; Eloire et al., 2010; Pitois et al., 2021; Reygondeau et al., 2015; J. 

Scott et al., 2021; Widdicombe et al., 2010). The historical samples (adopted in this study) span a 
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wide timeframe where changes in the planktonic community and composition may have occurred 

(e.g., see Bedford et al., 2020). However, we still find similar prey groups from the earliest decades 

to the latest (see the DAPSTOM database; Pinnegar 2014), supporting the relevance of our results 

and conclusions. 

To analyse stomach contents, a visual inspection was used to identify prey organisms. This method 

is likely to underrepresent more easily digestible prey such as phytoplankton (Sikora et al., 1972), 

and gelatinous organisms. Molecular techniques can be used to identify these (e.g.,Bachiller et al., 

2020; Lamb et al., 2019, references therein), but these methods return presence−absence of the 

prey type, rather than abundance and size. The use of abundance ratios in the diet can 

overemphasise the contribution of smaller prey groups in the stomach (Pinnegar, 2014; Van Der 

Lingen et al., 2006). To counteract this bias, the abundances can be converted to biomasses using 

existing length−weight relationships. As many of the prey groups were of low taxonomic resolution, 

there were large variations in prey sizes, and so the biomass estimates were judged to be uncertain. 

Pinnegar (2014) stated that the limitation of pooled data can underestimate prey numbers, but can 

also mask individual variation of feeding (e.g., individual variation observed in the Bay of Biscay; 

Bachiller & Irigoien, 2015). This variation could be due to gill raker size or feeding strategy by certain 

size fish species that can be even higher than differences in stomach contents of different species 

or different size ranges. The varying sample size may also have similar effects. Small sample sizes 

such as horse mackerel larvae in autumn and sardine in spring may overemphasise the importance 

of uncommon prey (Berg, 1979). An increase in sample number would reduce this bias and will also 

improve the capability of accounting for any variability found in fish feeding behaviour, and as such, 

would provide a more reliable representation of overall diet (Ferry & Cailliet, 1996; Winemiller, 1990). 
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3.4.6 Conclusions 

This study provides novel insights into the diet composition of SPF across different seasons in the 

Celtic Seas ecoregion, showing that dietary overlap between SPF vary between seasons, with the 

highest overlaps occurring in autumn. Despite seasonal variability in prey consumption of the lower 

frequency prey groups, calanoid copepods represented a key component of diet in all seasons and 

the main contributor to the diet of the six SPF. 

The results of this study may be generalised to other temperate locations with similar populations of 

SPF. In the North Sea, for example, 6 forage fish species co-occur and (partially) compete for the 

same planktonic food sources (Dickey-Collas et al., 2013; Raab, 2013). The results of this study may 

also provide important input to trophic models. These models often provide a platform to disentangle 

the complexities of food web functioning (trophic relationships), anthropogenic stressors, and the 

environment to predict how the ecosystem may respond to future scenarios (e.g., Boyd et al., 2020b). 

However, the accuracy of these models is dependent on ecosystem specific data (Essington, 2007; 

Han et al., 2020), including specific TL and diet matrices. Many existing Ecopath with Ecosim models 

(Christensen et al., 2014; Pauly et al., 2000) take into consideration only the annual consumption 

patterns rather than seasonal. Therefore, including a seasonally varying diet matrix, such as the one 

derived in this study, may improve such models, allowing them to be used to evaluate ecosystems 

effects of fishing, and to explore management policy options amongst many other ecological 

questions at a seasonal scale. 
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Chapter 4 –  Assessment of standard Sentinel 3 - OLCI 

Chlorophyll-a in the waters southwest of the UK 

 

4.1 Introduction 

Chapter 3 demonstrated the consumption of different phytoplankton types, (diatoms, dinoflagellates, 

and other phytoplanktonic types), in the diet of sardine, mackerel and larval sprat. Monitoring 

phytoplankton dynamics (i.e., temporal and spatial changes in abundance and composition), and 

size classes are key for understanding how energy is transferred through food webs (Werdell & 

Bailey, 2005). A proxy for phytoplankton biomass is phytoplankton chlorophyll, which can be derived 

from satellite remote sensing; a cost-effective monitoring tool (Wright & Jeffrey, 2006). Algorithms 

can be used to estimate phytoplankton size classes from these retrievals (e.g., Roy et al., 2013; 

Brewin et al., 2015), as the size structure is acknowledged as a critical component for controlling the 

ecological and biogeochemical functioning of pelagic ecosystems. The derived phytoplankton 

biomass and size classes (using satellite retrieved chlorophyll) can then be used as an input into 

food web models (e.g., Ecopath with Ecosim - Pauly et al., 2000) to evaluate energy transfer in 

ecosystems. However, before using satellite derived outputs it is imperative, they are validated 

against in situ measurements, to ensure they accurately represented, as will be explored in this 

Chapter. 

 
Phytoplankton organisms contain three types of pigments (chlorophylls, carotenoids, and 

biliproteins), in their cells for harvesting light to fuel the photosynthetic process and for 

photoprotection (Wright & Jeffrey, 2006). Photosynthetic pigments absorb light from the orange-red 

and violet-blue wavelengths in the electromagnetic spectrum (Lodish et al., 2005). Photosynthetically 

available radiation (PAR) is the amount of light available for photosynthesis, which is in 400-700nm 

wavelength range. PAR can vary depending on latitude and season, with levels highest in summer 

at mid-day. While some pigments are limited to specific phytoplankton groups, chlorophylls and 
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particularly Chlorophyll-a (Chl-a), are contained in all photosynthetic phytoplankton, as part of light-

harvesting complexes in chloroplasts (Wright & Jeffrey, 2006). Therefore, Chl-a is considered a 

proxy (or index) of total phytoplankton biomass (excluding for prochlorophytes; Wright & Jeffrey, 

2006). Environmental factors, such as irradiance, spectral composition of light, daylength, 

phytoplankton nutrient status and growth phase, affect the concentration of pigments present in the 

cell, although the type of pigments contained in the cell themselves do not change (Wright & Jeffrey, 

2006). Consequently, it is important to consider spatial and temporal differences, such as region and 

season, as this may impact concentration of Chl-a. The above properties have led to using satellite 

derived Chl-a to map and quantify phytoplankton biomass and primary productivity at higher spatial 

and temporal resolutions. 

 
Ocean colour (OC) sensors have provided a cost effective solution of investigating and resolving 

large scale spatial and temporal patterns in Chl-a, in offshore and coastal waters, supporting studies 

on biogeochemical cycles (e.g., Anugerahanti et al., 2018; Chang et al., 2015; Siegel et al., 2014) 

and single species individual based models (Atlantic Mackerel  - Boyd et al., 2018, 2020).  The 1978 

satellite Coastal Zone Color Scanner Experiment (CZCS) was the first instrument devoted to the 

measurement of ocean colour (Chassot et al., 2011). Since 1997, there have been a succession of 

several operational satellites with sensors dedicated to ocean colour from various space agencies 

(Figure 4.1). These were mainly from the National Aeronautical Space Agency (NASA), and the 

European Space Agency (ESA). For example, NASA launched Moderate Resolution Imaging 

Spectroradiometer (MODIS), and Sea-Viewing Wide Field-of-View Sensor (SeaWiFS) and ESA 

launched MEdium Resolution Imaging Spectrometer (MERIS), and Sentinel 3 – Ocean Land Colour 

Imager (OLCI) (Figure 4.1). Over the years the sensors have changed through spectral and spatial 

resolution, revisit times, and also their lifespans (Table 4.1). Since SeaStar in 1997, there has been 

a succession of sensors and platforms providing a continuous data source of water properties. 

Consequently, researchers have been able to understand trends of Chl-a, with 20 years of 

continuous data. From this we understand the potential implications of factors such as climate 
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change, with Chl-a increasing in some areas whilst decreasing in others (Behrenfeld et al., 2006; 

Dutkiewicz et al., 2019; Martinez et al., 2009; Wernand et al., 2013).  

 
Ocean colour radiometry by satellite observations uses the detection of spectral variation of 

backscattered sunlight after hitting the water and its constituents from the ocean, this is known as 

reflectance or water-leaving radiance. Open ocean signals are primarily determined by 

phytoplankton, mainly Chl-a and other photosynthetic pigments and phytoplankton related detrital 

and coloured dissolved organic matter (CDOM), this is known as Case-1 waters. Coastal or Case-2 

waters are more optically complex because of other re-suspended particles, terrestrial suspended 

particles or CDOM potentially from river run off separate of the phytoplankton assemblages and can 

be distinguished by the relationship with their Inherent Optical Properties, or IOPs (International 

Ocean-Colour Coordinating Group [IOCCG], 2000). Algorithms have been developed to estimate 

Chl-a or other optically active water constituents from ocean colour sensors depending on the 

characteristic of the water signal to the constituent of interest. This could be by empirical algorithms 

such as O’Reilly et al., (1998),  semi-analytical approaches (e.g., Lee et al., 2002), or more recently 

neural networks (e.g., Brockmann et al., 2016). Empirical approaches such as O’Reilly et al., (1998), 

use a blue to green reflectance ratio, the use of reflectance band ratios is also known as a maximum 

band ratio. This is mainly because chlorophyll absorbs strongly in the blue spectral domain and 

weakly in the green. A key challenge to obtaining accurate measurements for all approaches is the 

correction of unwanted radiance contributions to the signal. The top of the atmosphere (TOA) signal 

that reach a sensor consists of atmospheric effects, water leaving radiance or reflectance, and water 

surface effects. The water leaving radiance contributes to around <10% of the TOA signal, with the 

remainder corrupted by atmospheric or surface effects (Wang et al., 2009). Highly accurate 

atmospheric correction processes take in all contributions to the signals in order to retrieve accurate 

apparent optical properties (AOPs) such as water- leaving radiance. Inaccuracies of AOPs can arise 

when the atmospheric correction is done incorrectly (IOCCG, 2010; Mobley, 1994; Wang, 2007).  

The estimates can then be used to derive water properties such as Chl-a (O’Reilly et al., 1998), total 

suspended matter (Miller & McKee, 2004; Son & Wang, 2012; M. Zhang et al., 2010) , CDOM, 
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detritus as well as IOPs of the water e.g., absorption and scattering coefficients (Lee et al., 2002, 

Maritorena et al., 2002). Variations in absorption and backscattering co-efficient (IOPs) can affect 

the remote sensing reflectance and so the chlorophyll concentration (Hubert et al., 2010). Variations 

of algal size structure can also affect the phytoplankton absorption spectra and therefore the remote 

sensing of Chl-a.  

 
Sentinel is one of the latest missions to deploy an OC satellite, which will provide another two 

decades of OC data. However, merging data from different sensors is not always straightforward, as 

factors such as resolution (spatial and spectral; Table 4.1) and water types (i.e., Case 1 and Case 

2) are inconsistent and the level of confidence is different between the sensors and algorithms. As 

such, satellite derived Chl-a retrievals need to be validated against in situ measurements to ensure 

that they accurately represented and  the accuracy and resolution of the variables from these satellite 

sensors are comparable (Lee & Carder, 2002; Young et al., 2011; Zieger et al., 2009). 

 

 Figure 4.1 - Timeline of ocean colour sensors from 1978 to April 2023 for three space agency ocean colour satellite 
development. ESA – European Space Agency. NASA - National Aeronautics and Space Administration and their 
associated satellites. ISRO – Indian Space Research Organisation. Figure generated in R and Canva.  
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Table 4.1 - Previous, current, and future satellite sensors and platforms relevant to ocean colour. Adapted from Groom et 
al., (2019). 

Status Platform Sensor 

Spatial 

Resolution = 

Pixel Size 

Spectral bands 

(400-1000nm) 

Revisit 

frequency (at 

equator) Launch (end) 

Defunct SeaStar SeaWiFS 4 & 1 km 8 2 days 1997-(2010) 

 Envisat MERIS 1.2 & 0.3km 15 2 days 2002–(2012) 

Current 

Terra (T)/ 

Aqua (A) MODIS 1km 9 Daily 1999/2000 

 Oceansat-2 OCM-2 300m 8 2-3 days 2009 

 Suomi VIIRS 750m 7 Daily 2011 

 Sentinel 3 A/B OLCI 300m 21 

Daily (with 2 

satellites 2016/2018 

 Oceansat-3 OCM-3 300m 13 2-3 days 2022 

Future PACE OCI 1km 

Hyperspectral; 

5nm (340-890nm) Daily 2024 

 

High Performance Liquid Chromatography (HPLC) or spectrophotometric were the accepted 

measurement for in situ chlorophyll validation of the 1997 NASA launched SeaWIFS satellite (Mueller 

et al., 2003). Due to this, SeaWIFS bio-Optical Archive and Storage System (SeaBASS) and NASA’s 

SeaWIFS bio-Optical Marine Algorithm Dataset were formed and are comprehensive databases of 

in situ Chl-a and other water constituents for satellite retrieval validation (Werdell & Bailey, 2005). 

These databases often contain many samples from coastal waters or where Chl-a is >0.1 mg m−3 

(Brewin et al., 2016). In order to improve the number of match-up points, recent modifications were 

made to satellite validation process to measure Chl-a (see Neeley et al., 2018), which includes the 

use of ship-based flow-through systems such as FerryBox (Sørensen et al., 2007), measuring 

surface water properties at higher spatial and temporal resolution than discrete water sampling. 

For newer satellites e.g. Sentinel 3, validation is currently ongoing, especially in complex waters 

(Case 2), where regional validation is required before they can be utilised (Toming et al., 2017). The 

Copernicus program launched Sentinel satellites to allow long-term monitoring of environmental 

parameters. OLCI was a continuation from MERIS (2002-2012), which launched on Sentinel 3A (S-
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3A) in 2016 and 3B in 2017. OLCI has improved capabilities for Case 2 waters, more specifically a 

higher resolution of 300m (Donlon et al., 2012) compared to MODIS (1 km resolution) and spectral 

bands in the red and near-infrared (NIR). OLCI provides two Chl-a concentration algorithms as 

standard with their Level 2 products, ‘CHL OC4ME’ (Ocean Colour 4 MERIS), based off the algorithm 

used for MERIS and optimized for Case 1 waters (i.e., open oceans) and ‘CHL NN’ (Neural Net), a 

neural network generated for more optically complex waters, Case 2 waters (IMT, 2019). A few 

studies have aimed to regionally validate S-3A OLCI algorithms, such as Toming et al., (2017) in the 

Baltic, Moutzouris-Sidiris & Topouzelis (2021) in the Mediterranean, Cherif et al., (2021) in the 

Adriatic, and Harshada et al., (2021) in the east Arabian Sea. The Celtic Sea has been incorporated 

into wider area studies or for different satellites, for example Tilstone et al., (2017) validated OC4Me 

on the satellite MERIS in the northeast Atlantic, incorporating the Celtic Sea and English Channel. 

Whilst, Pahlevan et al., (2020) validated S-3A globally using coastal and inland waters and Tilstone 

et al., (2021) validated S-3A in comparison with MODIS-Aqua in the open ocean, oligotrophic waters 

of the Atlantic. However, as far as we are aware, there has yet to be a study focusing on standard 

Level 2 OLCI products in the Celtic Sea alone. Areas such as the Celtic Sea and Western English 

Channel can be considered optically complex (Darecki et al., 2003; Joint & Groom, 2000; McKee et 

al., 2007), and fall into two optical classes, Case 1 and Case 2.  

 
The main purpose of this study was to evaluate the performance of two standard Level 2 Sentinel 

3A - OLCI Chl-a calculating algorithms with FerryBox in situ data in the Celtic Sea, to estimate 

phytoplankton size classes to update the Celtic Sea Ecopath with Ecosim model (in Chapter 5). As 

far as we are aware this is the first time these algorithms will be validated for the Celtic Sea and will 

have great benefit to studies using satellite based Chl-a within the Celtic Sea. The first algorithm 

analysed for this study from S-3A, was Ocean Colour 4 for Meris (OC4Me), a 4th order polynomial 

equation and maximum band ratio. The second was the Neural Net (NN), designed for coastal waters 

or optically complex waters, that employs an Inverse Radiative Transfer Model (IMT, 2019) to 

calculate water quality parameters, e.g., Chl-a. The match ups were split by depth (<50m and >50m) 

and by mixed or stratified waters to understand whether the performance of the algorithm improves 
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in coastal regions or in a particular water type. These algorithms were analysed with and without 

consideration of the standard error file associated with Chl-a retrievals, by removing values >30% 

error to understand the effectiveness of the algorithms in these two different scenarios. The two OLCI 

algorithms were also compared to MODIS-Aqua Chl-a algorithms, OCI+OC3, to advise on the best 

algorithm within the study area. An additional question, that arose through analyses in this study, 

was the effectiveness of the time window on the performance metrics and as such was investigated 

in this study.  

4.2 Methodology 

4.2.1 Study area 

The study area is defined as the Celtic Sea and Western Approaches (Figure 1.1) located in the 

shelf-seas of the Northeast Atlantic to the Southwest of the United Kingdom. The two seasonal frontal 

systems as described in Section 3.2.1 result in gradients and patchiness of plankton distribution in 

this area, due to generating vertically mixed and stratified conditions of the water column (Johns, 

2006). A spring and autumn (September-October) are the two main phytoplankton bloom events in 

the Celtic Sea (Pingree et al., 1976).  

4.2.2 In situ measurements 

The in situ chlorophyll data were collected on three multidisciplinary surveys in October 2016, 2017, 

and 2019 onboard the RV Cefas Endeavour, in the Celtic Sea and Western English Channel (Figure 

4.2), as part of the annual autumn PELTIC survey. The surveys started in 2013 and focus on 

investigating the small pelagic fish community of the waters South-West of the UK and associated 

environmental conditions (Doray et al., 2021). Discrete water samples for analysis of phytoplankton 

pigments (including Chl-a) were collected from Niskin bottles on a rosette, at an approximate depth 

of 4 m. The samples were filtered through a 47mm Whatman GFF filter within one hour of collection 

and then wrapped in foil and stored in a -80 °C freezer on board. Pigment samples were then 

transferred to an accredited laboratory (DHI; Horsholm, Denmark) for quantification by High 
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Performance Liquid Chromatography (HPLC) using the method by van Heukelem, (2005), further 

details on the processing and analysis methods can be found in Capuzzo et al., (2022). 

 
During the PELTIC surveys, in addition to collecting discrete water samples, a FerryBox system (4H-

JENA©) recorded continuous subsurface (4 m depth) measurements of fluorescence (Seapoint Inc. 

USA), across the study area. These fluorescence measurements were converted to Chl-a (mg m−3) 

by regressing the fluorescence measurements towards the discrete measurements of Chl-a collected 

from the same time and location from the HPLC analysis (Figure 4.3). Regressed fluorescence data 

was quality controlled and only those points that passed quality assurance (QA) and quality checks 

(QC) were used for validation. The QA checks are as follow QA1 = has had position and speed 

checks, flow rate checks, QA2 = QC per parameter including range and variance, checking 

instruments against each other, and QA3 = derived parameters or calibrated against bottle data. 

Vertical profiles of temperature at sampling stations were recorded by using a SAIV CTD, to 

investigate the thermal stratification of the water column. In particular, thermal stratification was 

identified at a given location where the absolute temperature difference between surface and bottom 

temperatures was greater or equal to 0.5◦C; otherwise, the water column was considered vertically 

mixed (Talling, 1971).  
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Figure 4.2 - FerryBox tracks from PELTIC Survey in the Celtic Sea and Western Approaches for 2016, 2017 & 2019 
after QC checks. The stratification line provides an approximate separation between vertically mixed water column (on 
the right) and seasonally stratified waters (on the left) and was determined based on SAIV CTD temperature profiles. 
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Figure 4.3- Relationship between discrete HPLC measurements (Total Chlorophyll) and FerryBox fluorescence for three 

Peltic Surveys, 2016, 2017, 2019 in the Celtic Sea. Figure generated by Kate Collingridge at Cefas.  
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4.2.3 Satellite Data Processing 

Algorithms from ESA’s Sentinel 3A – OLCI, OC4Me and NN, and from NASA’s MODIS-Aqua, 

OCI+OC3 were examined for their efficiency of Chl-a estimation. The Sentinel 3A - OLCI retrievals 

were downloaded from EUMETSAT EO Portal (https://eoportal.eumetsat.int/) for October 2016, 

2017, and 2019 and matched with in situ measurements spatially and temporally. Characteristics of 

the OLCI bands are presented in Table 4.2. All algorithms and their corresponding error files (if 

applicable) were processed in R Core Team (2021) using the ’raster’ package (Hijmans et al., 2021). 

Each pixel with greater than 30% percentage error were removed to understand the effectiveness of 

the error file on Chl-a estimation. OC4Me is calculated using a Max Band Ratio (MBR). It uses a 

fourth order polynomial equation developed by Morel et al., (2007), as described in Equation 4.1 and 

the MBR (Equation 4.2) between the irradiance reflectance at wavelengths 443, 490, 510, and 

555nm. 

 𝐶 =  10𝐴0+𝐴1×𝑅+𝐴2×𝑅2+𝐴3×𝑅3+𝐴4×𝑅4
 ( 4.1 ) 

where R = log10 (MBR) and coefficients A0 = 0.450, A1 = -3.259, A2 = 3.522, A4 = 0.949; C is the 

derived chlorophyll-a concentration in mg m−3. 

 MBR = max((R443,R490,R510)/R555) ( 4.2 ) 

 NN uses an Inverse Radiative Transfer Model and neural networks to estimate the water constituents 

(IMT, 2019). The initial development of this model was by Doerffer and Schiller (2007) for Case 2 

waters and was later developed to become the Case-2 Regional Coast Colour (C2RCC). 

The NN processor depends on a large database of simulated water leaving reflectance and related 

top of atmosphere radiances (Brockmann et al., 2016), inherent optical properties and the inversion 

of the spectrum for atmospheric correction train neural networks. Arithmetic conversion factors are 

used to convert IOPs into Chl-a. 

NASA’s MODIS-Aqua Level 2 images were downloaded at 1 km resolution from the NASA Ocean 

Colour Web portal (https://oceancolor.gsfc.nasa.gov). For MODIS-Aqua OC3 is utilised at Chl-a 

concentrations >0.2 mg m−3. Like OC4Me, OC3 is a band ratio algorithm that uses one of two blue 
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bands with blue-green Rrs(λ), at 547 nm as the denominator (O’Reilly et al., 1998), as shown in 

Equation 4.3. MODIS-Aqua utilises the OCI (Ocean Colour Index) of Hu et al. (2012) at Chl-a 

concentrations <0.15 mg m−3, based on the difference in Rrs between a green band and red and blue 

bands (Equation 4.4). 

 ( 4.3 ) 

 

where, OC3 coefficients are: a0 = 0.2424; b = 2.7423; c = 1.8017; d = 0.0015; e = 1.228.  

 

        CI = Rrs(λgreen) – [Rrs(λblue) + (λgreen – λblue)/(λred) – λblue) ∗ (Rrs(λred) – Rrs(λblue))]              ( 4.4 ) 

Where λ blue, λ green and λ red are the instrument-specific wavelengths, these are 443, 547 and 

667 nm, respectively. To remove erroneous satellite measurements, a set of quality flags (cloud and 

land cover) provided as standard with the measurements were applied as a mask to each pass. 

MODIS- Aqua is primarily optimised for Case 1 waters.  

Table 4.2 - Characteristics of the bands of Sentinel 3-OLCI and their applications as defined in ESA (2021). Chl = 
Chlorophyll, abs = absolute, atmos. = atmospheric, corr. = correction. 

OLCI 

Band 

Band 

centre 

(nm) 

Band Width 

(nm) Application 

Oa1 400 15 Aerosol correction, improved water constituent retrieval 

Oa2 412.5 10 Yellow substance and detrital pigments (Turbidity). 

Oa3 442.5 10 Chl absorption max biogeochemistry, vegetation 

Oa4 442 10 High Chl, other pigments 

Oa5 510 10 Chl, sediment, turbidity, red tide. 

Oa6 560 10 Chlorophyll reference (Chl minimum) 

Oa7 620 10 Sediment loading 

Oa8 665 10 Chl (2nd Chl abs. max.), sediment, yellow substance/vegetation 

Oa9 673.75 7.5 For improved fluorescence retrieval and to better account for smile 

together with the bands 665 and 680 nm 

Oa10 681.25 7.5 Chl fluorescence peak, red edge 
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OLCI 

Band 

Band 

centre 

(nm) 

Band Width 

(nm) Application 

Oa11 708.75 10 Chl fluorescence baseline, red edge transition. 

Oa12 753.75 7.5 O2 absorption/cloud vegetation 

Oa13 761.25 2.5 O2 absorption band/aerosol corr. 

Oa14 764.38 3.75 Atmospheric correction 

Oa15 767.5 2.5 O2A used for cloud top pressure, fluorescence over land. 

Oa16 778.75 15 Atmos. corr./aerosol corr. 

Oa17 865 20 Atmos. corr./aerosol corr., clouds, pixel coregistration. 

Oa18 885 10 Water vapour absorption reference band. Vegetation monitoring. 

Oa19 900 10 Water vapour absorption/vegetation monitoring (max. reflectance) 

Oa20 940 20 Water vapour absorption, atmos./aerosol corr. 

Oa21 1020 40 Atmos./aerosol corr. 

 

4.2.4 Validation 

Satellite retrievals were matched spatio-temporally with all available in situ FerryBox measurements 

using the nearest point match. From this initial match up four datasets were derived for validation 

metrics: 1) All points – the initial spatio-temporal matchup; 2) All points with error values removed – 

values > 30% error were removed from the initial match up. 3) Identical match up points – match ups 

where all three algorithms retrieved Chl-a values with exactly the same in situ measurements for 

ease of comparison of the algorithms; 4) Identical match up points with error values removed – as 

with previous but with values with >30% error removed.  

Further to this the data of 1) and 2) was initially subset into Case 1 and 2 water using Matsushita et 

al., (2012), to evaluate the efficiency of the three algorithms for a particular water type. However, 

due to discrepancies in categorisation of the pixels this method was not used, and the dataset was 

split into stratified and mixed waters. Identification of mixed / stratified waters was based on analysis 

of temperature profiles from the SAIV CTD as described in Section 4.2.2. The data was also split by 
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isobaths, <50m and >50m, used as a proxy for coastal and non-coastal waters again to understand 

the efficiency of the algorithms in different water types.  

Alongside this there were varying time windows, where time window is the time between satellite 

overpass and in situ sample collection, as such, statistical metrics were calculated on each time 

window to understand the effect of the time window on the performance metrics. For example, the 

Figure 4.4 - All match up points of three algorithms, NN, OC4Me & OCI+OC3. Black line indicates stratification line. Depth 
is characterised by <50m and >50m isobaths. The stratification line provides an approximate separation between vertically 
mixed water column (on the right) and seasonally stratified waters (on the left) and was determined based on SAIV CTD 

temperature profiles. 
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in situ measurement was collected in the early hours of the morning or late at night and the satellite 

overpass between 8pm – 8am.  

4.2.5 Statistical Metrics 

The following statistical metrics were used to evaluated algorithm performance following Pahlevan 

et al., (2020): type-II regression slope (S), intercept (I), Pearson correlation coefficient (r), the bias 

(Equation 4.5), bias-corrected root-mean-square error (RMSE – Equation 4.6), and root-mean-

square log error (RMSLE – Equation 4.7) which was computed with modulus, where estimated (E) 

Chl-a against that measured (M) in situ. The S, I, r, and RMSLE were computed in log10 space. To 

ease interpretation of these statistical metrics for satellite validation, the slope close to one and an 

intercept close to zero present a good fit between satellite and in situ data. Similarly, the higher the 

r/r2 the better the linear consistency between the in situ and the satellite observations. The RMSE, 

RMSLE and bias provide information on the distribution of the data around the regression line and 

outliers, this information is not provided by slope, intercept, and correlation. RMSE and RMSLE is 

the bias corrected difference between satellite and in situ data and is sensitive to any outliers. The 

bias (log10) provides information on the under-estimate or over-estimate of the satellite data 

compared to the in situ data, with a value near zero indicating no systematic difference between the 

two data sets. 

 

 

 

  

 

( 4.6 ) 

( 4.5 ) 
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4.3 Results 

4.3.1 Initial match up 

There was a total of 124,628 FerryBox measurements collected throughout the Celtic Sea and 

Western English Channel, from which 41,914 were collected in 2017 and 51,528 in 2019. No points 

were removed through QC checks from either year. In 2016, 31,186 were collected and only 9,614 

were taken further for analysis (Figure 4.2) due to samples not passing the QC checks. There was 

a maximum of 35 satellite images from Sentinel 3 (OLCI and NN) and 32 images from MODIS-AQUA 

(OCI+OC3) that contained match up points that were within 14 hours of in situ measurements (Table 

4.3). From those satellite images a total of 12,202 for NN, 11,360 for OC4Me, and 11,543 for 

OCI+OC3 were extracted as match up points (Table 4.4; Figure 4.4). NN had over 40% of those 

samples removed as they contained a percentage error greater than 30% in comparison to OC4Me 

which had less than 1% of points removed. OC4Me produced less than 0.2% retrieval error (Table 

4.4). Considering the data split based on the 50m isobath, for the areas <50m, there were 4115 

satellite-in situ match ups for NN, 3917 for OC4Me, and 1632 for OCI+OC3. In comparison to >50 

m where there were 8,087 match up for NN, 7,443 for OC4Me, and 9,911 for OCI+OC3. The data 

was also split by mixed or stratified conditions with the majority of match up points found within mixed 

waters, 10,387, 9,698, and 8,215 for NN, OC4Me, and OCI+OC3 respectively. Conversely, stratified 

waters where there were 1,815, 1,662, and 3,328 or NN, OC4Me, and OCI+OC3 respectively.  

 
The in situ chlorophyll measurements from validated FerryBox fluorescence, had a range of 0.076 - 

4.38 mg m−3 over the three years, (Figure 4.5) with the highest value in 2016. NN had a range of 

0.01-16.3 mg m−3; OC4Me had a smaller range of 0.022-11.8 mg m−3, while OCI+OC3 had the 

largest range of 0.015-21 mg m−3 (Figure 4.5). A comparison of daily averaged FerryBox Chl-a 

overlaid on 8 day composite Sentinel 3A image demonstrates satellite derived Chl-a overestimates 

compared to FerryBox measurements (Figure 4.6; Figure 4.7; Figure 4.8.).   
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Table 4.3 - Number of satellite images used to generate match up points between in situ measurements and satellite 
retrieval algorithms. Points without errors have satellite retrieval values from the error files with >30% error removed. ‘>30% 
error points’ in the table indicate the number of match up points that were removed. 

Algorithm 

Time window (hours) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14   

NN 

Points without errors 12 18 21 22 26 28 28 28 29 29 29 30 32 32 

>30% Error points 8 13 19 25 28 29 30 31 31 31 32 33 35 35 

OC4Me 

Points without errors 12 18 22 25 28 29 29 29 29 30 31 32 35 35 

>30% Error points 3 4 4 5 6 6 7 7 7 8 8 8 8 8 

OCI+OC3 

All points 12 18 21 22 22 25 26 26 26 28 32 32 32 32 

 

Table 4.4 - Number of match up points between in situ measurements and satellite retrieval algorithms. Points without 
errors have satellite retrieval values from the error files with >30% error removed. ‘>30% error points’ in the table indicate 
the number of match up points that were removed. Identical match up points = all algorithms had the same equivalent in 
situ measurement.  

Algorithm Time window (hours) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

NN 

All match up points 

Points without 
errors 

409 871 1497 2023 2583 3167 3673 4332 5041 5680 6301 6654 6986 7014 

>30% Error points 241 488 796 1220 1678 2200 2789 3277 3785 4212 4566 4911 5169 5188 

% of points removed 37.08 35.91 34.71 37.62 39.38 40.99 43.16 43.07 42.88 42.58 42.02 42.46 42.53 42.52 

Identical match up points 

Points without 
errors 

92 189 375 562 698 850 1000 1173 1331 1532 1740 1835 1963 1981 

>30% Error points 124 246 321 441 526 655 803 925 1032 1172 1348 1515 1660 1668 

% of points removed 57.41 56.55 46.12 43.97 42.97 43.52 44.54 44.09 43.67 43.34 43.65 45.22 45.82 45.71 

OC4Me 

All match up points 

Points without 
errors 

603 1179 2010 2915 3883 4937 5909 6997 8155 9130 10029 10692 11246 11292 

>30% Error points 10 16 18 19 20 27 30 30 31 40 50 58 68 68 

% of points removed 1.63 1.34 0.89 0.65 0.51 0.54 0.51 0.43 0.38 0.44 0.5 0.54 0.6 0.6 

Identical match up points 

Points without 
errors 

210 428 689 996 1217 1498 1796 2091 2356 2697 3081 3343 3616 3642 

>30% Error points 6 7 7 7 7 7 7 7 7 7 7 7 7 7 

% of points removed 2.78 1.61 1.01 0.7 0.57 0.47 0.39 0.33 0.3 0.26 0.23 0.21 0.19 0.19 

OCI+OC3 

All match up points 

All points 667 1309 2317 3268 4110 5175 6208 7286 8460 9513 10280 10865 11375 11537 

Identical match up points 

All points 171 389 690 1014 1320 1690 2039 2423 2774 3178 3356 3398 3613 3649 



Patel (2023) – Small Pelagic Fish in the Celtic Sea 

 

 
81 
 

 

 

Figure 4.5 - Range of satellite retrievals on each sampling date of all possible match up 
points. Black line indicates in situ measurement points on dates by minute sampled. 
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Figure 4.6 - Eight-day composite Sentinel 3A Chl-a (Chlorophyll -a) at 4km resolution in 2016 of the Celtic Sea, with points 
of daily average calibrated FerryBox from the PELTIC survey. Size of point indicates daily averaged Chl-a concentration 
and spatially. Dark grey values indicate no data available, light grey represents land. Satellite images downloaded from 
https://oceancolor.gsfc.nasa.gov/. 

 

https://oceancolor.gsfc.nasa.gov/
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Figure 4.7 - Eight-day composite Sentinel 3A Chl-a (Chlorophyll -a) at 4km resolution in 2017 of the Celtic Sea, with 
points of daily average calibrated FerryBox from the PELTIC survey. Size of point indicates daily averaged Chl-a 
concentration and spatially. Dark grey values indicate no data available, light grey represents land. Satellite images 
downloaded from https://oceancolor.gsfc.nasa.gov/. 
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Figure 4.8 - Eight-day composite Sentinel 3A Chl-a (Chlorophyll -a) at 4km resolution in 2017 of the Celtic Sea, with points 
of daily average calibrated FerryBox from the PELTIC survey. Size of point indicates daily averaged Chl-a concentration 
and spatially. Dark grey values indicate no data available, light grey represents land. Satellite images downloaded from 
https://oceancolor.gsfc.nasa.gov/.  
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4.3.2 Validation and metrics 

4.3.2.1 Accuracy assessment of ocean-colour algorithms in the Celtic Sea 

The NN algorithm had a slope greater than 0.5, an intercept close to zero, a low bias, low RMSLE 

and a high RMSE when error points were not removed (Table 4.5; Figure 4.9) . There was an 

improvement in slope when the values with > 30% error were removed to 0.827, the intercept was 

higher at 0.313 and many of the underestimated points were classed as high error. The RMSE and 

RMSLE were also higher than with error values. The identical match up points with error values, 

generated closer values to when there all points were considered. The slope remained similar, 0.545, 

the intercept was negative -0.13, there was a lower RMSE and lower RMSLE, and low adjusted r2 

(Figure 4.9A; Table 4.5). Identical match ups with error removal, resulted in a higher slope, an 

intercept of 0.198, higher adjusted r2, a higher bias, RMSE and RMSLE compared to identical match 

up points with errors. Overall, the removal of error values improved the performance metrics of NN 

(Table 4.5; Figure 4.9).   

The OC4Me algorithm had a slope of 0.234, an intercept of 0.177, a low adjusted r2 and high RMSE 

and RMSLE values (Table 4.5; Figure 4.9A) . These results are very similar to (Table 4.5; Figure 

4.9C), as only 7 values were removed due to high error values. Just as before, when the identical 

match up points had errors removed the values did not change, due to a very small percentage of 

points removed. 

For MODIS there were only two sets of performance metrics, without errors and with the points with 

identical match up points to the other two algorithms. The identical match up points did not improve 

the slope values, there was slight decrease in intercept, the adjusted r2, bias, RMSE and RMSLE 

were lower (Table 4.5; Figure 4.9).  

All three algorithms performed better in mixed rather than stratified waters (Table 4.7; Figure 4.10). 

NN had a lower bias, RMSE and RMSLE and higher slope and adjusted r2 when the errors were not 

removed (Figure 4.10). Similarly, to mixed waters, in stratified waters the bias, RMSE, RMSLE was 

higher when the errors were removed. However, in this case, the slope, was also slightly higher. 

Removing the errors improved the intercept (Table 4.7; Figure 4.10). OC4Me metrics did not change 
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much when the errors were removed for both mixed and stratified waters. There was a slight 

improvement in the slope from a negative value (-0.186) to almost 0 (-0.058) for OC4Me. OCI+OC3 

performed better mixed waters than stratified waters (Table 4.7; Figure 4.10). 

 

Table 4.5 - Performance metrics of three chlorophyll-a retrieval algorithms in the Celtic Sea and Western approaches. * 
and bold = best metric for data processing category. 

 

 

 

 

 

 

Algorithm All Error values removed Identical match 
up points 

Error values removed 
+ identical match up points 

NN 
    

n 12202 7014 3649 1981 

Slope 0.578* 0.827* 0.545* 0.838* 

Intercept -0.001 * 0.313 -0.13 0.198 

Adj. r2 0.089* 0.208* 0.06* 0.133* 

Bias 0.089* 0.348 -0.063 * 0.221 

RMSE 152.817 213.872 71.098 110.161 

RMSLE 9.779* 29.182 3.794* 9.841* 

OC4Me 
    

n 11360 11292 3649 3642 

Slope 0.234 0.22* 0.205 0.183 

Intercept 0.177 0.179 0.12 0.118 

Adj. r2 0.045 0.042 0.029 0.023 

Bias 0.341 0.345 0.237 0.238 

RMSE 102.439 102.838 45.783 45.83 

RMSLE 36.31 36.632 14.31 14.339 

OC3+OCI 
    

n 11543 11543 3649 3649 

Slope 0.072 0.072 0.017* 0.017* 

Intercept -0.023 -0.023 * -0.028 * -0.028 * 

Adj. r2 0.006 0.006 0 0 

Bias 0.174 0.174* 0.117 0.117* 

RMSE 39.83* 39.83* 15.761* 15.761* 

RMSLE 18.717 18.717* 7.083 7.083 
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Table 4.6 - Performance metrics of three chlorophyll-a retrieval algorithms in the Celtic Sea and Western approaches when 
split by mixed and stratified waters. * and bold = best metric for data processing category. 

 
Algorithm 

Mixed Stratified 

All Error values removed All Error values removed 

NN 
    

n 10387 6098 1815 916 

Slope 0.649* 0.939* 0.095* 0.007* 

Intercept 0.037* 0.36 -0.269 -0.058 * 

Adj. r2 0.107* 0.264* 0.003 -0.001 

Bias 0.108* 0.373 -0.023 * 0.187* 

RMSE 155.824 215.329 23.46 36.237 

RMSLE 11.006* 29.1 0.975* 5.669* 

OC4Me 
    

n 9698 9680 1662 1612 

Slope 0.298 0.289 -0.186 -0.22 

Intercept 0.217 0.217 -0.087 * -0.075 

Adj. r2 0.074 0.07 0.04* 0.076* 

Bias 0.362 0.363 0.218 0.238 

RMSE 104.446 104.524 15.519* 16.044* 

RMSLE 35.627 35.67 8.868 9.544 

OC3+OCI 
    

n 8215 8215 3328 3328 

Slope 0.079 0.079 -0.017 -0.017 

Intercept -0.007 -0.007 * -0.087 * -0.087 

Adj. r2 0.006 0.006 0 0 

Bias 0.146 0.146* 0.243 0.243 

RMSE 33.413* 33.413* 21.683 21.683 

RMSLE 13.254 13.254* 14.036 14.036 
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Table 4.7 - Performance metrics of depth category, <50m and >50m for three algorithm, OC4Me, NN and OCI+OC3 in for 
different processing methods. * = best metric for the processing category. 

 
Algorithm 

<50m >50m 

All Error values removed All Error values removed 

NN 
    

n 4115 2341 8087 4673 

Slope 0.939* 1.145* 0.334* 0.529* 

Intercept 0.185* 0.532 -0.137 0.138* 

Adj. r2 0.169* 0.389* 0.036* 0.094* 

Bias 0.192* 0.519 0.036* 0.263 

RMSE 138.001 193.608 89.271 124.99 

RMSLE 12.321* 25.116 3.223* 17.975 

OC4Me 
    

n 3917 3917 7443 7375 

Slope 0.043 0.043 0.135 0.119 

Intercept 0.382 0.382 0.031* 0.033 

Adj. r2 0.003 0.003 0.019 0.016 

Bias 0.503 0.503 0.255 0.261 

RMSE 110.037 110.037 46.73 47.057 

RMSLE 31.483 31.483 22.019 22.384 

OC3+OCI 
    

n 1632 1632 9911 9911 

Slope 0.298 0.298 0.023 0.023 

Intercept 0.28 0.28* -0.077 -0.077 

Adj. r2 0.072 0.072 0.001 0.001 

Bias 0.398 0.398* 0.137 0.137* 

RMSE 49.478* 49.478 22.907* 22.907* 

RMSLE 16.09 16.09* 13.67 13.67* 
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Figure 4.9 - Log10 in situ and modelled chlorphyll-a (Chl-a) performance metrics of OC4ME and NN algorithms and OC3 
=OCI+OC3 Modis Aqua (1:1 line [dotted line]). A) All match up points; B) Identical match up points between the three 
algorithms; C) All match up points with errors removed; D) Identical match up points with error values removed. Adjusted 

r2 (log10); Bias (log10); Root Mean Square Error (RMSE [mg m-3]); Root Mean Square Log Error (RMSLE [log10]). 

 

The algorithms performed poorly in both depth categories. The only metric that improved when errors 

were removed in <50m depth category for NN was the adjusted r2 (Figure 4.11; Table 4.7). When 

compared with the >50m depth category, NN had a higher slope, intercept, and adjusted r2, the bias, 

RMSE, and RMSLE were lower. As with the <50m depth category, when the errors are removed for 

>50m category, the bias, RMSE, and RMSLE are higher, the slope, intercept and adjusted r2 are 

higher (Figure 4.11; Table 4.7). In <50m for OC4Me, there were no match up points removed due to 
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satellite retrieval errors, as such the metrics were the same. The scatter plot demonstrated that the 

algorithm (OC4Me) was overestimating estimates of chlorophyll-a, as the majority of the points are 

found above the 1:1 line (Figure 4.11). Only few error points were removed from >50m, therefore the 

metrics are very similar (Table 4.7). For OCI+OC3, performed better in >50m depth category (Table 

4.7), most satellite retrieval points overestimated predicted values of chlorophyll-a (Figure 4.11; 

Table 4.7). 

4.3.2.2 Comparison of algorithms 

When satellite retrievals were not removed and there was a varying number of match ups, the results 

were ’weak’ in terms of slope and r2. NN performed better than OC4Me and OCI+OC3 with a low 

RMSLE (9.779), intercept of almost 0, the highest r2 out of the three with 0.089, and highest slope of 

0.578, in terms of performance metrics (Table 4.5). However, NN had the largest range of 

chlorophyll-a values (Figure 4.5) compared to the other algorithms. The intercept was also closest 

to 0 (Figure 4.9a) indicating a better fit. After removing the errors, NN had almost 50% reduction in 

match up points (Table 4.4), but slope and adjusted r2 improved, with all higher values in all other 

metrics. Values of intercept, bias, RMSE and RMSLE for OC4Me were all lower in comparison to 

NN. OCI+OC3 and NN outperformed OC4Me when there were identical match ups and when the 

error was removed from identical match ups (Table 4.5) in all metrics other than slope and adjusted 

r2, where NN performed better. Overall, between all three algorithms, OCI+OC3 and NN performed 

marginally better.  

 
All three algorithms performed better in mixed rather than stratified waters (Table 4.6; Figure 4.10). 

NN had a higher slope, the highest adjusted r2, lowest bias, and RMSLE for mixed waters when 

errors were included. When the errors were removed, many of the underestimated values were 

removed (Figure 4.10). NN had a larger range of Chl-a retrieval values in comparison to OC4Me and 

OCI+OC3 and OC4Me had the smallest range of Chl-a retrieval values (Figure 4.5).  No algorithm 

performed better in stratified with and without errors removed, NN and OCI+OC3 performed better 

than OC4Me in mixed waters. NN had better metrics in <50m depth category when error values were 
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not removed, with the lowest RMSLE, lowest bias, highest slope (Figure 4.11; Table 4.7). However, 

NN has the largest deviation from the 1:1 line in comparison to the other algorithms (Figure 4.11). 

For the >50m depth category, the slope was closer to one for NN, but less than 0.2 for OCI+OC3. 

When the high errors were removed, OCI+OC3 had the lowest RMSE, RMSLE, bias and an intercept 

close to 0. However, the slope was also close to 0 (Table 4.7). 

 

Figure 4.10 - Log10 in situ and modelled chlorophyll-a performance metrics for mixed and stratified waters for OC4ME and 
NN algorithms and OC3 = OCI+OC3 (1:1 line [dotted line]). A) Where all match ups are considered, B) Where, error values 
were removed. Adjusted r2 (log10); Bias (log10); Root Mean Square Error (RMSE [mg m-3]); Root Mean Square Log Error 
(RMSLE). 
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Figure 4.11 - Log10 in situ and modelled chlorophyll-a (Chl-a) for <50m and >50m depth categories for OC4ME, NN and 
OC3 = OCI+OC3 (1:1 line [dotted line]). Adjusted r2 (log10); Bias (log10); Root Mean Square Error (RMSE [mg m-3]); Root 
Mean Square Log Error (RMSLE). A) Where all match ups are considered; B) Where, error values were removed. 

 

4.3.3 Time window 

Generally, all algorithms followed the same pattern across the time window (Figure 4.12). The first-

time window (0-1 hour) resulted in the highest slope, bias and r2, with the lowest RMSLE (Figure 

4.12). As time between satellite overpass and in situ measurements increased, the slope, bias and 

adjusted r2 decreased and the RMSLE increased. The metrics for the Sentinel 3 algorithms indicate 

that the OC4Me algorithm shows very little difference when the 30% error is removed, compared to 
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NN where there is a larger difference in values (Figure 4.12). OC3+OCI combination performed 

poorly in comparison to NN and OC4Me for the slope and adjusted r2 in all time windows.  

 

 

Figure 4.12 – Performance metrics of Log10 modelled chlorophyll-a match ups to in situ measurements (FerryBox), in 
Autumn 2016, 2017, 2019 in the Celtic Sea and Western Approached for three algorithms, OC4ME, NN, and OC3 = 
OCI+OC3 with errors (dashed line) and without errors removed (solid line) across different time windows. A) Log10 Slope; 
B) Root Mean Square Log Error (RMSLE); C) Bias (log10); D) Adjusted r2 (log10); Bias (log10). 
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Table 4.8 - Comparison of OLCI performance metrics in different study areas. Dashed line represents no information available.  * = This study. 

  

Study Location Sensor Algorithm Intercept Slope r2 r bias RMSE  
mg m-3 

RMSLE units Reference Considerations 

Adriatic - Slovenia OLCI NN - - 0.1 0.31 - - 0.43 log Cherif et al. 2021 - 

Adriatic - Slovenia OLCI NN - - 0.01 0.11 - 1.41 - mg m-3 Cherif et al. 2021 - 

Adriatic - Slovenia OLCI OC4Me - - 0.33 0.58 - 0.46 - log Cherif et al. 2021 - 

Adriatic - Slovenia OLCI OC4Me - - 0.27 0.52 - 1.12 - mg m-3 Cherif et al. 2021 - 

Atlantic Ocean OLCI OC4Me 0.604 1.881 0.76 0.875 0.205 - - log10 unless specified Tilstone et al. 2021 - 

Baltic Sea OLCI C2RCC -1.61 2.56 0.56 - - - - mg m-3 Toming et al. 2017 - 

Baltic Sea OLCI C2RCC -0.49 0.75 0.43 - - - - mg m-3 Toming et al. 2017 - 

Mediterranean Sea OLCI NN - - 0.16 0.4 0.19 - - mg m-3 Moutzouris-Sidris & 
Topouzelis 2021 

Case 2 (0-2 hour windows) 

Mediterranean Sea OLCI OC4Me - - 0.55 0.74 0.19  - - mg m-3 Moutzouris-Sidris & 
Topouzelis, 2021 

Case 2 (0-2 hour windows) 

Northwest European 
waters 

MERIS OC4Me 0.46 0.76 0.67 0.68 - 2.04 0.32 mg m-3except RMSLE Tilstone et al., 2017 Coastcolour AC processor 

Northwest European 
waters 

MERIS OC4Me 0.63 0.83 0.55 0.62 - 2.14 0.43 mg m-3except RMSLE Tilstone et al., 2017 MEGS 8.0 AC Processor 

South-eastern Arabian 
Sea 

OLCI C2RCC 0.0198 1.14 0.75 - 0.075 0.567 0.148 log unless stated 
otherwise 

Harshada et al. 2021 - 

World - inland and 
coastal waters 

OLCI OC4 - 0.581 - - 1.645 3364.6 1.309 log10 Pahlevan et al. 2020 Same metrics as this study 

Celtic Sea* 
OLCI NN 0.198 0.838 0.133 0.36 0.221 110.161 9.841 log10 unless specified This study Error + identical match ups 

(0-14 hour time window) 
Celtic Sea* OLCI OC4Me 0.118 0.183 0.023 0.15 0.238 45.83 14.339 log10 unless specified This study Error + identical match ups 

(0-14 hour time window) 
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4.4 Discussion 

The results indicate that none of the satellite retrieval algorithms for the Celtic Sea tested in 

this study (NN, OC4Me, OC3 MODIS-Aqua) reproduced chlorophyll-a with high accuracy, and 

all the algorithms generally overestimated chlorophyll-a concentrations compared to the in situ 

measurements. Out of the three algorithms, NN produced the best performance metrics, but 

due to the large range of values deviating from ground truthing data (i.e., high RMSE/RMSLE 

values), it also produced many errors. Through the different processing stages over half of the 

NN points were removed due to high error values. The values removed were often 

underestimated values of chlorophyll, therefore resulting in an overestimation of the remaining 

chlorophyll values.  

 
NN performed better than the other algorithms for mixed and <50m waters; this was expected, 

as it was designed to estimate Chl-a in coastal waters (ESA, 2019). Overall, OC4Me did not 

have many high error values, and the range of values were smaller compared to NN and 

OCI+OC3, but performed poorly overall, in terms of the metrics. The observed overestimations 

by NN and OC4Me, have been documented in the product notice from ESA (ESA, 2019).  

 
In mesotrophic and oligotrophic waters, the Chl-a retrievals from OC4Me are within a 30% 

uncertainty, compared to in situ data. There have been no reliable comparisons for in situ 

measurements and OC4Me in eutrophic waters. The product notice states that NN product 

validation is preliminary. It should take into consideration water types and is recommended for 

use in mesotrophic and eutrophic waters that exceed Chl-a concentrations of 0.1 mg m−3 

(ESA, 2019). In situ Chl-a values were often below 1 mg m−3 and varied within a small range 

(0.076 - 4.38 mg m−3). These low values, as stated in ESA (2019), may be a reason for poor 

validation results by NN.  

 
NN retrieved chlorophyll requires the determination of multiple coefficients (training). A training 

data set for the region may improve Chl-a calculations (IMT, 2019; Ioannou et al., 2013), as 

such lack of regional data could explain algorithm performance as seen in this study. The 
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standard error files have not yet been validated, (ESA, 2019), and the results from this study 

indicate that it is important to take into consideration the error file when working with NN. 

 

4.4.1 Comparison with other regional studies 

When compared with other studies validating Sentinel 3 – OLCI products, the results are quite 

varied (Table 4.8). Pahlevan et al., (2020) was only one study that produced higher RMSE 

values, than those found within this study. Similar results were demonstrated in the 

Mediterranean Sea (Moutzouris-Sidiris & Topouzelis, 2021), with poor performance of NN 

within coastal waters. Moutzouris-Sidiris & Topouzelis (2021) split the data into hourly time 

windows and found the optimum range to be 0-2 hours. These results are comparable to the 

0–2 hour window found within this study for OC4Me (0.76 in this study when high errors were 

removed). However, NN had a stronger r2 value in this study (0.36) than in Moutzouris-Sidiris 

& Topouzelis’ study. This difference could be due to the number of match up points. For the 

0-2 window, we used 191 match up points for NN, when high errors were removed, compared 

to 67 and 89 for Case 1 & 2 waters respectively used by Moutzouris-Sidiris & Topouzelis 

(2021). To directly compare these results with Moutzouris-Sidiris & Topouzelis (2021), the 

same relationship for classifying waters in terms of Case 1 and Case 2 was applied, where 

Case 1 waters were defined as absorption coefficient of 412nm divided by absorption 

coefficient of 443 nm is equal or less than 1.2. However, when this was implemented for this 

study, there were areas that were considered Case 1 waters (from in situ measurements) but 

resulted in Case 2 from the relationship defined above or vice versa.  Therefore, depth (<50m 

and >50m) and mixed and stratified waters were used as a proxy to Case 1 and 2 waters.  

 

The study by Moutzouris-Sidiris & Topouzelis (2021) also found an underestimation of Chl-a 

estimates by NN and overestimation by OC4Me in Case 2 waters, differing from this study, 

which found NN to overestimate results independently of water type. A possible reason is that 

not all in situ samples were collected using the same method in the Mediterranean Sea. The 
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study by Toming et al., (2017) in the Baltic Sea calculated similar r2 values to those in the 

Mediterranean Sea and this study, reporting 0.56 in coastal waters and 0.43 in open waters 

for NN. All three studies (this one included) used standard products released by ESA. As such, 

the atmospheric correction (AC) processors were the same. 

 
Tilstone et al., (2017) took into consideration the effect of atmospheric correction processors 

on the performance of OC4Me, from the satellite MERIS in the Northeast Atlantic (including 

the Celtic Sea). The coefficients of determination (r2) for two AC processors, COASTCOLOUR 

and MEGS8.0, were comparable to the value of 0.76 for adjusted r2 for the 0-2 hour window 

using OC4Me in this study. Therefore, the atmospheric processor may play a key role in the 

outcome in the accuracy of the modelled Chl-a values. More recently, S-3A algorithms were 

analysed for performance with in situ data collected from the Atlantic Meridional Transect 

(AMT), in the Atlantic oligotrophic waters (Tilstone et al., 2021). Tilstone et al., (2021) 

calculated performance metrics for OC4Me, for samples within a 0-1 hour time window, with 

different AC processors, reiterating the importance of AC processors on the outcome of 

modelled Chl-a estimates. The POLYMER model through an iterative optimisation scheme, 

separates radiometric contribution of water from contributions from the atmosphere and 

surface through a spectral matching algorithm, which uses the full spectra available. This AC 

model was found to have great promise in providing more accurate estimations (0.01 – 1 mg 

m−3), especially in regions where partial cloud cover and sun glint can affect the retrieval, such 

as the Celtic Sea (Tilstone et al., 2021). Analysing the effect of the AC processors on the 

accuracy of Chl-a estimations were outside the scope of this study, as the aim was to test the 

effectiveness of standard products that users may implement into research.  

 

Pahlevan et al. (2020) undertook a global study using coastal and inland data of Chl-a and 

found that a Mixture Density Model (MDN) outperforms many of the current existing algorithms 

(e.g., OC4) by improving bias (logarithmic) by 40-60% and the RMSLE improved two to three 

times over.  
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4.4.2 Differences between OLCI algorithms and MODIS 

The performance of MODIS differed from that of OLCI (Table 4.5). Generally, OCI+OC3 

algorithm has poor performance within the region compared to OLCI algorithms. One key 

difference between MODIS and OLCI is the spatial resolution, one MODIS pixel is equivalent 

to 3 x 3 OLCI pixels, resulting in a smaller number of match-up points compared to OLCI, 

which can capture the smaller-scale variability on a pixel basis. MODIS was launched in 2002 

and was designed to be operational for ~6 years. Given it has been operational for 20 years, 

MODIS-Aqua becomes the longest running ocean colour sensor. Due to its longevity, there 

have been multiple papers that demonstrate the degradation in MODIS-Aqua Rrs (Meister et 

al., 2011; Meister & Franz, 2014), which has been compensated for in R2018 reprocessing. 

Very few studies have compared MODIS with OLCI products (e.g., Li et al., 2019; Tilstone et 

al., 2021), with the latter reporting MODIS-Aqua was more accurate than OLCI OC4Me 

standard product (pb 2), as is the case of this study. A major difference is that Tilstone et al., 

(2021) investigated algorithm efficiency in the open ocean along the AMT, compared to the 

complex waters of the Celtic Sea considered within this study. Li et al., (2019) found that 

MODIS-Aqua and OLCI overestimated in the Rrs spectra in the open ocean of the China Sea. 

Atmospheric artefacts such as glint and other water constituents can affect the Rrs spectral 

shape, and it is the spectral shape that determines the accuracy of the ocean colour Chl-a 

algorithms. This was investigated by  Tilstone et al., (2021) on OC4Me by collecting in situ Rrs 

to estimate Chl-a; they found ~25% underestimate in Chl-a, due to an overestimate in the 

maximum band ratio. It was concluded that there was a significant bias of OC4Me in the 

Atlantic Ocean. This contradicts the findings presented here, which demonstrates an 

overestimate of Chl-a from all algorithms in the region. 
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4.4.3 Limitations 

Within the study there are number of limitations in the satellite Chl-a and also the in situ 

measurements. For example, the in situ measurements only spanned one month across the 

year, therefore it does not accurately reflect the annual range of chlorophyll within the Celtic 

Sea. Even though the autumn bloom on occurrences has been bigger than the spring bloom 

(Smyth et al., 2010), the range of values used to validate the algorithms in the region was not 

large enough to cover all phytoplankton conditions. The blooms were also temporally and 

spatially limited, and so the number of corresponding in situ measurements were small. There 

were many values below 1 mg m−3, which may have increased uncertainties and errors in 

algorithms performance. The in situ measurements were continuous, therefore many 

observations were captured within a pixel. As such, the in situ data points should be averaged 

over one pixel to ensure that each matchup uses an independent satellite pixel. However, in 

2019 FerryBox outputs had coarser spatial resolution (i.e., to 1 or 2 significant figures), which 

caused FerryBox measurements at a given latitude and longitude to collect data at different 

times of the day (i.e., 1am and 6pm on 15th October 2019 - See Appendix B [Table B 1]). This 

can be corrected for by using a smaller time window e.g., ± 1 hour time window of overpass, 

such as that performed by Tilstone et al., (2021). Considering an aim of this Chapter was to 

investigate the effect of the time window on the performance metrics of the algorithms, in situ 

measurements were not averaged.  

 

There are also limitations in the accuracy of FerryBox derived Chl-a from the regression with 

HPLC. Even though the use of FerryBox to validate satellite observations has been in a 

number of validation studies (Toming et al., 2017), the regression and conversion is calculated 

individually for each year therefore it is not the same year in year out, as seen in Figure 4.3, 

and the difference could be up to a factor of 2 (Kratzer et al., 2022). Fluorometric 

measurements are also known to be influenced by other pigments (Gibbs, 1979; 

Welschmeyer, 1994). As there was such a poor match between HPLC and FerryBox, 
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especially 2019, the satellite retrievals may be performing better than that reported in this 

study.  

 

The satellite-based estimations of Chl-a are also susceptible to inaccuracies due to dissolved 

organic and suspended material at, or close to, the sea surface, such as coloured dissolved 

organic matter and total suspended matter. There are many riverine inputs into the Celtic Sea 

and Western approaches, such as the River Severn into the Bristol Channel, with the greatest 

influx of freshwater (and nutrients - Ruiz-Castillo et al., 2019) in Winter (Uncles, 2010). 

However, these were not taken into consideration, which could explain poor algorithm 

performance, particularly within the Bristol Channel (potentially classified as Case 2 coastal 

waters; ESA, 2019).  

 

4.4.4 Recommendations & Conclusion 

This is the first local scale study to investigate the efficiency of OLCI satellite retrieval 

algorithms in the Celtic Sea. We found NN to perform better than other algorithms in <50m 

and mixed waters. OC4Me did not perform as expected and did not perform better in >50m 

and stratified waters compared to the algorithms. However, there is still large uncertainty in 

the best performing satellite retrieval algorithm as demonstrated here for the Celtic Sea. Even 

though, NN and OCI+OC3 performed better than OC4Me, the algorithms were still error prone. 

The standard error files included are key if using the NN algorithm as it removes many 

underestimated outliers, this does, however, then cause an overestimate in the derived Chl-

a. Clear reservations also lie within the accuracy of the in situ FerryBox measurements, and 

further investigation is required into especially understanding the poor regression shown in 

2019. 
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Further investigation is also required to understand the causes of the uncertainties satellite 

retrievals, by taking a wide range of in situ measurements throughout the year, including in 

bloom and non-bloom seasons and also using just discrete HPLC samples. Comparing in situ 

Rrs spectra, with satellite derived spectra, and subsequently deriving Chl-a for OC4Me, as 

reported in Tilstone et al., (2017) would provide a better understanding of how the algorithm 

performs in the area. This will also provide understanding of the effect of the AC processor 

within the region. In terms of NN, providing the collected in situ observations into the training 

dataset may improve the quality of performance of the algorithm. Taking into consideration the 

other water quality parameters (such as coloured dissolved organic matter) will provide an 

overall picture of the complexity of the waters, and whether the presence of a particular 

parameter is causing the overestimates in the region. 

 
It has been demonstrated that there is promise for the improvement of these algorithms in the 

wider Celtic Sea region. Our results currently show a ’weak’ correlation between in situ 

measurements and satellite retrievals. As such, further investigation into the causes of the 

uncertainties is required. Due to these uncertainties, the use of satellite retrieved Chl-a to 

calculate phytoplankton size classes (e.g., Roy et al., 2013; Brewin et al., 2015), in this study 

area, cannot be recommended at this stage.   

 
It was beyond the scope of this study to further investigate improving the satellite algorithms 

or FerryBox regression, to generate more accurate chlorophyll estimates for use in an SPF 

model. Therefore, Chapter 5 will not include phytoplankton size classes generated from these 

algorithms as input into Ecopath with Ecosim. Instead, outputs from the state-of-the-art UK 

Earth System Model (CMIP6), were considered for use.  
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Chapter 5 – Understanding the role of small pelagic fish 

in the Celtic Sea using an ecosystem model  

5.1 Introduction 

Over the past few decades, human activities such as overfishing, climate change, and 

pollution have affected marine ecosystems dynamics (Ottersen et al., 2004; Pauly et al., 1998; 

Votier et al., 2004), biodiversity and trophic interactions (Stokstad, 2006). Therefore, 

understanding the functioning of marine ecosystems is key for conservation and sustainable 

management practices. Food webs govern the structure and functioning of marine 

ecosystems (Libralato et al., 2014), and are often modelled using trophodynamic models as 

explained in Section 2.2. Changes to a component of the food web (e.g., predator or prey) can 

have potential consequences on another component via trophic linkages. Studies have shown 

that human activities such as fishing (a potential stressor ) as a  top-down control can  generate 

trophic cascades (Österblom et al., 2007),  and reduce the mean trophic level (Pinnegar et al., 

2002). Climate change, on the other hand, can change basal productivity by influencing the 

distribution and composition of planktonic communities, and thereby the bottom-up control of 

the system (Beaugrand, 2005; Conversi et al., 2010). These changes may in turn affect the 

mid-trophic species, e.g., small pelagic fish, a key link to apex predators (Mavor et al., 2005).  

An ecosystem-based approach is recognised as an important management tool (Craig & Link, 

2023), as it provides an opportunity to recreate complex trophodynamics (Fulton, 2010). It can 

further focus on specific species interactions, e.g., predator prey interactions, and explore the 

effects of fishing and climatic changes (Fulton & Smith, 2004).  Ecopath with Ecosim (EwE) is 

a modelling software used to understand trophodynamics of ecosystems through a multi 

species approach and has been applied to address ecological and policy questions 

(Christensen & Walters, 2004).  
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The Celtic Sea ecosystem has seen changes in the past decades, which are mostly attributed 

to fishing of demersal species (Hernvann & Gascuel, 2020). Fishing in the Celtic Sea is mostly 

driven by commercial or industrial fleets (Hernvann & Gascuel, 2020). Although fishing has 

previously been considered a major driver in the Celtic Sea it is thought that there might be a 

shift from fishing induced changes of the past to environmental changes as a result of climate 

change (Hernvann et al., 2020). For example, there has been a change to the SPF community 

composition: with an increase of warm water species like European anchovy (Engraulis 

encrasicolus) to the region since the late 1990s (ICES, 2016), and recent decline in cold-water 

herring leading to a reduction in fishing effort (ICES, 2021). Changes to other SPF within the 

Celtic Sea have also been recorded. SPF are important to the region as they can control the 

system through bottom-up and top-down control. Therefore, it is important to understand the 

role these species play within the ecosystem, especially due potential environmental and 

anthropogenic changes that may occur within the Celtic Sea.  

 
Pre-existing EwE models of the Celtic Sea have mainly focused on assessed stocks (e.g., cod 

and anglerfish) within the region (Moullec et al., 2017; Hernvann et al., 2020), with biomasses 

of SPF taken from demersal surveys. The diet matrix of the SPF for these models have used 

stomach content analyses from neighbouring seas or from FishBase (Froese & Pauly, 2009; 

Moullec et al., 2017). Stomach content analyses are a key input into ecosystem models, such 

as EwE, as they provide information on predator-prey and trophic interactions. Therefore, it is 

ideal to use data only from the region of interest if available. Hernvann et al., (2022) developed 

an R package ‘EcoDiet’ (Théro et al., 2020), to improve the diet composition input for 

ecosystem models by using a Bayesian hierarchical model, to combine multiple data types, 

stable isotopes, stomach content analyses, and literature knowledge. However, input data on 

SPF both in terms of diet as well as biomass, were relatively limited. Therefore, updating the 

diet matrix of Hernvann et al., (2020), using EcoDiet, with data provided from Chapter 3, and 

biomasses from pelagic surveys, could improve the understanding of trophic interactions of 

SPF in the Celtic Sea.  
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The primary objective of this study is to update the pre-existing EwE models for the Celtic Sea 

(Hernvann et al., 2020; Moullec et al., 2017), focusing on small pelagic fish, mackerel, sardine, 

anchovy, herring, horse mackerel, and sprat, using data from 2013 - 2021. To update the 

model, diet data for SPF from Chapter 3 and updated biomass data from Cefas’ PELTIC 

survey were used, as well as ensuring all SPF were a single species functional group. Small 

scale mono specific fishing fleets for SPF were included, due to social importance of these 

fisheries to the region. Guidelines outlined by Heymans et al., (2016), pre-balance diagnostics, 

‘PRE-BAL’ (Link, 2010), and stepwise fitting from Scott et al., (2016) were conducted to 

evaluate the initial static energy budget and the model fitting from 2013 - 2021. Ecosystem 

network analysis indicators were used to assess the role of SPF in the system, more 

specifically how an increase of biomass of functional groups (FG) impacts SPF. Annual niche 

overlap (modified Pianka Index) was calculated to compare with results of Chapter 3. 

Understanding the role of SPF in the Celtic Sea ecosystem, especially regarding an increase 

to anchovy in the region, can inform us of potential structural and functional changes of the 

Celtic Sea ecosystem. 

 

5.2 Methods  

5.2.1 Study Area 

The study area as previously described, is the Celtic Sea (Figure 1.1; Figure 5.1), delineated 

by the 200m depth contour of the Northwest European continental shelf. There are two 

seasonal fronts systems that develop during spring: the Celtic Sea front (separating the Celtic 

Sea from the Irish Sea) and the Ushant Front, which develops from the coast of Brittany and 

extends to the western English Channel (OSPAR, 2000), it is in these areas where there are 

the greatest gradients and patchiness of plankton distribution in this area (Johns, 2006). There 

are two main phytoplankton bloom events, a spring bloom (e.g., March), and an autumnal 

bloom, September-October, (Pingree et al., 1976). The sea area is also characterized by both 
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warmer water and colder water systems and both Lusitanian and Boreal fish species are found 

in the area (Dinter et al., 2001). 

 

Figure 5.1 - General location 
of the Celtic Sea (top left 
corner) and delimitation of 
the study area regarding 
physical and management 
boundaries. The Celtic Sea 
EwE model (purple dashed 
contour) is updated for the 
shelf area shallower than 
200 m depth matching ICES 
divisions (polygons) 7.e 
(Western English Channel), 
7.f (Bristol Channel), 7.g 
(Celtic Sea North), 7.h 
(Celtic South) and 7.j.2 
(Southwest of Ireland- East 
belonging to the NE Atlantic 
Fisheries Commission 
regulatory area) 

 

 

5.2.2 Ecopath  

To understand the trophic relationships of the Celtic Sea food web particularly for pelagic fish, 

Ecopath with Ecosim, a steady state simulation program, was used. The software is used to 

analyse ecosystem dynamics through the creation of model food webs (Pauly et al., 2000). 

The initial concept was developed by Polovina, (1984) and was combined with network 

analysis and system maturity indices of Ulanovicz & Puccia, (1990) and Odum, (1969).  

The model is structured by species that can be aggregated by their ecology (e.g., life history, 

diet composition, habitat), these are represented as functional groups (FGs) and connected 

through predator/prey interactions based on diet composition. These FGs can consist of one 

species or life history traits (i.e., juvenile vs adults), or multiple species. For some FGs, species 

were grouped according to taxonomic similarities (e.g., lobsters), whilst others are aggregated 
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by trophic guilds (e.g., small benthivorous fish) or similar feeding strategy (e.g., seabird 

offshore divers).  

Ecopath requires input for each functional group i, this is in terms of biomass (B t km-2 y-1), 

production/biomass (P/B y-1), which in most conditions relates to the total mortality rate or 

instantaneous mortality (Z = fishing mortality + natural mortality), consumption/biomass (Q/B 

y-1) and ecotrophic efficiency (EE), which the proportion of the net annual production 

consumed by higher trophic levels (Christensen and Walters, 2004). Ideally, EE is estimated 

from the software, and B, P/B, and Q/B are entered for all groups. These values are often 

taken from literature, stock assessments, and ecological studies.  

In addition to the parameters stated, the model also requires information on diet composition 

and fisheries landings and discards. In the Ecopath model an equilibrium condition is 

assumed, where inputs and outputs are equivalent. A biomass budget equation is used to 

establish the equilibrium and is determined for each functional group (i), considered as 

Equation 5.1.  

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑖) − 𝑝𝑟𝑒𝑑𝑎𝑡𝑖𝑜𝑛 (𝑖) − 𝑛𝑜𝑛 𝑝𝑟𝑒𝑑𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠𝑒𝑠 (𝑖) − 𝑒𝑥𝑝𝑜𝑟𝑡 (𝑖) = 0       (5.1) 

 

Ecopath mass-balance over a given time period relies on two master equations, with the first 

describing the production of FG, i (Equation 5.2).  

𝐵𝑖 × (
𝑃

𝐵
)

𝑖
= ∑ 𝐵𝑗 

𝑁
𝑗=1 × (

𝑄

𝐵
)

𝑗
× 𝐷𝐶𝑗𝑖 + (

𝑃

𝐵
)

𝑖
×  𝐵𝑖  × (1 − 𝐸𝐸𝑖) + 𝑌𝑖 + 𝐸𝑖 + 𝐵𝐴𝑖       (5.2) 

where 𝐵𝑖 is the biomass of the FG; (𝑃 𝐵⁄ )𝑖 is the production rate (assumed to be the total 

mortality, Z), 𝐸𝐸𝑖 is the ecotrophic efficiency (proportion of the production used in the system), 

𝑌𝑖 is the fisheries yield, 𝐸𝑖 is the net emigration rate,  and 𝐵𝐴𝑖 is the biomass accumulation. 

𝐵𝑗 is the biomass of one of the N predators of functional group i, which eats functional group i 
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in 𝐷𝐶𝑗𝑖 proportion, whose consumption rate is (Q/B)j. For each FG, i, 𝑌𝑖 and 𝐷𝐶𝑗𝑖 are input 

parameters, and three out of the following four parameters Bi, (P/B)i, (Q/B)i and EEi, are to be 

specified. The unspecified fourth parameter is estimated by Ecopath. Ideally, EE should be 

the parameter estimated by Ecopath (Heymans et al., 2016).   

The second master equation of Ecopath defines an FG’s productivity in terms of its 

consumption and maintenance needs (Equation 5.3).  

𝑄𝑖 = 𝑃𝑖 + 𝑅𝑖 + 𝑈𝐴𝑖                                                    (5.3) 

 

where 𝑄𝑖 is the consumption of functional group i, 𝑃𝑖 its production, defined in Equation 5.2 as 

𝐵𝑖 × (
𝑃

𝐵
)

𝑖
, Ri its respiration, and UAi the unassimilated food. Therefore, Equation 5.3 expresses 

that consumption is the sum of growth (somatic and gonadal combined), metabolic costs and 

waste products (Winberg, 1956). 

 

5.2.3 Ecosim 

Ecosim represents temporal changes of biomass in an ecosystem in response to changes in 

trophic interactions, fishing, environmental changes (Christensen et al., 2008; Christensen & 

Walters, 2004). It relies on a set of differential equations, to express changes in biomass of 

each FG i, over a given time period dt (Equation 5.4). 

𝑑𝐵𝑖

𝑑𝑡
=  𝑔𝑖 × ∑ 𝑄𝑗𝑖 − ∑ 𝑄𝑖𝑗 

𝑁
𝑗=1 + 𝐼𝑖 − (𝑀0𝑖 + 𝐹𝑖 + 𝑒𝑖 + 𝑖𝑖) × 𝐵𝑖 

𝑁
𝑗=1           (5.4) 

 

The growth rate of a FG i over time interval dt, is given by the difference in matter produced 

by FG i, through migrations (immigration 𝑖𝑖 and emigration 𝑒𝑖 ), losses in FGi, through fishing 

(fishing mortality rate 𝐹𝑖 ), natural mortality due to predation (sum of 𝑄𝑖𝑗 by functional group i’s 

predator) or other causes (mortality rate 𝑀0𝑖 ). The matter produced by FG i, is expressed by 
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the consumption of all FG i’s prey (product of food consumed), and the growth net efficiency 

through the ratio of two parameters (Q/B)i and (P/B)i. These consumptions are based off the 

‘foraging’ arena theory, by dividing prey biomasses into vulnerable and invulnerable 

compartments (either accessible or inaccessible to predators, respectively) (Ahrens et al. 

2012). For a predator-prey pair (i,j), the consumption of i by j,  is estimated by Equation 5.5. 

𝑄𝑖,𝑗 =
𝑎′𝑖,𝑗∗𝑣𝑖,𝑗∗𝐵𝑖∗𝑃𝑗∗𝑇𝑖∗𝑇𝑗∗

𝑀𝑖,𝑗

𝐷𝑗

𝑣𝑖,𝑗+𝑣𝑖,𝑗∗𝑇𝑖∗𝑀𝑖,𝑗+𝑎′𝑖,𝑗∗𝑀𝑖,𝑗∗𝐵𝑗∗
𝑇𝑗

𝐷𝑗

∗ 𝑆𝑡,𝑗,(𝑒𝑒 , 𝑡)        (5.5) 

where 𝐵𝑗 is the biomass of the predator j; 𝑎′𝑖,𝑗 is the rate of effective search of predator j for 

prey i; 𝑇𝑖 and 𝑇𝑗 correspond to the prey and predator relative feeding time, respectively; 𝑀𝑖,𝑗  is 

the mediation effect that a third organism can impose on the (i,j) trophic relationship; and 𝐷𝑗 is 

the handling time of the predator j for its prey. The vulnerability coefficient 𝑣𝑖,𝑗 controls the 

transfer rate of the prey between the vulnerable and invulnerable compartments and it can 

range from 1 to infinity. For values of 𝑣𝑖,𝑗 greater than 2, a large increase in 𝐵𝑗 results in a 

large increase in 𝑄𝑖,𝑗. Therefore, values of 𝑣𝑖,𝑗 greater than 2, the quantity of prey i, consumed 

by predator j is mainly influenced by predator j abundance, which is a top-down control. A 

bottom-up control is when 𝑣𝑖,𝑗 is close to 1, a large increase in 𝐵𝑗 has a lower impact on 𝑄𝑖,𝑗;  

Initially the vulnerability co-efficient is set to 2, as a trade-off between the bottom-up and top-

down control, this can be estimated through Ecosim model fitting to time-series. They are 

estimated to minimise the weighted sum of square deviations. The number of vulnerability 

coefficients that can be estimated are limited to the number of time-series, which is either 

chosen by the modeller or through the stepwise fitting procedure (Scott et al., 2016), this 

determines the vulnerability coefficients based on best fit to time series data based on Akaike 

Information Criterion (Akaike, 1974).  

The Ecosim model can also be forced by using environmental or fishing time-series. Forcing 

time-series of fishing mortality can be applied to FG’s that the fisheries target, this simulates 

the temporal impact of fishing. It is directly applied through Equation 5.4. There are two ways 
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that Ecosim can model environmental change. The first uses an observed time-series of 

primary production (PP). The production of primary producer (phytoplankton groups) 𝑃𝑃𝑖 is 

determined from its biomass as shown in Equation 5.6. 

𝑃𝑃𝑖 =
𝑟𝑖.𝐵𝑖

1+𝐵𝑖.ℎ𝑖
∗ 𝑝𝑝𝑖,𝑡

𝑟𝑒𝑙                                    (5.6) 

where r is the largest possible production/biomass ratio, 𝑟𝑖/ℎ𝑖 is the maximum net primary 

production when the biomass is not limiting production. 𝑝𝑝𝑖,𝑡
𝑟𝑒𝑙 is a time-series of primary 

production used to simulate the impact of observed changes in the production of lower trophic 

levels. For example, from the Chl-a from satellite remote sensing, such as that assessed in 

Chapter 4.  

The second way is through FGi, to model mean species consumption or mortality on specific 

environmental drivers. This can be done using one or several functional responses 𝑓𝑒 related 

to environmental variables ee to express a temporal forcing of the trophic group consumption. 

The functional response 𝑓𝑒, could represent a preference function to water temperature 

(Bentley et al., 2017; Corrales et al., 2017; Serpetti et al., 2017) or oxygen concentration (de 

Mutsert et al., 2016). It would provide a multiplier of the consumption that vary according to 

the conditions in the ecosystem. 

 

5.2.4 Updates to the Celtic Sea EwE 

5.2.4.1 Model Structure 

The Ecopath model in this thesis was based on data from 2013, updating Moullec et al., (2017) 

and Hernvann et al., (2020) for small pelagic fish in the Celtic Sea. The FGs of the Celtic Sea 

Ecopath model were extracted from Hernvann et al., (2020) with one exception. Anchovy 

(Engraulis encrasicolus) was previously incorporated into group ‘Pelagic fish – Medium’, this 

group was repurposed to solely represent anchovy (see Appendix - [Table C 1]). Hernvann et 

al., (2020) stated that the main contributor of the group was anchovy. The other species in the 

group present a much smaller contribution within the Celtic Sea ecosystem; therefore, it was 
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decided for ease of interpretation to remove these species and repurpose the FG for anchovy 

alone (see Appendix C – [Table C 1] for full list of functional groups).  

Fishing fleets in the model remained the same as Hernvann et al., (2020), specifically targeting 

one functional group (mono-specific) but with the addition small scale mono-specific fleets with 

data from Sea Around Us (SAU - Pauly et al., 2020) and Fisheries Dependent Information 

(FDI - STECF, 2020) for small pelagic fish.  

5.2.4.2 Inputs to Ecopath 

Biomass data for small pelagic fish, notably anchovy, sprat, and sardine became available 

from 2013, from the PELTIC survey. The PELTIC survey is a pelagic survey that investigates 

phytoplankton to small pelagic fish and top predators within the Celtic Sea area in autumn. As 

such the biomasses of SPF stated above for 2013 were updated, as previously the only 

biomasses were taken from demersal surveys that are not designed for SPF and are likely to 

have underestimated the values. Biomass for phytoplankton and zooplankton groups were 

taken from the UK Earth System Model, UKESM1-0-LL historical data, as part of Coupled 

Model Intercomparison Project (CMIP6; Eyring et al., 2016), downloaded from https://esgf-

index1.ceda.ac.uk/search/cmip6-ceda/ and extracted through Python (v3.8 – van Rossum & 

Drake, 2009) package ‘nctoolkit’ (v0.8.6) on the Reading Academic Computing Cluster 

(Linux).  

P/B and Q/B were taken from Moullec et al., (2017) if available or calculated using empirical 

model of Pauly, (1980) for P/B (annual production rate) and empirical models of Pauly et al., 

(1990) and Christensen & Pauly, (1992) for Q/B ratios with inputs to the models taken from 

FishBase (Froese & Pauly, 2009).  

5.2.4.3 Diet Matrix 

The diet matrix from Hernvann et al., (2020) was updated based on results from Chapter 

3/Patel et al., 2023. The outputs from Patel et al., (2023) were computed annually and 

localised to the Celtic Sea only for SPF. The new diet data for SPF was combined with Celtic 
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Sea biotracer, and literature data from Hernvann et al., (2020; 2022) in a Bayesian hierarchical 

model, through ‘EcoDiet’ R Package (Hernvann et al., 2022; Théro et al., 2020) in R (v4.1.2 – 

R Core Team, 2021). The outputs for anchovy, sardine, herring, mackerel, sprat, and horse 

mackerel were updated from the 1985 diet matrix (Table 5.1; see Appendix C – [Table C 2] 

for full diet matrix input).  

Table 5.1 - Diet matrix update from 1985 Ecopath model to this study (2013) for small pelagic fish in the Celtic Sea 
Ecopath model using the Bayesian hierarchical model from Hernvann et al. (2022). 

Prey \ predator 

1985 2013 1985 2013 1985 2013 1985 2013 1985 2013 1985 2013 

Mackerel Horse mackerel Sprat Sardine Herring 
Pelagic 
fish - 

Medium 
Anchovy 

Seabirds - Divers             

Seabirds - Surface 
feeders 

            

Baleen whales             

Toothed cetaceans / 
Seals 

            

Pelagic sharks             

Carnivorous demer. 
elasmobranchs 

            

Benthivorous demer. 
elasmobranchs 

 0.029           

Sea bass             

Anglerfish large             

Anglerfish small             

Hake large             

Hake small   0.001          

Cod large             

Cod small   0.001          

Whiting   0.006          

Haddock          0.020   

Pouts  0.031  0.044      0.021   

Megrim             

Sole             

Plaice             

Piscivorous demer. 
fish 

            

Epibenthivorous 
demer. fish 

  0.002 0.046         

Endobenthivorous 
demer. fish 

            

Suprabenthivorous 
demer. fish 

 0.029 0.044 0.044      0.027   

Small benthivorous 
demer. fish 

  0.001 0.045      0.020   

Mackerel  0.030           

Horse mackerel  0.033           

Boarfish             

Sprat  0.038 0.001 0.046      0.041   
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Blue whiting 0.052 0.033 0.019 0.004         

Pilchard             

Herring   0.008       0.071   

Pelagic fish - Large             

Pelagic fish - Medium 0.004  0.006      0.00
2 

   

Squids 0.001 0.034 0.006 0.045         

Benthic cephalopods  0.035  0.040      0.021  0.048 

Commercial 
crustaceans 

            

Nephrops             

Commercial bivalves             

Shrimps 0.015 0.026 0.058 0.046 
0.08

3 
0.02

8 
  0.01

3 
0.016  0.060 

Carnivorous/Necroph
agous benth. inv. 

 0.040 0.008 0.046 
0.05

1 
0.04

3 
 0.061 

0.00
4 

0.021 0.021 0.063 

Suspension/Surface 
detritus feeder benth. 

inv. 

 0.042 0.001 0.046 
0.11

3 
0.07

6 
0.093 0.168 

0.02
1 

0.036 0.077 0.074 

Subsurface deposit 
feeder benth. inv. 

          0.014 0.041 

Suprabenthos 0.010 0.036 0.004 0.046       0.095 0.059 

Benthic meiofauna        0.071    0.086 

Macrozooplankton 0.523 0.090 0.341 0.047 
0.01

4 
0.01

4 
0.107 0.103 

0.23
6 

0.240 0.023 0.023 

Mesozooplankton - 
Large 

0.271 0.059 0.370 0.211 
0.17

7 
0.17

7 
0.350 0.102 

0.50
9 

0.185 0.253 0.193 

Mesozooplankton - 
Small 

0.123 0.412 0.124 0.234 
0.56

2 
0.66

0 
0.447 0.447 

0.21
4 

0.280 0.516 0.350 

Microzooplankton             

Bacteria             

Phytoplankton - Large  0.002 0.000 0.009  0.00
3 

0.003 0.003    0.003 

Phytoplankton - Small             

Discards             

Detritus        0.047     

Import             

Sum 1.000 1.000 1.000 1.000 
1.00

0 
1.00

0 
1.000 1.000 

1.00
0 

1.000 1.000 1.000 

(1 - Sum) 0.000 0.000 0.000 0.000 
0.00

0 
0.00

0 
0.000 0.000 

0.00
0 

0.000 0.000 0.000 

 

5.2.4.4 Model Balancing 

When the Ecopath model input parameters were updated for 2013, the model was 

parameterised, and the missing parameters estimated by Ecopath to achieve mass balance. 

Model balancing was performed using a pre-balance diagnostic (PREBAL; Link, 2010) through 

a set of guidelines as a form of a checklist. As the model was balanced previously through 

Hernvann et al., (2020) and Moullec et al., (2017) the PREBAL diagnostic did not differ from 

the pre-existing models (see Appendix -Table C 4;Figure C 1).  
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A functional group is imbalanced when the EE > 1, where the fishing or predation of a particular 

group exceeds the production or mortality of that particular FG. The initial Ecopath 

parameterisation produced estimated SPF EE >1. The diet matrix was scrutinised for the 

predator of these species, and through the use of DAPSTOM (Pinnegar, 2014), minor changes 

were made to the diet matrix to reduce predation on SPF.  

5.2.4.5 Ecosim parameterisation 

The Ecosim model was initially fitted through observed biomass time series (2013-2021) from 

ICES stock assessments, abundance indices from surveys (EVHOE - Duhamel et al., 2018; 

PELTIC - Doray et al., 2021), phytoplankton and zooplankton biomass from CMIP6 

(https://esgf-index1.ceda.ac.uk/search/cmip6-ceda), and catch time-series from ICES, FDI 

(STEFC, 2020) and Sea Around Us (Palomares et al., 2018; Pauly et al., 2020). For assessed 

stock, fishing mortality was used as forcing function; and for non-assessed stocks, catch time 

series were used as in Hernvann et al., (2020). Before calibration, model stability was tested 

over a 100-year period (Figure C 2). The calibration of the Ecosim model was done through 

the stepwise fitting procedure outline in Scott et al., (2016) and the protocol from (Bentley et 

al., 2019), for determination of the predator-prey dynamics (vulnerabilities) for estimation. The 

forcing was carried out similar to Hernvann et al., (2020), with fishing only first, then by 

environmental and fishing dynamics, initially separately then combined. For environmental 

forcing, primary production (PP) monthly time series were taken from the Vertically 

Generalised Production Model (VGPM; Behrenfeld & Falkowski, 1997) for 2013-2021. The 

VGPM model uses satellite retrieved Chl-a from SeaWIFS and MODIS-Aqua to compute PP 

over the water column (Morel & Berthon, 1989). This time series was used to force 

phytoplankton groups. Sea Surface Temperature (SST) was taken from MODIS-Aqua Level 3 

outputs and averaged over the Celtic Sea area as an environmental forcing time series. Sea 

Surface Salinity (SSS) was also used as an environmental forcing variable downloaded from 

Copernicus Marine Services (marine.copernicus.eu). Environmental preferences for the FGs 

were generated from Aquamaps (Kaschner et al., 2019) using R package ‘aquamapsdata’ 
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(Kaschner et al., 2019) and imported into EwE though the import tool. SST was applied to 

functional groups with an environmental preference of SST i.e., pelagic groups rather than 

demersal groups that are more likely to be affected by Sea Bottom Temperature (SBT).  

To quantify the relative contribution of each driver, model fitting iterations were compared 

through sum of squares between observed and predicted time-series and bias corrected 

Akaike Information Criterion of the model (Akaike, 1974). A no hake and cod fishing scenario 

were implemented to understand the effect of SPF predators and commercially assessed 

species, on the biomass of SPF.  

5.2.5 Mixed trophic Impact 

Mixed trophic Impact (MTI) is a routine within the EwE software (Ulanowicz & Puccia, 1990). 

It is based on the Ecopath steady state model and can be used to better describe trophic 

relationships within the ecosystem. It shows direct and indirect influences (including 

competition) of variations in biomass of an FG on other FGs, thus can provide insight to how 

short-term variations in the food web can affect the whole ecosystem. However, it is important 

to consider that the MTI routine is not a function to predict future changes on trophic 

interactions, these are addressed in the dynamic model Ecosim, described in Section 5.2.4.5. 

MTI was applied to the balance Ecopath model of the Celtic Sea, as described in Section 

5.2.4.4, to assess the impacts of increased biomass (10%) of a particular FG on the biomass 

of others in the ecosystem.  

MTI is calculated by generating an 𝑛 𝑥 𝑛 matrix, where the 𝑖, 𝑗th terms represent the interaction 

between the impacting group 𝑖 and impacted group 𝑗 (Equation 5.7). 

𝑀𝑇𝐼𝑖,𝑗 =  𝐷𝐶𝑖,𝑗 −  𝐹𝐶𝑗,𝑖                                                  (5.7) 

Where 𝐷𝐶𝑖,𝑗 is the diet composition of how much 𝑗 contributes to the diet of 𝑖; 𝐹𝐶𝑗,𝑖 is the host 

composition term giving the proportion of the predation of 𝑗 that is due to 𝑖 as the predator. 

Fishing fleets are considered as ‘predators’. Direct and indirect increase of the impacted group 

𝑗 are calculated through the multiplication of the matrix. Direct impacts describe the effect of 
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the increase of the impacting group has on the biomass of the impacted group. Whereas 

indirect effects can be associated with trophic cascades and inter-FG competition (e.g., 

density dependent effects).  

 

5.2.6 Niche Overlap 

The niche overlap routine (in terms of prey) in Ecopath uses a modified Pianka index by 

(Christensen et al., 2005). The main difference from Pianka index described in Section 3.2.5 

is instead of using the geometric mean implied in the denominator of Equation 3.2, an 

arithmetic mean is used (Equation 5.8). If one of the groups (𝑗) only overlaps with one other 

group (𝑘) then 𝑝𝑖𝑗  will be zero for all values of 𝑖 but 𝑖 =  𝑘, where it will reach a value of 1. In 

such a case, the denominator of Equation 3.2 in Section 3.2.5 will always be 1, and the overlap 

index will equal 𝑝𝑖𝑘, whereas a value between 𝑝𝑖𝑘  and 𝑝𝑖𝑗  would be more reasonable. 

𝑂𝑗𝑘 =  
∑ 𝑝𝑖𝑗𝑝𝑖𝑘

𝑛
𝑖

∑ (𝑝𝑖𝑗
2+𝑝𝑖𝑘

2𝑛
𝑖 /2)

                                                (5.8) 

As with Pianka Index explained in Section 3.2.5, the index assumes values from 0 to 1, where 

0 = no overlap and 1 = complete overlap, all intermediary values show a partial overlap in 

resource utilization.  

 

5.3 Results 

5.3.1 Ecopath parameterisation 

The results of parameterisation of the balanced Ecopath model are shown in Table 5.2, and 

the biomass contributions presented in Figure 5.2Figure 5.2 - Voronoi treemap of biomass (t 

km-2 yr-1) model output. Groups from Table 5.2 has been amalgamated for ease of 

interpretation. The trophic level of each FG is calculated through the diet composition (Table 
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5.1). Mackerel, herring, horse mackerel had a higher trophic level than the reported in Chapter 

3, due to non-phytoplankton consumption.  

The total fisheries catch amounted to 1.009 t km2 yr-1 with a mean trophic level of 3.628. The 

highest catches were from hake and commercial bivalves, and the highest discards were large 

anglerfish.  

Table 5.2 - Ecopath model outputs, B = Biomass; P/B = Production/Biomass; Q/B = Consumption/Biomass; EE = 
Ecotrophic Efficiency for all functional groups in the Celtic Sea Ecopath model. Bold values indicate values 
estimated by Ecopath.  

Group 
no. 

Group name Trophic 
level 

B 

(t km-2 yr-1) 

P/B 

(/year) 

Q/B 

(/year) 

EE 

1 Seabirds - Divers 4.50 0.00 0.15 135.26 0.00 

2 Seabirds - Surface 

feeders 

3.93 0.00 0.25 114.47 0.00 

3 Baleen whales 3.60 0.07 0.04 4.77 0.00 

4 Toothed cetaceans / 

Seals 

4.85 0.03 0.14 12.00 0.00 

5 Pelagic sharks 4.74 0.10 0.20 1.96 0.60 

6 Carnivorous demer. 

elasmobranchs 

4.44 0.01 0.47 3.13 0.65 

7 Benthivorous demer. 

elasmobranchs 

3.95 0.23 0.52 3.48 0.65 

8 Sea bass 4.20 0.03 0.28 1.52 0.87 

 
Anglerfish 

     

9 Anglerfish large 4.68 0.29 
 

2.38 0.65 

10 Anglerfish small 4.49 0.05 
 

6.97 0.05 

 
Hake 

     

11 Hake large 4.53 0.31 
 

2.52 0.42 

12 Hake small 4.05 0.17 
 

5.56 0.15 

 
Cod 

     

13 Cod large 4.17 0.08 
 

4.61 0.93 

14 Cod small 3.95 0.02 
 

9.14 0.70 

15 Whiting 4.22 0.29 1.12 3.70 0.28 
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16 Haddock 3.43 0.40 0.91 3.33 0.47 

17 Pouts 3.61 1.55 1.35 5.40 0.95 

18 Megrim 4.17 0.30 0.45 2.24 0.33 

19 Sole 3.31 0.04 0.47 2.58 0.55 

20 Plaice 3.31 0.06 0.81 4.50 0.25 

21 Piscivorous demer. fish 4.43 0.18 0.64 3.21 0.85 

22 Epibenthivorous demer. 

fish 

3.67 0.93 0.86 4.30 0.95 

23 Endobenthivorous 

demer. fish 

3.30 0.14 1.09 5.45 0.95 

24 Suprabenthivorous 

demer. fish 

3.42 0.89 1.88 7.52 0.95 

25 Small benthivorous 

demer. fish 

3.45 0.98 1.84 7.34 0.95 

26 Mackerel 3.67 0.70 0.56 2.24 0.63 

27 Horse mackerel 3.71 1.49 0.85 3.40 0.99 

28 Boarfish 3.29 2.14 1.20 4.80 0.00 

29 Sprat 3.17 1.93 0.85 7.00 0.42 

30 Blue whiting 3.72 0.60 1.48 5.90 0.75 

31 Pilchard 3.14 1.21 0.84 6.80 0.16 

32 Herring 3.61 0.84 0.78 4.59 0.99 

33 Pelagic fish - Large 4.32 0.09 0.42 2.80 0.90 

34 Anchovy 3.35 0.04 1.18 9.27 0.99 

35 Squids 4.10 0.20 3.90 13.00 0.90 

36 Benthic cephalopods 3.91 0.18 3.90 13.00 0.90 

37 Commercial crustaceans 3.60 0.88 0.55 3.67 0.80 

38 Nephrops 3.31 0.25 0.60 4.00 0.91 

39 Commercial bivalves 2.00 0.30 3.50 17.50 0.72 

40 Shrimps 3.09 1.59 3.00 20.00 0.95 

41 Carnivorous/Necrophago

us benth. inv. 

2.75 13.80 1.89 12.57 0.95 

42 Suspension/Surface 

detritus feeder benth. inv. 

2.05 27.72 2.80 14.00 0.95 
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43 Subsurface deposit 

feeder benth. inv. 

2.48 27.07 1.60 8.00 0.90 

44 Suprabenthos 2.36 4.88 2.80 14.00 0.95 

45 Benthic meiofauna 2.09 7.72 10.00 50.00 0.95 

46 Macrozooplankton 2.69 2.25 7.50 25.00 0.89 

47 Mesozooplankton - Large 2.31 3.84 8.01 26.69 0.66 

48 Mesozooplankton - Small 2.06 6.34 25.35 84.50 0.31 

49 Microzooplankton 2.15 5.29 33.70 112.32 0.51 

50 Bacteria 2.00 4.26 54.48 136.20 0.65 

51 Phytoplankton - Large 1.00 7.00 76.45 
 

0.96 

52 Phytoplankton - Small 1.00 10.10 76.45 
 

0.85 

53 Discards 1.00 0.25 
  

0.49 

54 Detritus 1.00 325.70 
  

0.92 

 

 

Figure 5.2 - Voronoi treemap of biomass (t km-2 yr-1) model output. Groups from Table 5.2 has been amalgamated 

for ease of interpretation. 
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5.3.2 Mixed Trophic Impact 

The MTI routine on the balanced Ecopath model for six pelagic functional groups, anchovy, 

herring, mackerel, horse mackerel, sardine, and sprat, and the functional groups affecting the 

SPF are shown in Figure 5.3. SPF are positively impacted by planktonic groups, 

mesozooplankton – large (Figure 5.3). Sardine, anchovy, horse mackerel, mackerel, and 

herring were negatively impacted by an increase in seabird biomass, particularly, surface 

feeders (-0.133; -0.057; -0.046; -0.14; -0.013 respectively), compared to sprat which had a 

small positive effect (-0.022). Fleets of cod, whiting, and hake had the same positive effect on 

anchovy (0.011; 0.0935; 0.054 respectively). Macrozooplankton negatively affected anchovy 

(-0.104), while mesozooplankton of both size classes had a positive effect (mesozooplankton 

small = 0.163; mesozooplankton large = 0.071). Herring had the largest negative impact by 

an increase in its own biomass (-0.321), which was the same for sardine (-0.229), mackerel (-

0.283), and sprat (-0.089). Sprat and sardine had the largest positive impact from an increase 

in mesozooplankton – small (0.350; 0.201 respectively). Sprat had the largest negative impact, 

-0.249, from horse mackerel increase and other small pelagic species (Figure 5.3). From the 

small-scale fishing fleets, herring (-0.016) and sardine (-0.011) were two species negatively 

impacted by an increase in fishing effort (Figure 5.3).  

5.3.3 Niche Overlap 

The six pelagic species had at least four of the six SPF as their highest Pianka indices (Figure 

5.4), only the highest six groups in terms of Pianka index are represented. Mackerel, sardine, 

herring, and sprat all had high overlaps with suprabenthivorous demersal fish. This indicates 

that there is overlap in prey items between SPF and suprabenthivorous demersal fish. Sprat, 

anchovy, horse mackerel had high overlaps with baleen whales. Five of the six SPF had their 

highest overlap with another SPF, the exception being herring that had the highest overlap 

with suprabenthivorous demersal fish (Figure 5.4). Mackerel and sardine had the highest 

overlaps with each other (0.92; Table 5.3). For mackerel, the next highest groups were 

anchovy (0.88), sprat (0.86), herring (0.82), suprabenthivorous demersal fish (0.80), and horse 
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mackerel (0.79). Sardine had the same groups as mackerel for high overlaps; sprat (0.90), 

anchovy (0.90), herring (0.80), suprabenthivorous demersal fish (0.79), and horse mackerel 

(0.74). Sardine was also the highest overlap for sprat (0.90) and had the overall lowest overlap 

(0.68), with herring, the same value as horse mackerel and boarfish. Only horse mackerel had 

boarfish as a top six Pianka index.   
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Figure 5.3 – Comparison of Mixed Trophic Impact analysis between Hernvann et al. (2020) and this this study. 
Shown here in the Celtic Sea ecosystem of 6 pelagic species (impacted groups) response to increase of other 
functional groups biomass (impacting groups) in the Ecopath balanced model. Positive impacts are shown above 
the black line above 0 (white bars) and negative impact below the black line (black bars). Blue dots represent 
values from 1985 model re-run following Hernvann et al. (2020).  
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Table 5.3 - Pianka index of six pelagic species from the balanced Celtic Sea Ecopath model for 2013. 

 

Figure 5.4 - Niche overlap (modified Pianka index) of six pelagic species and the six largest overlap from the 
balanced Ecopath model of the Celtic Sea in 2013 (dark grey) and 1985 model re-run of Hernvann et al. (2020). 
Suprabenth. demer. fish = suprabenthivorous demersal fish. 

 

 
Mackerel Horse mackerel Sprat Sardine Herring 

Horse mackerel 0.79 
    

Sprat 0.86 0.66 
   

Sardine 0.92 0.74 0.90 
  

Herring 0.82 0.82 0.68 0.80 
 

Anchovy 0.88 0.88 0.83 0.90 0.79 
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5.3.4 Ecosim fitting 

Statistically the best model fit was the baseline and trophic interactions when there was 

environmental forcing (sea surface temperature), however fishing did not improve the model 

fitting (Table 5.4). The limited change in sum of squares (SS) suggests that fishing was not 

the main driver during the eight-year model period. Environmental forcing improved the model 

with those species with thermal preferences outside or towards the limit of Celtic Sea’s 

temperature range. For example, herring fit slightly improved with the forcing of SST. Fishing 

did not improve the time series fitting for the six pelagic species (Figure 5.5), the difference 

between the best baseline and fit and fishing fit was minimal (Figure 5.5). The time series 

fitting for the other SPF was not correctly captured by Ecosim, especially in mackerel and 

anchovy (Figure 5.5; Figure 5.6). Anchovy time series presented an increase in biomass over 

the eight-year period, however, anchovy in Ecosim decreased. For mackerel, with only four 

observations, the predicted values demonstrate a decrease, whilst the observations had a 

slight increase in biomass. When there was a cessation of cod and hake fishing, therefore 

more cod in the system, sardine, horse mackerel, sprat, anchovy, mackerel all decreased 

(Figure 5.5). Only herring had a slower decline than the baseline (Figure 5.5). 

Table 5.4 - Stepwise fitting scenarios, with and without environmental forcing (sea surface temperature). Vs = 
Number of vulnerability parameters estimated. NSpline = primary production anomaly points. SS = minimum sum 
of squares. AICc = Akaike Information Criteria. PP = Primary production. Bold = best setup fitting. Pre-existing 

model best fit taken from Hernvann et al. (2020).  

Scenario Vs NSpline SS AICc 

No environmental forcing 

Baseline 0 0 2241 577 

Trophic Interactions 2 0 2136 566 

Fishing 0 0 2781 636 

Fishing + trophic interactions 3 0 2628 627 

Environmental forcing 

Baseline 0 0 2186 570 

Trophic Interactions 2 0 2044 556 

Trophic Interactions + PP anomaly 2 2 2044 560 

Fishing 0 0 2718 630 

Fishing + trophic interactions 3 0 2562 620 

Fishing + trophic interactions + PP anomaly 3 2 2562 624 

Pre-existing model 
outputs best fit 

Fishing + Trophic interactions + Temperature + Plankton 
46 0 340 -3365 
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RMSE (Root Mean Squared Error) and bias over the 8-year duration were lower for mackerel 

and horse mackerel and highest for sprat (Table 5.5). When calculated over a four year period 

(2013-2016), the overall values were much higher, with the lowest values for herring and the 

highest values for sprat (Table 5.5).  

 

Table 5.5 - Root Mean Squared Error (RMSE) and Bias of six pelagic fish species outputs of best fit Baseline and 
trophic interactions (Table 4.4) and best fit for the pre-existing model (Hernvann et al., 2020) from the full duration 
of the model and comparison of the overlapping years from both models. Model outputs from Hernvann et al. (2020) 
were taken using plotdigitzer. Bold values indicated the best fit for the pelagic species. ‘–‘ indicates no data 
available for comparison.  

Species This study   

(2013-2021) 

Hernvann et al. (2020) 

(1985 - 2016) 

This study 

(2013-2016) 

Hernvann et al. (2020) 

(2013-2016) 

RMSE Bias RMSE  Bias RMSE Bias RMSE  Bias 

Herring 0.088 -0.031 0.081 0.014 0.148 -0.085 0.188 0.094 

Sprat 0.883 -0.334 0.039 0.007 1.390 -0.802 0.787 0.393 

Sardine 0.408 -0.144 0.092 -0.016 0.269 0.155 0.086 0.043 

Horse 

Mackerel 

0.016 0.006 3.379 0.597 0.123 0.071 0.052 0.026 

Anchovy 0.040 -0.014 - - - - - - 

Mackerel 0.008 -0.004 - - - - - - 

 

The basal productivity of the Celtic Sea ecosystem also had no clear trend for the period 2013-

2021 and remained constant. The planktonic groups demonstrated a constant trend, with 

phytoplankton – small groups producing the highest biomass around 10 t km-2, followed by 

mesozooplankton – small near 6.5 t km-2. Both, phytoplankton – large and microzooplankton 

remained constant around 6 t km-2, with mesozooplankton – large near 4 t km-2 and 

macrozooplankton, 2.5 t km-2.  The higher trophic levels, that have stock assessments, were 

captured better by Ecosim.  
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Figure 5.5 - Model predictions (lines) vs time series points for updated Ecopath with Ecosim model from 2013 
– 2021 for six pelagic species in the Celtic Sea. Solid lines = different scenarios. Black dots = observations. 
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Figure 5.6 - Comparison of best fit of relative biomass of four pelagic species, sprat, sardine, herring and horse 
mackerel from this study (left hand panels) and pre-existing model (right hand panels; taken from Hernvann et al. 
2020). Points represent observations and lines represent model outputs. 
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5.4 Discussion 

In this chapter, an updated Ecopath model for Celtic Sea has been presented. This model was 

built on a combination of Hernvann et al., (2020) and Moullec et al., (2017), and was updated 

using improved diet and biomass inputs for Small Pelagic Fish (SPF) presented in Chapter 3. 

The present study has demonstrated that the six SPFs selected for the Celtic Sea ecosystem, 

are facilitators of energy transfer from lower trophic to higher trophic levels and their 

biomasses are influenced by environmental conditions and fishing mortality of higher trophic 

levels. The changes in their biomass can influence, in particular, the commercially assessed 

species hake and cod, and seabirds (MTI results).  

5.4.1 Trophic dynamics in the Celtic Sea 

This model identified that commercial demersal species such as cod and hake have a negative 

effect on the SPF, and as expected the commercial fisheries of cod and hake therefore have 

a positive effect, particularly for horse mackerel (Mahe et al., 2007). As horse mackerel is a 

dominant prey group for hake (>23cm; Mahe et al., 2007), if more hake is taken out of the 

system by fishing, there could be an increase in their prey. The negative impact on herring by 

herring could be due to the cannibalistic nature of herring. Cannibalism on larvae has been 

reported for herring and is not uncommon for other clupeoids (Valdes et al., 1987), and so 

possibly the negative effect of sardine on sardine. Both, herring, and sardine were negatively 

impacted by small scale fisheries. These species have been key part of the Cornish fishing 

community since at least the 16th century and play an important role socially and economically 

within the region (Southward et al., 1988). In recent years there has been a reduction in fishing 

effort of the Celtic Sea herring (ICES, 2021), due to a decline in stock. However, the drivers 

that caused the decline are poorly understood. Considering the stock is yet to recover, despite 

negligible quota, indicates there might be an environmental driver involved. Historic evidence 

demonstrates that herring and sardine show opposite trends, linked to warmer periods 

(Southward et al., 1988), with sardine currently increasing, indicating that warmer 

temperatures in the Celtic Sea may be a contributing factor for herring.  
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Our model reveals an increase of zooplanktonic groups has a positive impact on SPF, due to 

copepods being a main prey group for these species (Chapter 3/Patel et al., 2023). These 

zooplanktonic groups play a major role in ecosystem functioning and structure, as they are 

impacted by environmental changes. Studies have shown that SPF are impacted by changes 

in zooplanktonic composition, their prey (e.g., Coll et al., 2008; Heneghan et al., 2023). 

Zooplanktonic groups within the model are currently of low taxonomic resolution. Thus, 

increasing their resolution could improve understanding how their biomass fluctuations can 

impact functional groups within the ecosystem. Especially, as there have been changes to 

zooplanktonic community composition attributed to environmental change (e.g., SST – 

Bedford et al. 2020).  

The trophic levels (TLs) for all SPF presented in this study are higher than the estimated 

average in Chapter 3. Anchovy in spring was the only species that reported a higher trophic 

than the annual EwE estimate (3.51 in Chapter 3; 3.35 in this Chapter). The results from 

Chapter 3, only consists of stomach content analyses, which only represents a snapshot of 

time. As the diet matrix was generated through EcoDiet (Hernvann et al., 2022), it contains 

stable isotope analyses that provide longer timeframe than stomach content analyses. 

Therefore, the functional group may have consumed prey of a higher TL than found in stomach 

content analyses and could explain the higher TLs generated by Ecopath.  

5.4.2 Niche overlap of SPF in the Celtic Sea 

Overall, the niche overlap results from this modelling study are in agreement with those 

obtained from stomach samples presented in Chapter 3 (Patel et al., 2023). The top six 

overlaps of each SPF species within Celtic Sea were mostly ‘in competition’ with another SPF. 

Thus, comparable to other regions (e.g., by Bachiller & Irigoien, 2015 - Bay of Biscay; Raab 

et al., 2012 -  North Sea). As the diet matrix used stomach sample data from Chapter 3/Patel 

et al., (2023) as an input to EcoDiet, it was expected that results would be similar. However, 

as the diet data was calculated annually and to a lower taxonomic resolution for Ecopath input, 
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there are greater number of high overlaps between the SPF, rather than a mixture of overlap 

categories when calculated seasonally and at higher resolution (Patel et al., 2023).  

Baleen whales, suprabenthivorous demersal fish, and boarfish were the non-SPF groups with 

highest overlaps. Baleen whales (fin, minke, and humpback), are regularly observed in the 

Celtic Sea, and have been linked to high density herring and sprat areas (Volkenandt et al., 

2016). Isotopic mixing models have confirmed that fin and humpback whales are both 

planktivorous and piscivorous in the Celtic Sea. Both species consume krill, which represents 

around half of the diet of fin whales and lower proportions in humpback whales (Ryan et al., 

2014). Humpback whales select a more piscivorous diet than fin whales, preferring age 0 sprat 

and herring (Ryan et al., 2014). The high diet overlap calculated between SPF and baleen 

whales, is due to the consumption on mesozooplanktonic groups (krill) (Patel et al., 2023). 

However, as the isotopic mixing model is not an exhaustive representation of baleen whale 

diet, they may feed on other SPF, such as sardine and anchovy, and other zooplanktonic 

groups, such as calanoid copepods (Ryan et al., 2014). The overlap in niche between baleen 

whales and SPF will vary dependent on prey availability as fin and humpback whales are 

generalist feeders switching between zooplankton and fish (Friedlaender et al., 2019) and SPF 

identified as predominantly generalist in Chapter 3/Patel et al., 2023. However, baleen whales 

are obligate batch feeders, requiring prey fields of suitable size and magnitude (Goldbogen et 

al., 2011; Piatt et al., 1989; Piatt & Methven, 1992). If baleen whales are consuming both SPF 

and SPF prey (krill and calanoid copepods), this might have consequences on SPF 

populations through direct consumption and indirectly through food competition.  

Suprabenthivorous demersal fish, such as sandeels, gobies and pouts are important 

facilitators of organic matter from the pelagic to demersal compartment. Within this functional 

group, sandeels are considered small pelagic fish (family Ammodytidae). The lesser sandeel 

(Ammodytes marinus), small sandeel (A. tobianus), smooth sandeel (Gymnammodytes 

semisquamatus), greater sandeel (Hyperoplus lanceolatus), and Corbin’s sandeel (H. 

immaculatus) are the five sandeel species thought to be present within the Celtic Sea. The 
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functional group considers four out of five of these sandeels, with the lesser sandeel not found 

within the functional group (Hernvann et al., 2020 suppl. Material). However, recent eDNA 

sampling has suggested that the lesser sandeel is the dominant species in the study area 

(Ratcliffe et al., 2021). Lesser sandeels consume a similar diet to the SPF in this study, 

preferring large copepods e.g., Calanus, with greater sandeels mainly feeding on fish (Macer, 

1966). Sandeels spend most of their life within the seabed, emerging during the day in spring 

and summer to feed on zooplankton, and return at night to the seabed (Campanella & van der 

Kooij, 2021). From autumn, they remain buried in the seabed until spring, only to emerging to 

spawn. As such, the niche overlap between sandeels and SPF would be seasonal, rather than 

annual as calculated through Ecopath. This overlap may become important with 

environmental changes, as sandeel larvae records have demonstrated a decrease within the 

Celtic Sea, but an increase in the Irish Sea (Lynam et al., 2013). A possibility for the decrease 

in the Celtic Sea could be the decline of Calanus finmarchius, within the region (Johns, 2006), 

an important prey item for sandeels (Campanella & van der Kooij, 2021). The lesser sandeel 

itself contributes to the diet of many predators, both demersal (when emerging from the 

seabed floor) and pelagic when in mid water. Breeding seabirds such as terns (Stienen, 2006), 

auks (Wanless et al., 2005), and kittiwakes (Frederiksen et al., 2004) rely on their high calorific 

content. Studies have indicated that food conditions play an important role in driving observed 

variation in sandeel size (Olin et al., 2022). This implies that climate driven changes in sandeel 

prey (zooplankton) may impact sandeel growth rates and affect the structure of the local 

kittiwake populations. Therefore, it is important to consider the addition of lesser sandeel into 

Celtic Sea EwE model and the model would benefit from being run seasonally to account for 

winter hibernation.  

Boarfish (Capros aper) were the other functional group (outside of the six SPF focused on in 

this study), that had high overlaps with horse mackerel. Boarfish are also considered small 

pelagic fish and have a strong calanoid copepod-based diet (Pinnegar et al., 2014), similar to 

horse mackerel (Patel et al., 2023), explaining the high overlap with horse mackerel.  
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5.4.3 The Celtic Sea between 2013-2021 and beyond 

The updating of the 2013 Ecopath model from a combination of Hernvann et al., (2020) and 

Moullec et al., (2017) has demonstrated the importance of SPF in the Celtic Sea ecosystem 

in particularly for the commercially assessed species hake and cod, and also seabirds (MTI 

results). Although, the model built in this study, did not significantly improve the existing model 

by Hernvann et al., (2020), we did not expect significant changes in RMSE and bias values. 

We have added more locally informed diet data, more accurate biomass for SPF, and a 

specific anchovy functional group to apply the model in the future for exploring the growing 

presence of anchovies, given the changes in the ecosystem.  

Piscivorous fish, such as cod and hake, key predators for SPF have shown to impact each 

species of SPF differently. Generally, it is commonly understood that harvesting of SPF may 

indirectly affect piscivorous fish that consume them (Engelhard et al., 2013; Pikitch et al., 

2014). The cessation of fishing of hake and cod decreased the biomass of sprat, sardine, 

anchovy, horse mackerel and mackerel, due to more cod and hake in the system to consume 

them. In contrast, fishing of hake and cod increased the biomass of horse mackerel and 

sardine in particular, as there are less cod and hake in the system to predate on SPF. 

Intricacies between these two trophic levels have been documented in the Baltic Sea, where 

fishing for SPF (herring and sprat) may prevent a fishing-induced collapse of the cod (Soudijn 

et al., 2021). SPF stocks tend to fluctuate widely in biomass, and quite often recover easily 

(Hutchings, 2000), and collapses often attributed to primary productivity or fishing (Essington 

et al., 2015; Siple et al., 2019). Due to changes within the SPF community (i.e., herring decline 

and anchovy increase) of the Celtic Sea, fishing effort on predators and SPF must be managed 

carefully. Declines in SPF in the Celtic Sea can also impact Balearic shearwaters and bluefin 

tuna, which have recently increased within the region (Darlaston & Wynn, 2012; Horton et al., 

2021; Jones et al., 2014; Wynn & Yésou, 2007). Balearic Shearwater increase could be a 

consequence of increasing SST and changes in prey (SPF) distributions, for example the 
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increase of anchovy. Re-iterating the importance of managing SPF communities, possibly 

through fishing effort to ensure sufficient energy transfer to higher trophic levels.  

5.4.4 Limitations and recommendations 

Overall, the update of the Celtic Sea Ecopath model shows promise. Our model only ran for 

eight years (2013-2021) compared to 1985-2016 in Hernvann et al., (2020), therefore the SS 

or AICc obtained for these two models in response to inclusion of time series fishing and 

environmental variables, are not directly comparable. The Hernvann et al., model (Hernvann 

et al., 2020) included relatively high fishing mortality for assessed stocks up until 2000, at 

which point the fishing mortality declined considerably (Hernvann & Gascuel, 2020). 

Therefore, it is expected that the ecosystem modelled here for more recent times (i.e., after 

2000) might be less controlled by fishing than what was found in the earlier model (Hernvann 

et al., 2020). Further addition of Sea Bottom Temperature (SBT) for the demersal functional 

groups, which was not done in this work, and may change or improve the model predictions. 

SBT was used in the previous model for forcing for functional groups identified by Generalised 

Additive Models (GAM) as an important variable. This was not included in this study, as we 

initially tested the environmental preferences of functional groups using Aquamaps (Kaschner 

et al., 2019), which does not include SBT only SST. Aquamaps uses a standardised 

trapezoidal shape for environmental preferences, which may cause sudden changes within 

the biomass predictions by Ecosim. Other species distribution models or envelope models 

generate curves as such may improve the model predictions e.g., GAMs (Grüss et al., 2018, 

2020). The methodology employed by Grüss et al., (2018, 2020), and implemented in the pre-

existing model, is a more flexible approach that allows that can incorporate as many variables 

as desired. Another potential limitation of the model in this study is the planktonic time series, 

taken from CMIP6 (UK Earth System Model) outputs. Studies have shown that even though 

the UK earth system model outputs (CMIP6) are state of the art, they do not model the 

planktonic groups accurately, and are better at representing global planktonic dynamics rather 
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than regional (Petrik et al., 2022). The improvement of the planktonic groups in the current 

model may improve the overall fitting.  

The model presented in this chapter could begin to address management questions 

specifically, around SPF (e.g., anchovy fishing), and the potential consequences for higher 

trophic levels. Optimising this model for the lower trophic levels will provide further clarification 

on the potential changes within the Celtic Sea ecosystem because of environmental and 

anthropogenic drivers and help provide an ecosystem-based management approach.  
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Chapter 6 –  Discussion and Conclusion 

In this thesis the role of lower trophic levels, in particular of Small Pelagic Fish (SPF), in the 

Celtic Sea has been evaluated. The aim of this research was to evaluate the role of SPF and 

to develop an ecosystem (food web) model to understand the temporal dynamics of SPFs in 

the Celtic Sea. This section will discuss the main findings across all chapters whilst drawing 

on published research for comparison.  

6.1 Importance of regional stomach content analyses of SPF 

Environmental and anthropogenic drivers have altered marine ecosystem structure and 

functioning across the globe, potentially resulting in long term threats to biodiversity (Guldberg 

& Bruno, 2010; Pauly et al., 2005; Planque et al., 2010). For example, the North Sea 

ecosystem has been strongly impacted by climate change, altering ecosystem structure 

(Aebischer et al., 1990; Beaugrand, 2004; Frederiksen et al., 2004, 2006). Not all marine 

ecosystems are equally sensitive to change and can respond differently to perturbations within 

the system according to their own history and resilience (Beaugrand et al., 2008). The Celtic 

Sea, the region of study in question, is an important ecosystem, in terms of biodiversity as it 

sustains both Lusitanian and Boreal species (Dinter et al., 2001). However, it is understudied 

compared to the North Sea, with little currently known about SPF in the region. For this reason, 

this thesis focused on understanding lower trophic pelagic energy transfer by investigating the 

role of a key functional groups, small pelagic fish, on the functioning of the Celtic Sea 

ecosystem. The pelagic pathway is key for the transfer of energy from primary production to 

zooplankton to higher trophic levels including to commercially important species such as cod 

and hake. This energy transfer differs from ecosystem to ecosystem. Therefore, it is important 

to understand these pathways through trophic interactions (e.g., predator – prey dynamics) 

within an ecosystem. Diet studies such as stomach content analyses provide a way to do this. 

As small pelagic fish can control marine ecosystems, through top-down and bottom-up 

controls, stomach contents analyses of these species are of particular importance. Many diet 
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studies of SPF have been conducted in seas neighbouring the Celtic Sea (e.g., Bay of Biscay 

– Bachiller and Irigoien, 2015 and the North Sea – Raab et al., 2012), but there have only 

been a limited number within the Celtic Sea region itself (see Section 2.4). Chapter 3 aimed 

to use multispecies approach to investigate feeding strategies (i.e., generalist vs specialist) 

and potential interspecific competition. This chapter has added to the knowledge base through 

the collection of new stomach content data for small pelagic fish, especially for 

underrepresented species in the region e.g., anchovy. Since the 1990s there has been an 

increase in Anchovy within the region, making it an important species to consider (ICES, 

2016). Anchovy consumed planktonic groups, in line with planktonic seasonal changes. 

Therefore, the diet of these species may change between seasons. Consequently Chapter 3 

investigated this seasonality, using a combination of newly collected data and historical data, 

of SPF diet in the Celtic Sea and utilising an overlap index to begin to understand the potential 

competition between SPF. Overall, Chapter 3 demonstrated that calanoid copepods were 

consistently consumed regardless of seasons.  

Lauria (2012) separated zooplanktonic functional group in the EwE model, to have copepods 

separately. Separating calanoid copepods into a standalone functional group may provide a 

more realistic pathway to understand how lower trophic levels function within the Celtic Sea 

ecosystem. Calanoid copepods are not only an important food source for SPF but also for 

specialist demersal fish larvae such as hake and cod (Morote et al., 2010; Rowlands et al., 

2008), although SPF were not found to have a high diet overlap with either in Chapter 5. 

Instead, the main prey for hake-small were macrozooplankton, with only a small consumption 

of mesozooplanktonic groups. Morote et al., (2011) on the other hand, identified that larvae 

hake are specialist feeders, consuming mainly adult calanoid copepods. Relative abundance 

of whiting, hake and plaice as inferred by catch per unit effort (CPUE) increased when C. 

finmarchicus were abundant in the plankton community (Kempf et al., 2022), indicating the 

importance of the separation of calanoid copepods from the mesozooplankton functional 

group within the EwE model. One of the main prey groups for hake-adult are horse mackerel, 
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as such an increase in hake fishing has a positive effect on horse mackerel biomass (MTI 

results).   

The SPF in this study region is changing. Mackerel and sardine populations growing, anchovy 

expanding their range, and declines in herring, and sprat. Understanding how the changes of 

SPF may impact predators such as bluefin tuna, hake and seabirds is complex, and tools such 

as EwE provide an opportunity to disentangle the complexities of the Celtic Sea and predict 

potential biodiversity changes. Therefore, it is vital that new diet studies continue, to inform 

changes in trophic interactions at a regional scale.  

An important outcome of this study is that the data from Chapter 3 has been added to 

DAPSTOM allowing it to be used in other studies. The PELTIC survey stomach sampling 

campaign in 2019 has been incorporated into DAPSTOM, allowing it to be used and is now a 

main contributor to stomach samples in the Celtic Sea. This contribution has increased 

anchovy stomach samples by 200%, sprat by 138%, sardine by 95%, and horse mackerel by 

16%. DAPSTOM is a widely used data source and has been incorporated into models such 

as Irish Groundfish EwE model (Bentley et al., 2019), Atlantis, and for food web indicators in 

environmental change assessments (Thompson et al. 2020), which have been used to support 

management decisions.  

 

6.2 Using satellite retrieved phytoplankton estimates 

Over the last two decades the use of satellite remote data has been increasingly utilised in 

marine ecology (Anugerahanti et al., 2018; Boyd et al., 2018; Boyd et al., 2020; Chassot et 

al., 2011; Garrido et al., 2008; Siegel et al., 2014). Satellite derived PP estimates have the 

potential to become routine in many marine ecosystem models, and currently are commonly 

implemented (Abdou et al., 2016; Christensen et al., 2009; Grüss et al., 2016; Hernvann et 

al., 2020). Phytoplankton Colour Index (PCI), from the Continuous Plankton Recorder (CPR) 

survey has been used as a proxy for standing biomass of phytoplankton and has shown 

measurable changes in the Celtic Sea (Lauria, 2012; Hernvann et al., 2020). Chapter 3 has 
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demonstrated that sardine, mackerel, and larval sprat also consume phytoplankton of various 

sizes. The pre-existing EwE model has used CPR PCI as time series data; however, satellite 

remote sensing can provide direct observations at a higher spatial and temporal resolution 

and employ phytoplankton size class algorithms such as Roy et al., (2013). In combination 

with CPR PCI data, and other available in situ survey data, this may provide a more accurate 

representation of the phytoplankton community within the Celtic Sea. Chapter 4 demonstrated 

a need for further validation of satellite outputs before these can widely be used, especially for 

newer sensors such as OLCI and the subsequent algorithms OC4Me and NN and also the 

use of FerryBox data in validation. Implementation of the phytoplankton size structure 

algorithms can be an invaluable input into models such as Ecopath with Ecosim (Chapter 5). 

The Ecopath model in Chapter 5 was built in 2013, however from the three algorithms (OC4Me 

- OLCI; NN - OLCI; OC3+OCI - MODIS-Aqua) analysed in Chapter 3, only MODIS-Aqua data 

was available, as Sentinel 3-OLCI was launched in 2016. OCI+OC3 performed better than 

OC4Me, however this due to be decommissioned, in favour of sensors such as OLCI. Even 

though the outputs of Chapter 4 showed limited agreement with in situ data, there is promise 

for OLCI neural network, as it begins to be optimised for complex waters (Case 2) such as 

coastal regions of the Celtic Sea. Chl-a retrievals from satellite remote sensing is widely used 

and are key contributors to many models (Anugerahanti et al., 2018; Boyd et al., 2018; Boyd 

et al., 2020; Chassot et al., 2011). Therefore, expanding the in situ Chl-a measurements for 

validation with satellite retrievals at different times of year (i.e., different bloom conditions) and 

with HPLC samples alone, could provide a greater understanding of the efficiency of the 

algorithm in the Celtic Sea.  

6.3 Celtic Sea ecosystem model  

Increasingly, ecosystem models are being used for decision making, to meet a growing need 

to predict future scenarios. Currently, there is limited use of these models for fisheries and 

ecosystem management, however Ecopath with Ecosim is the most widely used approach. 

EwE can be used to evaluate bottom-up, top-down and middle-out processes on ecosystems, 
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and as such can quantify potential trade-offs that have arisen by natural or anthropogenic 

perturbations of management scenarios (Craig & Link, 2023). These models can help 

disentangle indirect and direct effects placed on the ecosystem through trophic interactions 

(Christensen and Pauly, 2004). To understand how these models have been used in resource 

management throughout the world Craig & Link, (2023) analysed 10 case studies of many 

hundreds of EwE models. Irish Sea Groundfish Fishery (Bentley et al., 2020, 2021), is an 

example where advice was facilitated by a specific question related to management decisions, 

i.e., fishing mortality rates for assessed single stock species. With further development, by use 

of inclusion of stakeholder workshops, the Celtic Sea ecosystem model built in Chapter 5 can 

begin to address management specific questions such as those in the Irish Sea (Bentley et 

al., 2020, 2021). The development of multiple models in the Celtic Sea (e.g., Lauria et al., 

2016; Hernvann et al., 2020; this study), can help understand area model uncertainty within 

the region (Craig & Link, 2023). Demersal fisheries in the Celtic Sea are considered a mixed 

fishery, i.e., many demersal fish are caught together, therefore exploitation patterns of one 

stock may influence another (Kempf et al., 2022; Moore et al., 2019), indicating the importance 

of carefully considering the treatment of fleets within EwE models for demersal fisheries. 

Changes to larger pelagic fish in the Celtic Sea have also been observed, with an increase of 

bluefin tuna, Thunnus thynnus (Horton et al., 2021), and Balearic Shearwater (Phillips et al., 

2021), predators of mackerel, sardine, sprat, herring, and European anchovy (Olafsdottir et 

al., 2016; Pleizier et al., 2012), with a potential negative impact. The Ecosim model developed 

in this study shows promise for addressing management of specific questions targeted 

towards role of SPF in the ecosystem especially associated with climate change, fishing, and 

spatial management (marine protected areas and renewable energy infrastructure).  

6.4 Conclusions and future work 

The research reported in this thesis represents new insight in the understudied Celtic Sea 

ecosystem and provides greater understanding of changes in the lower trophic pelagic 

pathway within this ecosystem. Through the collection of new regional diet studies, and the 
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local biomass data of SPF, research findings have clearly highlighted the importance of data 

types used to develop ecosystem-based modelling approaches, such as EwE. Additionally, it 

has demonstrated how its application can offer opportunities to further disentangle key 

components of the pelagic system. Further development of the EwE model will no doubt 

increase our understanding of anthropogenic impacts upon the Celtic Sea ecosystem. This 

coupled with development into the lower trophic levels, through the use of remote sensing 

techniques, can provide a source for decision making in future management and conservation 

policy of the region.  

Further studies are recommended in regard to Chapter 3 to understand how the SPF 

consumption reflects prey availability. Combining data from the Plankton Imager (to provide 

an overview of prey availability) collected alongside the PELTIC stomach sampling in 2019, 

would improve such knowledge, although this would be limited to autumn only. 

Chapter 4 validation would require data for other the seasons, not just autumn, especially 

during the spring bloom, and of varying chlorophyll levels to understand how the Sentinel 3 

algorithms perform within the region under different conditions alongside comparison with 

HPLC samples. To improve the model further and to gain a greater understanding of the 

pelagic pathway in the Celtic Sea, we recommend the following adjustments are made to the 

model presented in Chapter 5 within future studies:  

• Bluefin tuna (Thunnus thynnus) as a separate functional group. This species has 

increased in the region recently and is a main predator of SPF, particularly anchovy. 

The use of tagging studies could be useful in estimating abundances in the region.  

• Sandeels as a separate functional group. Sandeels are also an important facilitator of 

energy and are a link between the pelagic and demersal pathways. With EVHOE 

(Duhamel et al.2018) surveys undertaken during Quarter 4 when lesser sandeels 

(considered the most abundant in the Celtic Sea area through eDNA analyses – 
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Ratcliffe et al. 2021) are hibernating. Inclusion of other survey data if available could 

fill in potential data gaps. 

• Addition of eDNA, SIA, SCA methods to further update the trophic interactions for diet 

matrix input to the EwE model, as part of the next phase of development of EcoDiet 

(Hernvann et al. 2022).  

• Develop seasonal models of the Celtic Sea ecosystem, as Chapter 3 has 

demonstrated the importance of seasonal changes on the lower trophic levels.  

• Improve the input zooplankton data within the EwE model through use of combined 

data sources for zooplankton biomass such as CPR and zooplankton suitability 

habitats (as used in Hernvann et al. 2020) and data obtained from the Plankton Imager.  

• Update Chapter 5 model to be temporally and spatially explicit using Ecospace.  
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Appendices  

Appendix A 

Table A 1 - Empty stomach by season and species in the Celtic Seas ecoregion. Seasons were defined by Spring 

(March – May); Summer (June – August); Autumn (September – October); December (December – February). 

Species Spring 

(MAM) 

Summer 

(JJA) 

Autumn 

(SON) 

Winter 

(DJF) 

Unknown 

Anchovy 7 
 

2 
  

Herring 31 0 197 676 
 

Herring larvae 49 
 

17 1393 0 

Horse mackerel 364 
 

2 17 2 

Horse mackerel 

larvae 

 
0 0 

 
18 

Mackerel 804 2 
 

0 
 

Mackerel larvae 
 

5 0 
 

70 

Sardine 37 0 0 
  

Sardine larvae 
 

104 11 
 

230 

Sprat 36 1 4 518 
 

Sprat larvae 114 12 6 59 6 
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Figure A 1 - Length distribution of species binned in 2cm groups. Seasons were defined by Spring (March – May); Summer (June – August); Autumn (September – October); 
December (December – February). NA represents unknown season. 
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Figure A 2 - Length distribution of non-empty stomachs split by sea and season and pre-, post-1960. Seasons were 
defined by Spring (March – May); Summer (June – August); Autumn (September – October); December (December 

– February). 

Table A 2 - Trophic levels assigned to each prey group. 

Prey Group Trophic Level Reference/Justification 

Amphipod 3 Hyperiidae - Lebour (1922) & Kaestner (1967) 

Appendicularia 2.1 Based on the table from Jiming (1982) - Davis (1955) 

Bivalve 2.1 Mollusca taken from Cortes (1999) 

Chaetognath 3.5 Based on Sagitta from Jiming (1982) - Lebour (1922), Lebour 

(1924) 

Cirripedes 2.1 Based on Barnacle nauplii from Jiming (1982) -  Raymont (1963) 

Cladocera 2.1 Based on the table from Jiming (1982) - Raymont (1963) 

Copepod - 

Calanoida 

2.22 Averaged from Jiming (1982) - Lebour (1922), Raymont (1963), 

Marshall & Orr (1972), Kaestner (1967) 

Copepod - 

Cyclopoida 

2.1 Based on Oithona sp from Jiming (1982) - Lebour (1922) 
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Copepod - 

Harpacticoida 

2.1 Based on diet from Buffan-Dubau (1996), a particular species of 

harpacticoids eat purple phototrophic bacteria and 

phytoplankton (diatoms). Some species however do not just eat 

primary producers hence the justification for 2.1 

Copepod eggs 1.5 Estimated - lower than copepod nauplii 

Copepod 

nauplii 

2 Estimated - lower than copepod (adult stage) 

Crab 2.52 Decapod crustaceans - Taken from Cortes (1999) 

Crustacean 2.52 Decapod crustaceans - Taken from Cortes (1999) 

Diatoms 1 Assumed 

Dinoflagellates 1 Assumed 

Euphausid 2.2 Cortes (1999) 

Gastropod 2.1 Mollusca taken from Cortes (1999) 

Mollusc larvae 2.1 Mollusca taken from Cortes (1999) 

Mysid 2.4 Based on the table from Jiming (1982) - Raymont (1963) 

Phytoplankton 

other 

1 Assumed 

Shrimp 2.52 Decapod crustaceans - Taken from Cortes (1999) 

Teleost 3.5 Pauly et al. (2000) 

Teleost eggs 3.5 Pauly et al. (2000) 

Teleost larvae 3.5 Pauly et al. (2000) 

Tintinnid 2 Calculated from Karayanni et al. (2005), as they just eat primary 

producers and bacteria 
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Table A 3 - Size ranges of prey lengths used for Predator Prey Selection Ration (PPSR). Where a size range 
present the mid point of the size range is taken. 

Prey Group Size range Reference 

Amphipod 0.858 cm  DAPSTOM; Pinnegar (2014) 

Appendicularia 5 mm (max. length) Conway (2015) Page 230 

Bivalve 0.05-0.2 mm Peltic 2019; this study 

Chaetognath 0.6 - 1.2 cm DAPSTOM; Pinnegar (2014) 

Cirripedes 380-870 μm Walczyńska et al. (2019) 
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Cladocera 0.3-1.4 mm Conway (2012b) Pages 13-16 

Copepod - Calanoida 3 mm  Peltic 2019; this study 

Copepod - Cyclopoida 0.5–1.5 mm Peltic 2019; this study 

Copepod - Harpacticoida 0.33 - 1.97 mm Conway (2012b) Pages 120-131 

Copepod eggs 0.05-0.08 mm Conway (2012b) Page 40 

Copepod nauplii 0.21-0.61 mm Conway (2012b) Page 46 

Crustacean 0.25-2 cm DAPSTOM; Pinnegar (2014) 

Diatoms 20-200 μm  Omori & Ikeda (1992) 

Dinoflagellates 20 -350 μm Sarjeant (1979) 

Euphausid 1.43 cm Peltic 2019; this study 

Gastropod 0.16-0.8 mm Peltic 2019; this study 

Mollusc larvae  0.07 - 1 mm Conway (2012a) Pages 118-119 

Mysid 1.75cm DAPSTOM; Pinnegar (2014) 

Phytoplankton other 2- 20 microns Finkel et al. (2010) 

Shrimp 0.5-9cm DAPSTOM; Pinnegar (2014) 

Teleost 1.96cm DAPSTOM; Pinnegar (2014) 

Teleost eggs 0.91 - 1.7 mm Conway (2015) Page 251 

Teleost larvae 7.2 - 30 mm Conway (2015) Pages 252-253 

Tintinnid 0.02-0.2 mm Conway. (2012a) Page 18 
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Table A 4 - Frequency of abundance (F%) and occurrence (O%) of six pelagic species in Celtic Sea ecoregion. TL = Total length of fish species, ±- standard deviation (SD). n = 
number of prey items within in each stomach. Seasons were defined by Spring (March – May); Summer (June – August); Autumn (September – October); December (December 
– February). 

Species/Prey Group 
Spring (MAM) Summer (JJA) Autumn (SON) Winter (DJF) 

TL ±SD n F% O% TL ±SD n F% O% TL ±SD n F% O% TL ±SD n F% O% 

Herring 21.81 ± 7.48  7.87 ± 0.32  19.68 ± 5.53  17.25 +/- 5.80  

Copepod - Calanoida  404.00 38.51 25.32  20.82 80.52 100.00  69.25 95.49 64.20  120.00 17.83 19.19 

Copepod - Harpacticoida  - - -  3.22 12.46 100.00  - - -  - -   

Crustacean  - - -  0.80 3.09 12.99  - - -  144.00 21.40 20.20 

Euphausiid  76.00 7.24 69.62  - -    - - -  258.00 38.34 48.99 

Mysid  - - -  1.01 3.92 87.01  3.27 4.51 38.27  - -   

Teleost eggs  569.00 54.24 8.86  - - -  - - -  151.00 22.44 19.19 

Herring larvae 1.97 ± 0.12            0.98  ± 0.07  

Bivalve  1.00 16.17 1.18  - - -  - - -  12.36 7.02 43.55 

Cirripedes  1.00 16.17 1.18  - - -  - - -  - -   

Copepod - Calanoida  3.18 51.48 98.82  - - -  - - -  53.00 30.10 52.51 

Copepod eggs  1.00 16.17 1.18  - - -  - - -  26.00 14.77 1.62 

Mollusc larvae  - - -  - - -  - - -  39.00 22.15 6.57 

Phytoplankton other  - - -  - - -  - - -  45.71 25.96 37.11 

Anchovy 16.42 ± 2.11          14.68 ±3.04          

Amphipod  4.00 18.18 33.33  - - -  - - -  - - - 

Copepod - Calanoida  4.00 18.18 33.33  - - -  141.00 56.85 73.53  - - - 

Copepod - Cyclopoida  - - -  - - -  24.00 9.68 17.65  - - - 

Crustacean  1.00 4.55 8.33  - - -  56.00 22.58 23.53  - - - 

Diatoms  - - -  - - -  27.00 10.89 11.76  - - - 

Euphausid  2.00 9.09 16.67  - - -  12.00 4.84 5.88  - - - 

Shrimp  11.00 50.00 58.33  - - -  - - -  - - - 
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Sardine 21.93 ±2.21     23.7 ± 0.00    11.12 ± 3.77   -      

Amphipod  3.00 33.33 60.00  - - -  - - -  - - - 

Bivalve  - - -  - - -  30.00 3.69 39.34  - - - 

Copepod - Calanoida  3.00 33.33 60.00  13020.00 41.33 99.06  623.00 76.54 63.93  - - - 

Crustacean  - - -  1191.00 3.78 36.79  - - -  - - - 

Diatoms  - - -  15795.00 50.13 47.17  111.00 13.64 50.82  - - - 

Dinoflagellates  - - -  - - -  50.00 6.14 45.90  - - - 

Gastropod  1.00 11.11 20.00  - - -  - - -  - - - 

Phytoplankton other  2.00 22.22 40.00  1500.00 4.76 2.83  - - -  - - - 

Sardine larvae      2.39 +/- 0.00       -      

Copepod eggs - - - -  2.00 100.00 100.00  - - -  - - - 

Mackerel 32.86 ± 6.17     31.80 ±3.64       - 33.3 ±2.69  

Appendicularia  853.83 11.42 9.24  - - -  - - -  18.33 28.57 85.71 

Chaetognath  359.17 4.80 8.80  - - -  - - -  - - - 

Copepod - Calanoida  3926.48 52.53 68.55  2220.83 85.05 76.11  - - -  4.50 7.01 85.71 

Copepod  nauplii  453.50 6.07 18.04  135.17 5.18 31.86  - - -  - - - 

Phytoplankton other  1159.83 15.52 21.11  - - -  - - -  33.33 51.95 85.71 

Teleost  - - -  - - -  - - -  8.00 12.47 14.29 

Teleost eggs  361.52 4.84 20.82  170.00 6.51 20.35  - - -  - - - 

Teleost larvae  360.74 4.83 8.43  85.17 3.26 7.96  - - -  - - - 

Mackerel larvae      0.59 +/- 0.19       -      

Cladocera  - - -  2.00 12.63 7.41  - - -  - - - 

Copepod - Calanoida  - - -  3.25 20.53 74.07  - - -  - - - 

Copepod  nauplii  - - -  3.17 20.00 3.70  - - -  - - - 

Copepod eggs  - - -  6.00 37.89 33.33  - - -  - - - 

Phytoplankton other  - - -  1.42 8.95 44.44  - - -  - - - 

Sprat 10.26 ±2.01          7.02   - 10.08     

Copepod - Calanoida  424.00 71.86 77.78  - - -  538.00 16.12 49.37  13427.00 28.32 65.23 

Copepod - Cyclopoida  - - -  - - -  2800.00 83.88 12.66  - - - 
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Copepod eggs  71.00 12.03 2.22  - - -  - - -  - - - 

Diatoms  95.00 16.10 2.22  - - -  - - -  - - - 

Teleost eggs  - - -  - - -  - - -  33983.00 71.68 93.80 

Sprat larvae 0.58          0.85 ±2.18 0.48 ±1.40  

Bivalve  - - -  - - -  - - -  1.00 14.41 1.30 

Copepod - Calanoida  1.20 12.50 8.57  - - -  1.14 25.81 72.73  - - - 

Copepod - Harpacticoida  1.00 10.42 1.43  - - -  - - -  - - - 

Copepod eggs  1.00 10.42 1.43  - - -  - - -  - - - 

Diatoms  - - -  - - -  1.14 25.81 72.73  - - - 

Phytoplankton other  6.40 66.66 90.00  - - -  1.14 25.81 72.73  5.94 85.59 93.51 

Tintinnid  - - -  - - -  1.00 22.58 9.09  - - - 

Horse mackerel 25.93 +/- 6.46          7.5 +/- 3.25   -      

Copepod - Calanoida  1028.00 79.38 30.77  - - -  343.00 70.87 76.19  - - - 

Copepod - Cyclopoida  - - -  - - -  45.00 9.30 14.29  - - - 

Crustacean  - - -  - - -  78.00 16.12 23.81  - - - 

Euphausid  267.00 20.62 52.75  - - -  18.00 3.72 33.33  - - - 

Horse mackerel larvae      1.28 +/- 0.27    2.87 +/- 0.71   -      

Cladocera  - - -  2.33 15.56 66.67  - - -  - - - 

Copepod - Calanoida  - - -  5.67 37.78 100.00  7.00 58.33 85.71  - - - 

Copepod - Cyclopoida  - - -  3.33 22.22 66.67  - - -  - - - 

Crustacean  - - -  - -    2.00 16.67 14.29  - - - 

Diatoms  - - -  3.67 24.44 66.67  - - -  - - - 

Euphausid  - - -  - - -  3.00 25.00 14.29  - - - 
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Table A 5 - Pairwise Pianka Index bootstrapped with 1000 iterations, 95% confidence interval, and calculated 
normalised spread across seasons. 

Season Species Pair 
Pianka 
Index 

Boot 
CI1 

Boot 
CI2 Iterations Spread 

Normalised 
Spread 

Spring Anchovy-Herring 0.2 0 0.943 1000 0.943 471.500 

Spring Anchovy-Herring larvae 0.28 0 0.864 1000 0.864 308.571 

Spring Anchovy-Horse mackerel 0.348 0.123 0.985 1000 0.862 247.701 

Spring Anchovy-Mackerel 0.294 0 0.9 1000 0.9 306.122 

Spring Anchovy-Sardine 0.398 0 0.96 1000 0.96 241.206 

Spring Anchovy-Sprat 0.306 0 0.906 1000 0.906 296.078 

Spring Anchovy-Sprat larvae 0.057 0 0.635 1000 0.635 1114.035 

Spring 
Herring larvae-Horse 
mackerel 0.85 0 0.984 1000 0.984 115.765 

Spring Herring larvae-Mackerel 0.811 0 0.954 1000 0.954 117.633 

Spring Herring larvae-Sardine 0.549 0 0.908 1000 0.908 165.392 

Spring Herring larvae-Sprat 0.89 0 0.99 1000 0.99 111.236 

Spring Herring larvae-Sprat larvae 0.2 0 0.951 1000 0.951 475.500 

Spring Herring-Herring larvae 0.506 0 0.96 1000 0.96 189.723 

Spring Herring-Horse mackerel 0.584 0.094 1 1000 0.906 155.137 

Spring Herring-Mackerel 0.6 0 0.977 1000 0.977 162.833 

Spring Herring-Sardine 0.36 0 0.905 1000 0.905 251.389 

Spring Herring-Sprat 0.554 0 0.987 1000 0.987 178.159 

Spring Herring-Sprat larvae 0.104 0 0.768 1000 0.768 738.462 

Spring Horse mackerel-Mackerel 0.894 0 0.985 1000 0.985 110.179 

Spring Horse mackerel-Sardine 0.605 0 0.968 1000 0.968 160.000 

Spring Horse mackerel-Sprat 0.932 0 1 1000 1 107.296 

Spring Horse mackerel-Sprat larvae 0.174 0 0.905 1000 0.905 520.115 

Spring Mackerel-Sardine 0.691 0 0.966 1000 0.966 139.797 

Spring Mackerel-Sprat 0.889 0 0.98 1000 0.98 110.236 

Spring Mackerel-Sprat larvae 0.428 0 0.938 1000 0.938 219.159 

Spring Sardine-Sprat 0.602 0 0.963 1000 0.963 159.967 

Spring Sardine-Sprat larvae 0.513 0 0.974 1000 0.974 189.864 

Spring Sprat-Sprat larvae 0.198 0 0.953 1000 0.953 481.313 

Summer 
Herring-Horse mackerel 
larvae 0.709 0 0.978 1000 0.978 137.941 

Summer Herring-Mackerel 0.981 0 0.998 1000 0.998 101.733 

Summer Herring-Mackerel larvae 0.405 0 0.903 1000 0.903 222.963 

Summer Herring-Sardine 0.627 0 0.997 1000 0.997 159.011 

Summer Herring-Sardine larvae 0 0 0 1000 0 - 

Summer 
Horse mackerel larvae-
Mackerel 0.715 0 0.991 1000 0.991 138.601 

Summer 
Horse mackerel larvae-
Mackerel larvae 0.37 0 0.832 1000 0.832 224.865 

Summer 
Horse mackerel larvae-
Sardine 0.813 0 0.992 1000 0.992 122.017 

Summer 
Horse mackerel larvae-
Sardine larvae 0 0 0 1000 0 - 
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Summer Mackerel larvae-Sardine 0.273 0 0.823 1000 0.823 301.465 

Summer 
Mackerel larvae-Sardine 
larvae 0.758 0.656 0.982 1000 0.326 43.008 

Summer Mackerel-Mackerel larvae 0.433 0 0.914 1000 0.914 211.085 

Summer Mackerel-Sardine 0.63 0 0.996 1000 0.996 158.095 

Summer Mackerel-Sardine larvae 0 0 0 1000 0 - 

Summer Sardine-Sardine larvae 0 0 0 1000 0 - 

Autumn Anchovy-Herring 0.903 0 0.994 1000 0.994 110.078 

Autumn Anchovy-Horse mackerel 0.979 0.664 1 1000 0.336 34.321 

Autumn 
Anchovy-Horse mackerel 
larvae 0.956 0 0.994 1000 0.994 103.975 

Autumn Anchovy-Sardine 0.917 0 0.999 1000 0.999 108.942 

Autumn Anchovy-Sprat 0.322 0.276 1 1000 0.724 224.845 

Autumn Anchovy-Sprat larvae 0.555 0 0.883 1000 0.883 159.099 

Autumn Herring-Horse mackerel 0.955 0 0.999 1000 0.999 104.607 

Autumn 
Herring-Horse mackerel 
larvae 0.861 0 1 1000 1 116.144 

Autumn Herring-Sardine 0.979 0 0.999 1000 0.999 102.043 

Autumn Herring-Sprat 0.188 0 1 1000 1 531.915 

Autumn Herring-Sprat larvae 0.515 0 0.866 1000 0.866 168.155 

Autumn 
Horse mackerel larvae-
Sardine 0.845 0 0.995 1000 0.995 117.751 

Autumn Horse mackerel larvae-Sprat 0.163 0 0.995 1000 0.995 610.429 

Autumn 
Horse mackerel larvae-Sprat 
larvae 0.444 0 0.855 1000 0.855 192.568 

Autumn 
Horse mackerel-Horse 
mackerel larvae 0.954 0 1 1000 1 104.822 

Autumn Horse mackerel-Sardine 0.937 0 0.995 1000 0.995 106.190 

Autumn Horse mackerel-Sprat 0.304 0.283 1 1000 0.717 235.855 

Autumn Horse mackerel-Sprat larvae 0.493 0 0.904 1000 0.904 183.367 

Autumn Sardine-Sprat 0.185 0 0.999 1000 0.999 540.000 

Autumn Sardine-Sprat larvae 0.595 0 0.989 1000 0.989 166.218 

Autumn Sprat-Sprat larvae 0.097 0 0.793 1000 0.793 817.526 

Winter Herring larvae-Mackerel 0.529 0 0.886 1000 0.886 167.486 

Winter Herring larvae-Sprat 0.229 0 0.853 1000 0.853 372.489 

Winter Herring larvae-Sprat larvae 0.554 0.138 0.988 1000 0.85 153.430 

Winter Herring-Herring larvae 0.212 0 0.635 1000 0.635 299.528 

Winter Herring-Mackerel 0.039 0 0.329 1000 0.329 843.590 

Winter Herring-Sprat 0.523 0.276 1 1000 0.724 138.432 

Winter Herring-Sprat larvae 0 0 0 1000 0  

Winter Mackerel-Sprat 0.042 0 0.476 1000 0.476 1133.333 

Winter Mackerel-Sprat larvae 0.84 0 0.991 1000 0.991 117.976 

Winter Sprat-Sprat larvae 0 0 0 1000 0 - 
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Appendix B 

Table B 1 – Matching latitude and longitude of in situ measurements (FerryBox) and corresponding OLCI and 

MODIS- Aqua retrievals. Borders represent values with the same latitude and longitude. 

Date Time Latitude Longitude Log10 in situ CHL_NN CHL_OC4ME MODIS 

22/10/2019 15:55 49.6 -4.84 0.045 0.976 -0.488 -0.306 

22/10/2019 15:56 49.6 -4.84 0.045 0.976 -0.488 -0.306 

22/10/2019 15:57 49.6 -4.84 0.049 0.976 -0.488 -0.306 

22/10/2019 15:58 49.6 -4.84 0.045 0.976 -0.488 -0.306 

22/10/2019 15:59 49.6 -4.84 0.037 0.976 -0.488 -0.306 

22/10/2019 16:00 49.6 -4.84 0.037 0.976 -0.488 -0.306 

22/10/2019 16:01 49.6 -4.84 0.037 0.976 -0.488 -0.306 

22/10/2019 16:02 49.6 -4.84 0.045 0.976 -0.488 -0.306 

22/10/2019 16:03 49.6 -4.84 0.053 0.976 -0.488 -0.306 

22/10/2019 16:04 49.6 -4.84 0.057 0.976 -0.488 -0.306 

22/10/2019 16:05 49.6 -4.84 0.057 0.976 -0.488 -0.306 

22/10/2019 16:06 49.6 -4.84 0.061 0.976 -0.488 -0.306 

22/10/2019 16:07 49.6 -4.84 0.068 0.976 -0.488 -0.306 

22/10/2019 16:08 49.6 -4.84 0.064 0.976 -0.488 -0.306 

22/10/2019 16:09 49.6 -4.84 0.064 0.976 -0.488 -0.306 

22/10/2019 16:10 49.6 -4.84 0.068 0.976 -0.488 -0.306 

22/10/2019 16:11 49.6 -4.84 0.068 0.976 -0.488 -0.306 

22/10/2019 16:12 49.6 -4.84 0.068 0.976 -0.488 -0.306 

22/10/2019 16:13 49.6 -4.84 0.072 0.976 -0.488 -0.306 

22/10/2019 16:14 49.6 -4.84 0.076 0.976 -0.488 -0.306 

22/10/2019 16:15 49.6 -4.84 0.079 0.976 -0.488 -0.306 

22/10/2019 16:16 49.6 -4.84 0.086 0.976 -0.488 -0.306 

22/10/2019 16:17 49.6 -4.84 0.086 0.976 -0.488 -0.306 

22/10/2019 16:18 49.6 -4.84 0.083 0.976 -0.488 -0.306 

22/10/2019 16:19 49.6 -4.84 0.086 0.976 -0.488 -0.306 

22/10/2019 16:21 49.6 -4.84 0.086 0.976 -0.488 -0.306 

22/10/2019 16:22 49.6 -4.84 0.090 0.976 -0.488 -0.306 

22/10/2019 16:24 49.6 -4.84 0.104 0.976 -0.488 -0.306 

22/10/2019 16:25 49.6 -4.84 0.107 0.976 -0.488 -0.306 

22/10/2019 16:27 49.6 -4.84 0.117 0.976 -0.488 -0.306 

22/10/2019 16:28 49.6 -4.84 0.121 0.976 -0.488 -0.306 

22/10/2019 18:14 49.6 -4.84 0.137 0.976 -0.488 -0.306 

22/10/2019 18:15 49.6 -4.84 0.134 0.976 -0.488 -0.306 

22/10/2019 18:16 49.6 -4.84 0.134 0.976 -0.488 -0.306 

22/10/2019 18:17 49.6 -4.84 0.140 0.976 -0.488 -0.306 

22/10/2019 18:18 49.6 -4.84 0.152 0.976 -0.488 -0.306 

22/10/2019 18:19 49.6 -4.84 0.146 0.976 -0.488 -0.306 

22/10/2019 18:20 49.6 -4.84 0.140 0.976 -0.488 -0.306 

22/10/2019 18:21 49.6 -4.84 0.146 0.976 -0.488 -0.306 

22/10/2019 18:22 49.6 -4.84 0.149 0.976 -0.488 -0.306 
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Date Time Latitude Longitude Log10 in situ CHL_NN CHL_OC4ME MODIS 

22/10/2019 18:23 49.6 -4.84 0.143 0.976 -0.488 -0.306 

22/10/2019 18:24 49.6 -4.84 0.134 0.976 -0.488 -0.306 

22/10/2019 18:25 49.6 -4.84 0.127 0.976 -0.488 -0.306 

22/10/2019 18:26 49.6 -4.84 0.134 0.976 -0.488 -0.306 

22/10/2019 18:27 49.6 -4.84 0.143 0.976 -0.488 -0.306 

22/10/2019 18:28 49.6 -4.84 0.146 0.976 -0.488 -0.306 

22/10/2019 18:29 49.6 -4.84 0.152 0.976 -0.488 -0.306 

22/10/2019 18:30 49.6 -4.84 0.152 0.976 -0.488 -0.306 

22/10/2019 18:31 49.6 -4.84 0.152 0.976 -0.488 -0.306 

22/10/2019 18:32 49.6 -4.84 0.146 0.976 -0.488 -0.306 

22/10/2019 18:33 49.6 -4.84 0.146 0.976 -0.488 -0.306 

22/10/2019 18:34 49.6 -4.84 0.152 0.976 -0.488 -0.306 

22/10/2019 18:35 49.6 -4.84 0.155 0.976 -0.488 -0.306 

22/10/2019 18:36 49.6 -4.84 0.155 0.976 -0.488 -0.306 

22/10/2019 18:37 49.6 -4.84 0.152 0.976 -0.488 -0.306 

22/10/2019 18:38 49.6 -4.84 0.155 0.976 -0.488 -0.306 

22/10/2019 18:39 49.6 -4.84 0.152 0.976 -0.488 -0.306 

22/10/2019 18:40 49.6 -4.84 0.149 0.976 -0.488 -0.306 

22/10/2019 18:41 49.6 -4.84 0.149 0.976 -0.488 -0.306 

22/10/2019 18:42 49.6 -4.84 0.146 0.976 -0.488 -0.306 

22/10/2019 18:43 49.6 -4.84 0.143 0.976 -0.488 -0.306 

22/10/2019 18:44 49.6 -4.84 0.140 0.976 -0.488 -0.306 

22/10/2019 18:45 49.6 -4.84 0.134 0.976 -0.488 -0.306 

22/10/2019 18:46 49.6 -4.84 0.137 0.976 -0.488 -0.306 

22/10/2019 18:53 49.6 -4.84 0.146 0.976 -0.488 -0.306 

22/10/2019 18:54 49.6 -4.84 0.143 0.976 -0.488 -0.306 

22/10/2019 18:55 49.6 -4.84 0.140 0.976 -0.488 -0.306 

22/10/2019 18:56 49.6 -4.84 0.137 0.976 -0.488 -0.306 

22/10/2019 18:57 49.6 -4.84 0.134 0.976 -0.488 -0.306 

22/10/2019 18:58 49.6 -4.84 0.137 0.976 -0.488 -0.306 

22/10/2019 18:59 49.6 -4.84 0.130 0.976 -0.488 -0.306 

22/10/2019 19:00 49.6 -4.84 0.127 0.976 -0.488 -0.306 

22/10/2019 19:01 49.6 -4.84 0.114 0.976 -0.488 -0.306 

22/10/2019 19:02 49.6 -4.84 0.111 0.976 -0.488 -0.306 

21/10/2019 03:43 49.8 -5.13 0.143 0.709 -0.079 -0.511 

21/10/2019 03:44 49.8 -5.13 0.143 0.709 -0.079 -0.511 

21/10/2019 19:27 49.8 -5.13 0.029 0.709 -0.079 -0.511 

21/10/2019 03:38 49.8 -5.11 0.149 0.898 -0.362 -0.453 

21/10/2019 03:39 49.8 -5.11 0.149 0.898 -0.362 -0.453 

21/10/2019 19:31 49.8 -5.11 0.029 0.898 -0.362 -0.453 

21/10/2019 19:32 49.8 -5.11 0.025 0.898 -0.362 -0.453 

21/10/2019 19:33 49.8 -5.11 0.025 0.898 -0.362 -0.453 

21/10/2019 19:47 49.8 -5.11 0.041 0.898 -0.362 -0.453 

21/10/2019 19:48 49.8 -5.11 0.037 0.898 -0.362 -0.453 

21/10/2019 19:49 49.8 -5.11 0.037 0.898 -0.362 -0.453 
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Date Time Latitude Longitude Log10 in situ CHL_NN CHL_OC4ME MODIS 

21/10/2019 20:20 49.8 -5.11 0.049 0.898 -0.362 -0.453 

21/10/2019 03:35 49.8 -5.1 0.140 -0.488 -0.268 -0.453 

21/10/2019 03:36 49.8 -5.1 0.146 -0.488 -0.268 -0.453 

21/10/2019 03:37 49.8 -5.1 0.152 -0.488 -0.268 -0.453 

21/10/2019 19:34 49.8 -5.1 0.029 -0.488 -0.268 -0.453 

21/10/2019 19:35 49.8 -5.1 0.025 -0.488 -0.268 -0.453 

21/10/2019 19:36 49.8 -5.1 0.029 -0.488 -0.268 -0.453 

21/10/2019 19:37 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 19:38 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 19:39 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 19:40 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 19:41 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 19:42 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 19:43 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 19:44 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 19:45 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 19:46 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 19:50 49.8 -5.1 0.033 -0.488 -0.268 -0.453 

21/10/2019 19:51 49.8 -5.1 0.029 -0.488 -0.268 -0.453 

21/10/2019 19:52 49.8 -5.1 0.029 -0.488 -0.268 -0.453 

21/10/2019 19:53 49.8 -5.1 0.033 -0.488 -0.268 -0.453 

21/10/2019 19:54 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 19:55 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 19:56 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 19:57 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 19:58 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 19:59 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 20:00 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 20:01 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 20:02 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 20:03 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 20:04 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 20:05 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 20:06 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 20:07 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 20:08 49.8 -5.1 0.037 -0.488 -0.268 -0.453 

21/10/2019 20:09 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 20:10 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 20:11 49.8 -5.1 0.049 -0.488 -0.268 -0.453 

21/10/2019 20:12 49.8 -5.1 0.041 -0.488 -0.268 -0.453 

21/10/2019 20:13 49.8 -5.1 0.045 -0.488 -0.268 -0.453 

21/10/2019 20:14 49.8 -5.1 0.045 -0.488 -0.268 -0.453 

21/10/2019 20:15 49.8 -5.1 0.045 -0.488 -0.268 -0.453 

21/10/2019 20:16 49.8 -5.1 0.045 -0.488 -0.268 -0.453 

21/10/2019 20:17 49.8 -5.1 0.045 -0.488 -0.268 -0.453 

21/10/2019 20:18 49.8 -5.1 0.049 -0.488 -0.268 -0.453 
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Date Time Latitude Longitude Log10 in situ CHL_NN CHL_OC4ME MODIS 

21/10/2019 20:19 49.8 -5.1 0.045 -0.488 -0.268 -0.453 

21/10/2019 20:21 49.8 -5.1 0.049 -0.488 -0.268 -0.453 

21/10/2019 20:22 49.8 -5.1 0.053 -0.488 -0.268 -0.453 

21/10/2019 20:23 49.8 -5.1 0.061 -0.488 -0.268 -0.453 

21/10/2019 20:24 49.8 -5.1 0.053 -0.488 -0.268 -0.453 

21/10/2019 03:33 49.8 -5.09 0.127 -0.709 -0.110 -0.344 

21/10/2019 03:34 49.8 -5.09 0.137 -0.709 -0.110 -0.344 

21/10/2019 20:25 49.8 -5.09 0.049 -0.709 -0.110 -0.344 

21/10/2019 20:26 49.8 -5.09 0.041 -0.709 -0.110 -0.344 

21/10/2019 20:27 49.8 -5.09 0.041 -0.709 -0.110 -0.344 

21/10/2019 20:28 49.8 -5.09 0.045 -0.709 -0.110 -0.344 

21/10/2019 03:30 49.8 -5.08 0.146 -0.709 -0.173 -0.344 

21/10/2019 03:31 49.8 -5.08 0.137 -0.709 -0.173 -0.344 

21/10/2019 03:32 49.8 -5.08 0.130 -0.709 -0.173 -0.344 

21/10/2019 20:29 49.8 -5.08 0.049 -0.709 -0.173 -0.344 

21/10/2019 20:30 49.8 -5.08 0.057 -0.709 -0.173 -0.344 

21/10/2019 20:31 49.8 -5.08 0.072 -0.709 -0.173 -0.344 

15/10/2019 00:37 50.1 -3.17 -0.009 -0.472 0.189 0.130 

15/10/2019 00:38 50.1 -3.17 -0.015 -0.472 0.189 0.130 

15/10/2019 01:05 50.1 -3.17 -0.011 -0.472 0.189 0.130 

15/10/2019 01:06 50.1 -3.17 -0.009 -0.472 0.189 0.130 

15/10/2019 01:07 50.1 -3.17 -0.009 -0.472 0.189 0.130 

15/10/2019 01:08 50.1 -3.17 -0.009 -0.472 0.189 0.130 

15/10/2019 01:09 50.1 -3.17 -0.018 -0.472 0.189 0.130 

15/10/2019 01:10 50.1 -3.17 -0.017 -0.472 0.189 0.130 

15/10/2019 01:11 50.1 -3.17 -0.014 -0.472 0.189 0.130 

15/10/2019 01:12 50.1 -3.17 -0.019 -0.472 0.189 0.130 

15/10/2019 01:13 50.1 -3.17 -0.016 -0.472 0.189 0.130 

15/10/2019 01:14 50.1 -3.17 -0.012 -0.472 0.189 0.130 

15/10/2019 01:15 50.1 -3.17 -0.012 -0.472 0.189 0.130 

15/10/2019 01:16 50.1 -3.17 -0.013 -0.472 0.189 0.130 

15/10/2019 01:17 50.1 -3.17 -0.008 -0.472 0.189 0.130 

15/10/2019 01:18 50.1 -3.17 -0.011 -0.472 0.189 0.130 

15/10/2019 01:19 50.1 -3.17 -0.014 -0.472 0.189 0.130 

15/10/2019 01:20 50.1 -3.17 -0.012 -0.472 0.189 0.130 

15/10/2019 17:59 50.1 -3.17 -0.022 -0.472 0.189 0.130 

15/10/2019 18:00 50.1 -3.17 -0.016 -0.472 0.189 0.130 

15/10/2019 00:39 50.1 -3.16 -0.015 -0.252 0.110 0.130 

15/10/2019 00:40 50.1 -3.16 -0.013 -0.252 0.110 0.130 

15/10/2019 00:41 50.1 -3.16 -0.014 -0.252 0.110 0.130 

15/10/2019 00:42 50.1 -3.16 -0.016 -0.252 0.110 0.130 

15/10/2019 00:43 50.1 -3.16 -0.015 -0.252 0.110 0.130 

15/10/2019 00:44 50.1 -3.16 -0.020 -0.252 0.110 0.130 

15/10/2019 00:45 50.1 -3.16 -0.020 -0.252 0.110 0.130 

15/10/2019 00:46 50.1 -3.16 -0.018 -0.252 0.110 0.130 



Appendix C 

 
208 

 
 

Date Time Latitude Longitude Log10 in situ CHL_NN CHL_OC4ME MODIS 

15/10/2019 00:47 50.1 -3.16 -0.019 -0.252 0.110 0.130 

15/10/2019 00:48 50.1 -3.16 -0.018 -0.252 0.110 0.130 

15/10/2019 00:49 50.1 -3.16 -0.018 -0.252 0.110 0.130 

15/10/2019 00:50 50.1 -3.16 -0.016 -0.252 0.110 0.130 

15/10/2019 00:51 50.1 -3.16 -0.016 -0.252 0.110 0.130 

15/10/2019 00:52 50.1 -3.16 -0.016 -0.252 0.110 0.130 

15/10/2019 00:53 50.1 -3.16 -0.013 -0.252 0.110 0.130 

15/10/2019 00:54 50.1 -3.16 -0.014 -0.252 0.110 0.130 

15/10/2019 00:55 50.1 -3.16 -0.011 -0.252 0.110 0.130 

15/10/2019 00:56 50.1 -3.16 -0.012 -0.252 0.110 0.130 

15/10/2019 00:57 50.1 -3.16 -0.012 -0.252 0.110 0.130 

15/10/2019 00:58 50.1 -3.16 -0.012 -0.252 0.110 0.130 

15/10/2019 00:59 50.1 -3.16 -0.010 -0.252 0.110 0.130 

15/10/2019 01:00 50.1 -3.16 -0.007 -0.252 0.110 0.130 

15/10/2019 01:01 50.1 -3.16 -0.017 -0.252 0.110 0.130 

15/10/2019 01:02 50.1 -3.16 -0.015 -0.252 0.110 0.130 

15/10/2019 01:03 50.1 -3.16 -0.012 -0.252 0.110 0.130 

15/10/2019 01:04 50.1 -3.16 -0.015 -0.252 0.110 0.130 

15/10/2019 18:01 50.1 -3.16 -0.013 -0.252 0.110 0.130 

15/10/2019 18:02 50.1 -3.16 -0.013 -0.252 0.110 0.130 

15/10/2019 15:25 50.3 -3.29 -0.049 -0.157 0.236 0.048 

15/10/2019 15:26 50.3 -3.29 -0.049 -0.157 0.236 0.048 

15/10/2019 15:27 50.3 -3.29 -0.047 -0.157 0.236 0.048 

15/10/2019 15:28 50.3 -3.29 -0.049 -0.157 0.236 0.048 

15/10/2019 15:29 50.3 -3.29 -0.050 -0.157 0.236 0.048 

15/10/2019 15:30 50.3 -3.29 -0.050 -0.157 0.236 0.048 

15/10/2019 15:31 50.3 -3.29 -0.050 -0.157 0.236 0.048 

15/10/2019 15:32 50.3 -3.29 -0.052 -0.157 0.236 0.048 

15/10/2019 15:33 50.3 -3.29 -0.052 -0.157 0.236 0.048 

15/10/2019 16:07 50.3 -3.29 -0.027 -0.157 0.236 0.048 

15/10/2019 16:08 50.3 -3.29 -0.027 -0.157 0.236 0.048 

15/10/2019 16:09 50.3 -3.29 -0.027 -0.157 0.236 0.048 

15/10/2019 16:10 50.3 -3.29 -0.027 -0.157 0.236 0.048 

15/10/2019 16:11 50.3 -3.29 -0.025 -0.157 0.236 0.048 

15/10/2019 16:12 50.3 -3.29 -0.022 -0.157 0.236 0.048 

15/10/2019 16:13 50.3 -3.29 -0.020 -0.157 0.236 0.048 

15/10/2019 16:14 50.3 -3.29 -0.020 -0.157 0.236 0.048 

15/10/2019 16:15 50.3 -3.29 -0.020 -0.157 0.236 0.048 

15/10/2019 16:16 50.3 -3.29 -0.021 -0.157 0.236 0.048 

15/10/2019 16:17 50.3 -3.29 -0.018 -0.157 0.236 0.048 

15/10/2019 16:18 50.3 -3.29 -0.023 -0.157 0.236 0.048 

15/10/2019 16:19 50.3 -3.29 -0.027 -0.157 0.236 0.048 

15/10/2019 16:20 50.3 -3.29 -0.027 -0.157 0.236 0.048 

15/10/2019 16:21 50.3 -3.29 -0.018 -0.157 0.236 0.048 

15/10/2019 16:22 50.3 -3.29 -0.018 -0.157 0.236 0.048 

15/10/2019 16:23 50.3 -3.29 -0.014 -0.157 0.236 0.048 
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Date Time Latitude Longitude Log10 in situ CHL_NN CHL_OC4ME MODIS 

15/10/2019 16:24 50.3 -3.29 -0.013 -0.157 0.236 0.048 

15/10/2019 16:25 50.3 -3.29 -0.013 -0.157 0.236 0.048 

15/10/2019 16:26 50.3 -3.29 -0.006 -0.157 0.236 0.048 

15/10/2019 16:27 50.3 -3.29 0.000 -0.157 0.236 0.048 

15/10/2019 16:28 50.3 -3.29 -0.001 -0.157 0.236 0.048 

15/10/2019 16:28 50.3 -3.29 -0.001 -0.157 0.236 0.048 

15/10/2019 16:29 50.3 -3.29 -0.001 -0.157 0.236 0.048 

15/10/2019 16:29 50.3 -3.29 -0.001 -0.157 0.236 0.048 

15/10/2019 16:30 50.3 -3.29 0.004 -0.157 0.236 0.048 

15/10/2019 16:31 50.3 -3.29 0.009 -0.157 0.236 0.048 

15/10/2019 16:32 50.3 -3.29 0.009 -0.157 0.236 0.048 

15/10/2019 16:33 50.3 -3.29 0.009 -0.157 0.236 0.048 

15/10/2019 16:34 50.3 -3.29 0.009 -0.157 0.236 0.048 

15/10/2019 16:35 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 16:36 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 16:37 50.3 -3.29 0.021 -0.157 0.236 0.048 

15/10/2019 16:38 50.3 -3.29 0.021 -0.157 0.236 0.048 

15/10/2019 16:39 50.3 -3.29 0.021 -0.157 0.236 0.048 

15/10/2019 16:40 50.3 -3.29 0.017 -0.157 0.236 0.048 

15/10/2019 16:41 50.3 -3.29 0.021 -0.157 0.236 0.048 

15/10/2019 19:28 50.3 -3.29 0.017 -0.157 0.236 0.048 

15/10/2019 19:29 50.3 -3.29 0.017 -0.157 0.236 0.048 

15/10/2019 19:30 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 19:31 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 19:40 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 19:41 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 19:42 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 19:43 50.3 -3.29 0.017 -0.157 0.236 0.048 

15/10/2019 19:44 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 19:45 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 19:46 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 19:47 50.3 -3.29 0.009 -0.157 0.236 0.048 

15/10/2019 19:48 50.3 -3.29 0.009 -0.157 0.236 0.048 

15/10/2019 19:49 50.3 -3.29 0.013 -0.157 0.236 0.048 

15/10/2019 19:50 50.3 -3.29 0.017 -0.157 0.236 0.048 
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Appendix C 

Ecopath Model 

Table C 1 - Ecopath groups adapted from Hernvann et al. (2020) 

Common name Latin name Ecopath group Comments 

Northern gannet Sula bassana 

Plunge and pursuit 
divers seabirds 

  
Common murre Uria aalge 

Razorbills Alca torda 

Atlantic puffin Fratercula arctica 

Herring gull Larus argentatus 

Surface feeders 
seabirds 

They mainly differ from plunge and pursuit divers by 
their higher consumption of discards 

Yellow-legged gull Larus michachellis 

Lesser black-backed gull Larus fuscus 

great black-backed gull Larus maritimus 

Kittiwakes Rissa tridactyla 

Minke whale Balaenoptera acutorostrata 

Baleen whales   

Humpback whale Megaptera novaengliae 

Sei whale Balaenoptera borealis 

Fin whale Balaenoptera physalus 

Blue whale Balaenoptera musculus 

Harbour porpoise Phocoena phocoena 

Toothed whales 
and Seals 

  

Common dolphin Delphinus delphis 

Striped dolphin Stenella coeruleoalba 

Bottlenose dolphin Tursiops truncates 

Risso's dolphin Grampus griseus 

White-beaked dolphin Lagenorhynchus albirostris 

Atlantic White-sided dolphin Lagenorhynchus acutus 

False Killer Whale Pseudorca crassidens 

Long-finned Pilot Whale Globicephala melas 

Short-finned Pilot Whale Globicephala macrorhynchus 

Killer Whale (Orca) Orcinus orca 

Halichoerus grypus Grey seal  

Phoca vitulina Harbour seal 

Gervais beaked whale Mesoplodon europaeus 

True's beaked whale Mesoplodon mirus 

pygmy sperm whale Kogia breviceps 

dwarf sperm whale Kogia simus 

Thresher Alopias vulpinus 

Pelagic sharks   

Bluntnose sixgill shark Hexanchus griseus 

Shortfin mako Isurus oxyrinchus 

Porbeagle Lamna nasus 

Blue shark Prionace glauca 

Tope shark Galeorhinus galeus  

Shagreen ray Leucoraja fullonica 

Piscivorous demersal 
elasmobranchs 

Demersal sharks and rays that feed largely on fish, 
especially pelagic species 

Blue skate Raja batis 

White skate Raja alba 

Angelshark Squatina squatina 

Longnose spurdog Squalus blainville 

Marbled electric ray Torpedo marmorata 

Picked dogfish Squalus acanthias 



Patel (2023) – Small Pelagic Fish in the Celtic Sea 

 

 
211 

 

Starry smooth-hound Mustelus asterias 

Benthivorous demersal 
elasmobrancs 

Demersal sharks and rays that mainly feed on 
benthic invertebrates and, to a lesser extent, on 

small benthic fish 

Cuckoo ray Leucoraja naevus 

Smooth-hound Mustelus mustelus 

Blonde ray Raja brachyura 

Spotted ray Raja montagui 

Thornback ray Raja clavata 

Blackmouth catshark Galeus melastomus 

Common stingray Dasyatis pastinaca 

Common eagle ray Myliobatis aquila 

Sandy ray Raja circularis 

Longnosed skate Raja oxyrinchus 

Undulate ray Raja undulata 

Small-spotted catshark Scyliorhinus canicula 

Nursehound Scyliorhinus stellaris 

Small-eyed ray Raja microocellata 

Blackbellied angler Lophius budegassa 
Anglerfish   

Angler(=Monk) Lophius piscatorius 

European seabass Dicentrarchus labrax Sea bass   

European hake Merluccius merluccius Hake   

Atlantic cod Gadus morhua Cod   

Haddock Melanogrammus aeglefinus Haddock   

Whiting Merlangius merlangus Whiting   

Megrim Lepidorhombus whiffiagonis Megrim   

Norway pout Trisopterus esmarkii 

Pouts   Pouting(=Bib) Trisopterus luscus 

Poor cod Trisopterus minutus 

European plaice Pleuronectes platessa Plaice   

Common sole Solea solea Sole   

European conger Conger conger 

Piscivorous 
demersal fish 

Demersal fish mainly that feed on fish, both benthic 
and pelagic. Usually of large size (max. length > 

60cm). 

Pollack Pollachius pollachius 

Turbot Psetta maxima 

Brill Scophthalmus rhombus 

Ling Molva molva 

John dory Zeus faber 

Common lingue Molva macrophthalma 

Common dentex Dentex dentex 

Meagre Argyrosomus regius 

Saithe(=Pollock) Pollachius virens 

Atlantic halibut Hippoglossus hippoglossus 

Silver scabbardfish Lepidopus caudatus 

Blackbelly rosefish Helicolenus dactylopterus 

Wreckfish Polyprion americanus 

European eel Anguilla anguilla 

Atlantic salmon Salmo salar 

Sea trout Salmo trutta 

Black Sea brill Psetta maeotica 

Atlantic thornyhead Trachyscorpia cristulata 

Barracudas nei Sphyraena spp 

Spotted seabass Dicentrarchus punctatus 

Four-spot megrim Lepidorhombus boscii 
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Greater forkbeard Phycis blennoides 

Epibenthivorous 
demersal fish 

Demersal fish that mainly feed on benthic 
invertebrates, especially  crustacean decapods, as 

well as on some small demersal fish. Usually of 
medium size (max. length between 30 and 60 cm) 

Fourbeard rockling Enchelyopus cimbrius 

Red gurnard Chelidonichthys cuculus 

Surmullet Mullus surmuletus 

Blackspot seabream Pagellus bogaraveo 

Argentine Argentina sphyraena 

Three-bearded rocling Gaidropsarus vulgaris 

Tub gurnard Chelidonichthys lucerna 

Grey gurnard Eutrigla gurnardus 

Red scorpionfish Scorpaena scrofa 

Black scorpionfish Scorpaena porcus 

Comber Serranus cabrilla 

Greater weever Trachinus draco 

Atlantic wolffish Anarhichas lupus 

Gilthead seabream Sparus aurata 

Streaked gurnard Chelidonichthys lastoviza 

Thicklip grey mullet Chelon labrosus 

Ballan wrasse Labrus bergylta 

Axillary seabream Pagellus acarne 

Common pandora Pagellus erythrinus 

Black seabream Spondyliosoma cantharus 

Golden grey mullet Liza aurata 

Thinlip grey mullet Liza ramada 

Flathead grey mullet Mugil cephalus 

Piper gurnard Eutrigla lyra 

Lumpfish(=Lumpsucker) Cyclopterus lumpus 

Grey triggerfish  Balistes capriscus 

Longfin gurnard Chelidonichthys obscurus 

Lesser weever Echiichthys vipera 

Lesser weever Labrus mixtus 

Amer. Plaice Hippoglossoides platessoides 

Cuckoo wrasse Pagrus pagrus 

Common dab Limanda limanda 

Endobenthivorous 
demersal fish 

Benthic fish mainly that feed on benthic 
invertebrates, especially polychaetes, gastropods 

and bivalves (large part of the endobenthos). 
Mainly flatfish of medium or large size. 

Witch flounder Glyptocephalus cynoglossus 

Lemon sole Microstomus kitt 

Thickback sole Microchirus variegatus 

Sand sole Solea lascaris 

European flounder Platichthys flesus 

Dragonet  Callionymus lyra 

Small benthivorous 
demersal fish 

Demersal fish that feed on benthic invertebrates 
and large proportions of plankton and/or 

micronekton. Usually of small size (max. length < 
30 cm). They represent important fish prey for other 

demersal fish.  

Spotted ragonet  Callionymus maculatus 

Fivebeard rockling  Ciliata mustela 

Sand goby Pomatoschistus minutus 

Butterfly blenny  Blennius ocellaris 

Imperial scaldfish  Arnoglossus imperialis 

Scale-rayed wrasse Acantholabrus palloni 

Mediterranean scaldfish  Arnoglossus laterna 

Solenette Buglossidium luteum 

Fries's goby  Lesueurigobius friesii 

Greater pipefish Syngnathus acus 

Black goby Gobius niger 

Norwegian topknot Phrynorhombus norvegicus 

Lozano's goby Pomatoschistus lozanoi 
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Red bandfish Cepola macrophthalma 

Suprabenthivorous 
demersal fish 

Demersal fish feeding on benthic invertebrates and 
large proportions of plankton and/or micronekton. 
Usually of small size (max length < 30 cm). They 
play an important role in the transfer of organic 

material from the pelagic to the demersal 
compartment. 

Silvery pout  Gadiculus argenteus 

Silvery lightfish  Maurolicus muelleri 

Bogue Boops boops 

Greater argentine Argentina silus 

Greater sand-eel Hyperoplus immaculatus 

Great sandeel Hyperoplus lanceolatus 

Small sandeel Ammodytes tobianus 

Transparent goby  Aphia minuta 

Smooth sandeel Gymnammodytes semisquamatus 

Longspine snipefish Macrorhamphosus scolopax 

Blue whiting Micromesistius poutassou Blue whiting   

Boarfish Capros aper Boarfish   

Atlantic mackerel Scomber scombrus Mackerel   

Atlantic horse mackerel Trachurus trachurus Horse mackerel   

Atlantic herring Clupea harengus Herring   

European sprat Sprattus sprattus Sprat   

European pilchard Sardina pilchardus Sardine   

Garfish Belone belone 

Large Pelagic fish   

Atlantic bonito Sarda sarda 

Golden redfish Sebastes marinus 

Albacore Thunnus alalunga 

Atlantic bluefin tuna Thunnus thynnus 

Swordfish Xiphias gladius 

Atlantic pomfret Brama brama 

Little tunny Euthynnus alletteratus 

Skipjack tuna Katsuwonus pelamis 

  

Anchovy Previously medium pelagic fish group 

European anchovy Engraulis encrasicolus 

  

  

  

  

  

  

Broadtail shortfin squid Illex coindetii 

Squids Pelagic and bentho-pelagic squids. 

Northern shortfin squid Illex illecebrosus 

European squid Loligo vulgaris 

European flying squid Todarodes sagittatus 

European common squid  Alloteuthis subulata 

Veined squid  Loligo forbesi 

lesser flying squid Todaropsis eblanae 

Common cuttlefish Sepia officinalis 

Benthic cephalopods   

Pink cuttlefish Sepia orbignyana 

Elegant cuttlefish  Sepia elegans 

Bobtail squid Sepiola sp 

Horned octopus Eledone cirrhosa 

Common octopus Octopus vulgaris 

Stout bobtail Rossia macrosoma 

Norway lobster Nephrops norvegicus Norway lobster   

Edible crab Cancer pagurus   
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European lobster Homarus gammarus 

Commercial 
large crustaceans 

Spinous spider crab Maja squinado/brachydactyla 

Velvet swimcrab Necora puber 

Common spiny lobster Palinurus elephas 

Shrimps  Benthic Shrimps-like invertebrates 

Commercial bivalves  
Bivalve suspension feeders that are commercially 

exploited (e.g. Pectinids) 

Suprabenthos  
Suspension feeders (e.g.mysids) that live in the 

water layer close to the seabed and with sufficient 
swimming ability to move within this layer 

Suspension and surface deposit feeders  

Susupension feeder filtering suspended particles 
from the seabed  plus  deposivores feeding on 
particles at the sediment-water interface (e.g., 
polychaetes, reg. urchins, amphiurids, isopods, 

cumaceans) 

Subsurface deposit feeders  

Deposivorous organisms that feed on particles 
within the sediments, by ingesting and filtering 

sediment or by directly selecting particles (mainly 
polychaetes, few amphipods and irregular urchins) 

Carnivores and necrophages  
Benthic invertebrates that are either predators or 
scavengers (small crabs, squat lobsters, welks, 

ophiurids, worms, amphipods...) 

Benthic meiofauna  Invertebrates living in the sediment (nematods) 

Macrozooplankton  

Zooplankton of size  ≥ 1cm (omnivorous and 
carnivorous; they mainly include 

 euphausiids, large carnivorous plankton, 
gelatinous, tunicates, thecostomates, 

chaetognathes, and larvae) 

Mesozooplankton - Large  
Zooplankton of size ≥ 2mm and  < 1cm. (larger 
copepods, with limited planktivorous behaviour) 

Mesozooplankton - Small  
Zooplankton of size ≥ 0.5mm and < 2mm 

(essentially herbivorous copepods) 

Microzooplankton  
Zooplankton of size  < 0.5mm (ciliates and 

heterotrophic flagellates) 

Phytoplankton - Large  
Phytoplankton of size  ≥ 5 μm. Mainly diatoms and 

dinoflagellates 

Phytoplankton - Small  
Phytoplankton of size < 5 μm. Nano- and 

picoplankton 
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Table C 2 - Diet matrix input for Celtic Sea Ecopath model 

 
Prey \ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

1 Seabirds - Divers 
                         

2 Seabirds - Surface feeders 
                         

3 Baleen whales 
                         

4 Toothed cetaceans / Seals 
                         

5 Pelagic sharks 
   

0.02
3 

0.00
1 

                    

6 Carnivorous demer. 
elasmobranchs 

   
0.00

3 
0.00

9 

                    

7 Benthivorous demer. 
elasmobranchs 

   
0.00

5 

 
0.00

1 

                   

8 Sea bass 
       

0.02
2 

                 

9 Anglerfish large 
   

0.04
8 

0.01
2 

   
0.00

1 

 
0.00

6 

 
0.00

2 

 
0.00

1 

  
0.00

6 

  
0.00

1 

    

10 Anglerfish small 
        

0.00
0 

 
0.00

0 
0.00

1 
0.00

1 

 
0.00

0 

  
0.00

0 

  
0.00

1 

    

11 Hake large 
   

0.00
7 

0.00
2 

   
0.00

5 

 
0.00

4 

      
0.00

0 

  
0.02

5 

    

12 Hake small 
       

0.00
0 

0.00
1 

0.00
2 

0.02
0 

0.00
2 

0.00
2 

0.00
2 

0.00
1 

  
0.00

1 

  
0.00

1 

    

13 Cod large 
   

0.00
2 

0.00
8 

0.00
1 

  
0.00

8 

     
0.00

2 

     
0.00

4 

    

14 Cod small 
    

0.00
7 

0.00
0 

  
0.00

3 
0.00

2 

    
0.00

1 

  
0.00

2 

  
0.00

2 
0.00

1 

   

15 Whiting 
   

0.00
0 

0.00
3 

0.00
0 

0.00
4 

0.00
1 

0.02
6 

0.00
5 

0.00
1 

0.00
2 

0.00
7 

0.00
2 

0.00
3 

  
0.00

0 

  
0.02

2 
0.00

2 

   

16 Haddock 
    

0.01
0 

0.00
8 

0.00
7 

 
0.00

5 
0.00

2 

  
0.01

4 
0.00

4 
0.01

6 

  
0.00

7 

  
0.00

3 
0.00

2 

   

17 Pouts 
   

0.13
8 

0.20
7 

0.15
3 

0.12
7 

0.11
4 

0.26
6 

0.26
0 

0.09
9 

0.02
2 

0.14
7 

0.05
7 

0.24
1 

0.00
2 

0.01
6 

0.11
5 

  
0.15

5 
0.02

5 

   

18 Megrim 
        

0.02
9 

0.00
7 

0.00
4 

 
0.01

2 
0.00

3 

   
0.00

8 

       

19 Sole 
       

0.01
2 

0.00
3 

   
0.00

9 
0.00

5 

           

20 Plaice 
   

0.00
1 

 
0.00

1 

 
0.00

6 
0.00

1 

   
0.01

0 
0.00

2 

   
0.00

1 

  
0.00

0 

    

21 Piscivorous demer. fish 
   

0.02
7 

0.00
6 

  
0.00

2 
0.04

1 

   
0.00

1 

       
0.01

6 

    

22 Epibenthivorous demer. fish 0.06
7 

  
0.03

7 
0.05

7 
0.00

4 
0.00

5 
0.00

5 
0.06

6 
0.01

1 
0.00

7 
0.01

4 
0.00

6 
0.04

2 
0.00

4 

 
0.01

6 
0.04

5 

  
0.11

0 
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23 Endobenthivorous demer. fish 
  

0.10
8 

 
0.12

0 
0.01

3 

 
0.00

9 
0.04

7 
0.02

6 

  
0.00

1 
0.00

6 

   
0.02

1 

  
0.00

2 
0.00

2 

   

24 Suprabenthivorous demer. fish 
  

0.03
1 

0.09
5 

  
0.00

0 
0.00

6 
0.00

8 
0.01

9 
0.01

0 
0.02

3 
0.00

4 
0.01

0 
0.01

5 
0.00

1 

 
0.05

2 

  
0.04

6 

  
0.02

7 

 

25 Small benthivorous demer. fish 
     

0.02
4 

0.01
6 

0.00
6 

0.01
6 

0.26
3 

0.00
1 

0.01
8 

0.02
9 

0.01
4 

0.00
6 

0.00
0 

0.00
9 

0.07
5 

 
0.00

0 
0.05

3 
0.13

6 
0.01

3 

 
0.030 

26 Mackerel 0.06
2 

0.03
2 

0.02
0 

0.02
2 

0.00
3 

0.03
1 

0.01
2 

0.10
0 

0.02
2 

0.00
3 

0.03
4 

 
0.00

7 
0.00

5 
0.00

8 

  
0.00

6 

  
0.01

1 

  
0.00

1 

 

27 Horse mackerel 0.54
9 

0.40
0 

 
0.03

7 
0.02

0 
0.36

8 

 
0.21

1 
0.13

8 

 
0.35

7 
0.33

6 
0.01

6 

 
0.13

7 

  
0.07

1 

  
0.09

6 

    

28 Boarfish 
   

0.00
0 

 
0.00

5 
0.00

1 

   
0.00

1 

   
0.00

2 

  
0.00

5 

  
0.00

1 

    

29 Sprat 
 

0.00
4 

 
0.01

8 
0.02

7 
0.06

7 
0.00

5 
0.07

5 

  
0.02

1 
0.00

1 
0.00

5 
0.00

2 
0.09

2 
0.00

3 

 
0.02

1 

  
0.01

7 

    

30 Blue whiting 
   

0.02
9 

 
0.01

3 
0.06

6 
0.00

1 
0.03

2 
0.06

4 
0.22

5 
0.01

2 
0.01

3 
0.00

2 
0.04

5 

  
0.03

6 

  
0.11

0 

    

31 Pilchard 0.12
8 

0.14
5 

 
0.04

1 
0.00

2 
0.00

4 

 
0.01

3 

  
0.02

4 
0.00

5 

  
0.01

8 

  
0.00

2 

  
0.01

5 

    

32 Herring 0.14
0 

0.07
9 

0.07
9 

0.09
1 

0.07
1 

0.06
5 

0.01
1 

 
0.04

0 
0.08

9 
0.03

8 

 
0.01

1 
0.01

0 
0.03

6 
0.00

2 

    
0.01

3 
0.00

4 

   

33 Pelagic fish - Large 
   

0.01
5 

0.04
0 

0.00
2 

    
0.00

1 

              

34 Anchovy 0.01
4 

0.01
5 

0.00
1 

 
0.01

5 

  
0.01

3 

  
0.00

6 
0.00

8 
0.01

6 

 
0.01

4 

          

35 Squids 
  

0.03
9 

0.23
5 

0.30
3 

0.00
7 

0.01
5 

0.00
0 

0.01
8 

0.00
4 

0.00
0 

0.00
3 

0.06
8 

0.00
5 

0.00
2 

  
0.00

5 

  
0.01

0 
0.00

0 

   

36 Benthic cephalopods 
  

0.01
6 

0.08
2 

 
0.02

4 
0.00

3 
0.00

7 
0.03

5 
0.00

0 
0.00

0 
0.00

8 
0.00

1 
0.00

2 
0.03

0 
0.00

2 

 
0.00

9 
0.05

5 

 
0.03

5 
0.00

6 

   

37 Commercial crustaceans 
     

0.00
1 

0.04
7 

0.00
1 

    
0.00

5 
0.00

6 

     
0.00

6 
0.03

0 

    

38 Nephrops 
     

0.01
6 

0.01
2 

 
0.01

3 

   
0.03

6 
0.02

6 
0.00

4 

 
0.00

1 
0.00

4 

  
0.00

9 
0.00

1 

 
0.00

1 

 

39 Commercial bivalves 
            

0.00
1 

0.00
3 

    
0.00

5 

      

40 Shrimps 
    

0.06
3 

0.00
6 

0.09
4 

0.11
0 

0.01
8 

0.02
4 

0.06
0 

0.01
8 

0.17
8 

0.23
6 

0.08
6 

0.00
7 

0.09
7 

0.19
3 

0.01
2 

0.00
1 

0.04
5 

0.10
0 

0.03
0 

0.04
8 

0.022 

41 Carnivorous/Necrophagous 
benth. inv. 

     
0.00

7 
0.38

1 
0.13

8 
0.00

7 
0.01

2 
0.01

0 
0.00

3 
0.35

1 
0.48

6 
0.01

0 
0.41

9 
0.10

9 
0.17

9 
0.16

8 
0.18

0 
0.01

7 
0.16

9 
0.17

2 
0.00

4 
0.114 

42 Suspension/Surface detritus feeder benth. 
inv. 

    
0.00

6 
0.02

7 
0.11

4 
0.01

1 
0.02

1 
0.04

3 
0.02

3 
0.02

9 
0.01

5 
0.03

5 
0.42

7 
0.03

0 
0.01

5 
0.68

4 
0.51

3 

 
0.07

0 
0.47

9 
0.01

1 
0.321 

43 Subsurface deposit feeder benth. 
inv. 

      
0.00

5 

  
0.00

5 
0.00

3 
0.00

0 
0.01

4 
0.00

3 
0.01

9 
0.07

8 
0.00

1 
0.00

2 
0.06

4 
0.27

8 

 
0.00

1 
0.09

2 

 
0.120 

44 Suprabenthos 
      

0.01
0 

0.03
5 

  
0.02

4 
0.22

9 
0.00

1 
0.00

1 
0.01

6 
0.01

2 
0.24

3 
0.10

7 
0.00

8 
0.01

7 
0.01

2 
0.36

2 
0.06

0 
0.01

2 
0.094 

45 Benthic meiofauna 
                  

0.00
1 

     
0.013 

46 Macrozooplankton 
 

0.02
5 

   
0.17

3 

     
0.27

3 
0.00

4 
0.00

1 
0.04

1 
0.03

3 
0.36

5 
0.01

0 
0.00

2 
0.00

4 

 
0.01

1 
0.00

3 
0.40

3 
0.273 

47 Mesozooplankton - Large 
 

0.09
8 

0.38
9 

   
0.06

2 

    
0.00

0 
0.00

0 
0.01

9 
0.01

5 
0.01

0 
0.07

9 

   
0.06

5 
0.06

2 
0.08

7 
0.05

5 
0.005 
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48 Mesozooplankton - Small 
 

0.03
3 

0.31
8 

   
0.08

3 

    
0.00

0 
0.00

0 
0.03

2 
0.09

9 
0.00

4 
0.02

7 

   
0.07

0 
0.04

5 
0.06

3 
0.43

9 
0.010 

49 Microzooplankton 
                         

50 Bacteria 
                         

51 Phytoplankton - Large 
                     

0.00
1 

   

52 Phytoplankton - Small 
                         

53 Discards 0.04
0 

0.17
0 

                       

54 Detritus 
      

0.00
8 

         
0.00

7 

        

 
Import 

   
0.04

3 
0.01

5 

   
0.14

2 
0.17

8 

               

 
Prey \ predator 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 

1 Seabirds - Divers 
                         

2 Seabirds - Surface feeders 
                         

3 Baleen whales 
                         

4 Toothed cetaceans / Seals 
                         

5 Pelagic sharks 
       

0.00
9 

                 

6 Carnivorous demer. elasmobranchs 
                        

7 Benthivorous demer. 
elasmobranchs 

0.02
9 

                        

8 Sea bass 
                         

9 Anglerfish large 
                         

10 Anglerfish small 
         

0.00
0 

               

11 Hake large 
                         

12 Hake small 
         

0.00
1 

0.00
1 

              

13 Cod large 
                         

14 Cod small 
         

0.00
0 

               

15 Whiting 
                         

16 Haddock 
      

0.02
0 

                  

17 Pouts 0.03
1 

0.04
4 

    
0.02

1 
0.00

2 

 
0.12

6 
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18 Megrim 
                         

19 Sole 
                         

20 Plaice 
                         

21 Piscivorous demer. fish 
         

0.00
5 

               

22 Epibenthivorous demer. fish 
 

0.04
6 

     
0.00

2 

 
0.05

5 
0.00

1 

              

23 Endobenthivorous demer. fish 
       

0.01
5 

                 

24 Suprabenthivorous demer. fish 0.02
9 

0.04
4 

  
0.04

7 

 
0.02

7 
0.01

5 

 
0.26

5 
0.00

6 

              

25 Small benthivorous demer. fish 
 

0.04
5 

  
0.00

5 

 
0.02

0 

  
0.01

3 
0.06

2 
0.03

8 
0.00

1 

            

26 Mackerel 0.03
0 

      
0.00

4 

 
0.00

8 

               

27 Horse mackerel 0.03
3 

      
0.11

9 

                 

28 Boarfish 
       

0.01
6 

                 

29 Sprat 0.03
8 

0.04
6 

    
0.04

1 
0.00

9 

 
0.02

1 

               

30 Blue whiting 0.03
3 

0.00
4 

  
0.02

6 

    
0.02

5 

               

31 Pilchard 
       

0.01
1 

                 

32 Herring 
      

0.07
1 

0.01
2 

 
0.01

6 

               

33 Pelagic fish - Large 
       

0.01
6 

                 

34 Anchovy 
                         

35 Squids 0.03
4 

0.04
5 

  
0.00

8 

  
0.06

5 

 
0.05

1 
0.00

1 

              

36 Benthic cephalopods 0.03
5 

0.04
0 

  
0.00

9 

 
0.02

1 
0.01

5 
0.04

8 
0.00

3 
0.01

5 

              

37 Commercial crustaceans 
          

0.10
4 

0.02
3 

             

38 Nephrops 
    

0.00
3 

    
0.00

4 
0.01

5 

              

39 Commercial bivalves 
           

0.03
0 

   
0.00

3 

         

40 Shrimps 0.02
6 

0.04
6 

0.00
3 

0.02
8 

0.01
0 

 
0.01

6 
0.01

2 
0.06

0 
0.05

4 
0.07

7 
0.18

8 
0.02

2 

 
0.01

6 

          

41 Carnivorous/Necrophagous 
benth. inv. 

0.04
0 

0.04
6 

0.03
7 

0.04
3 

0.01
6 

0.06
1 

0.02
1 

0.04
1 

0.06
3 

0.00
3 

0.63
8 

0.29
8 

0.27
5 

 
0.18

3 
0.06

0 

         

42 Suspension/Surface detritus 
feeder benth. inv. 

0.04
2 

0.04
6 

0.03
2 

0.07
6 

0.01
8 

0.16
8 

0.03
6 

0.00
4 

0.07
4 

 
0.00

1 
0.12

7 
0.22

0 

 
0.22

7 
0.33

7 

         

43 Subsurface deposit feeder benth. inv. 
 

0.00
4 

 
0.00

2 

   
0.04

1 

  
0.17

4 
0.24

2 

 
0.11

5 
0.19

2 
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44 Suprabenthos 0.03
6 

0.04
6 

0.05
1 

 
0.04

1 

   
0.05

9 

 
0.07

6 

 
0.04

4 

 
0.04

0 

     
0.10

4 

    

45 Benthic meiofauna 
     

0.07
1 

  
0.08

6 

   
0.03

3 

 
0.04

0 

  
0.31

9 
0.03

4 

      

46 Macrozooplankton 0.09
0 

0.04
7 

0.04
9 

0.01
4 

0.72
7 

0.10
3 

0.24
0 

0.11
8 

0.02
3 

0.03
8 

 
0.06

6 
0.05

5 

 
0.03

1 

          

47 Mesozooplankton - Large 0.05
9 

0.21
1 

0.60
6 

0.17
7 

0.06
6 

0.10
2 

0.18
5 

 
0.19

3 
0.24

6 

    
0.01

1 

     
0.11

0 

    

48 Mesozooplankton - Small 0.41
2 

0.23
4 

0.21
8 

0.66
0 

0.02
2 

0.44
7 

0.28
0 

 
0.35

0 
0.06

7 
0.00

1 

   
0.01

9 

   
0.03

8 

 
0.24

5 
0.11

1 

   

49 Microzooplankton 
              

0.12
1 

   
0.11

3 

 
0.12

5 
0.16

7 
0.05

1 
0.04

8 

 

50 Bacteria 
                

0.05
3 

0.13
0 

0.15
0 

0.09
1 

   
0.09

5 

 

51 Phytoplankton - Large 0.00
2 

0.00
9 

 
0.00

3 

 
0.00

3 

  
0.00

3 

   
0.05

0 
0.15

0 
0.01

1 
0.01

2 
0.53

1 
0.00

1 
0.20

6 

 
0.12

5 
0.41

7 
0.29

0 
0.14

3 

 

52 Phytoplankton - Small 
             

0.30
0 

  
0.10

6 
0.00

0 
0.20

6 

 
0.12

5 
0.23

1 
0.58

1 
0.38

1 
0.050 

53 Discards 
           

0.00
2 

0.00
2 

            

54 Detritus 
     

0.04
7 

     
0.05

4 
0.05

5 
0.55

0 
0.18

6 
0.39

6 
0.30

9 
0.54

9 
0.25

3 
0.90

9 
0.16

6 
0.07

4 
0.07

7 
0.33

3 
0.950 

 
Import 

       
0.51

6 
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Table C 3 - Landing and discards data used in the Celtic Sea Ecopath model. 

Group name Landings Discards 

Seabirds - Divers 0 0 

Seabirds - Surface feeders 0 0 

Baleen whales 0 0 

Toothed cetaceans / Seals 0 0 

Pelagic sharks 8.20E-05 0 

Carnivorous demer. elasmobranchs 0.000605401 0.000748524 

Benthivorous demer. elasmobranchs 0.02490495 0.005088647 

Sea bass 0.006589839 1.16E-06 

Anglerfish 
  

Anglerfish large 0.09399714 0.01409957 

Anglerfish small 0 0 

Hake 
  

Hake large 0.1150131 0.01580429 

Hake small 0 0.007904518 

Cod 
  

Cod large 0.02703563 0.004055345 

Cod small 0.0001 1.50E-05 

Whiting 0.03786847 0.008559649 

Haddock 0.04408928 0.002223412 

Pouts 0.007539383 0.002454433 

Megrim 0.008124045 0.000438419 

Sole 0.005498093 0.000310251 

Plaice 0.002878779 0.002691078 

Piscivorous demer. fish 0.03406675 0.000647852 

Epibenthivorous demer. fish 0.02089451 0.006492905 

Endobenthivorous demer. fish 0.0132659 0.001546983 

Suprabenthivorous demer. fish 0 0.000178213 

Small benthivorous demer. fish 3.83E-06 0.01200964 

Mackerel 0.05614861 0.000329932 

Horse mackerel 0.01533125 6.34E-05 

Boarfish 1.00E-08 0 

Sprat 0.003571554 0 

Blue whiting 0.001145128 0 

Pilchard 0.03754269 8.55E-05 

Herring 0.06054229 5.93E-05 

Pelagic fish - Large 0.01702151 6.34E-05 

Anchovy 0.00045001 0 

Squids 0.006516982 3.86E-05 

Benthic cephalopods 0.01890354 0.001276399 

Commercial crustaceans 0.01672701 1.80E-05 

Nephrops 0.01520238 0.000969947 
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Commercial bivalves 0.1184508 0.01982821 

Shrimps 0.000176399 0.002581829 

Carnivorous/Necrophagous benth. inv. 0.08823019 0 

Suspension/Surface detritus feeder benth. inv. 1.34E-06 6.03E-06 

Subsurface deposit feeder benth. inv. 0 0 

Suprabenthos 0 0 

Benthic meiofauna 0 0 

Macrozooplankton 0 0 

Mesozooplankton - Large 0 0 

Mesozooplankton - Small 0 0 

Microzooplankton 0 0 

Bacteria 0 0 

Phytoplankton - Large 0 0 

Phytoplankton - Small 0 0 

Discards 0 0 

Detritus 0 0 
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Table C 4 - PREBAL diagnostics and how the criteria have been met. 

Criteria Celtic Sea 

model 

results 

Comment 

Biomass should span 5-7 orders 

of magnitude 

Spans 6 

orders of 

magnitude 

_ 

Biomass slope (log scale) around 

5-10% decline with increasing TL 

9.3% _ 

Are any functional group 

biomasses notably above/below 

the line? 

Met Below B: 

- The two seabird functional groups: B 

values; as stated in Hernvann et al., (2020) 

lower biomass compared with neighbouring 

areas have been well described; potential 

anthropogenic impacts 

- Discards but results only regulated by 

fishing; 

 

 

- Benthic invertebrate groups: B estimated 

by the model and support predation of 

multiple compartments including themselves 

 
Compared across taxa, the ratio 

between predator and prey 

biomass should be <1 and ~1-2 

decimal places, depending on TL 

Met 

 

_ 

PB should decline with increasing 

TL (excluding homeotherms) 

Met Low values for whales; high values for 

cephalopods 
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QB should decline with 

increasing TL (excluding 

homeotherms) 

Met Q/B especially high for seabirds  

No taxa should have PB greater 

than phytoplankton 

Met _ 

PQ should fall below 1 for all 

functional groups 

Met true for all groups except for homeotherms 

with low values 

PR should fall below 1 for all 

functional groups 

Met _ 

EE should fall below 1 for all 

functional groups 

Met _ 

Total consumption and 

production should decrease with 

increasing TL 

Met  _ 

 



Appendix C 

 
224 

 
 

 

Figure C 1 - PREBAL diagnostic figures for updated 2013 Ecopath model 
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Ecosim Model 

Table C 5 - Ecosim input parameters taken from Hernvann et al. (2020) 

 
Group name Max 

rel. P/B 

Max rel. 

feeding 

time 

Feeding 

time adjust 

rate 

% of oth. 

mortality 

sens. to chg. 

in feeding 

time 

Predator 

effect on 

feeding 

time  

Density-

dep. 

catchability 

QBmax 

/ QBo 

Switching 

power 

parameter 

1 Seabirds - Divers 2 1.25 0.5 1 0 1 3 2 

2 Seabirds - Surface 

feeders 
2 1.25 0.5 1 0 1 3 2 

3 Baleen whales 2 1.25 0.1 1 0 1 3 2 

4 Toothed cetaceans / 

Seals 
2 1.25 0.1 1 0 1 3 2 

5 Pelagic sharks 2 1.25 0.1 1 0 1 10 2 

6 Carnivorous dem. 

elasmobranchs 
2 1.25 0.1 1 1 1 3 1 

7 Benthivorous dem. 

elasmobranchs 
2 1.25 0.1 1 1 1 3 1 

8 Sea bass 2 1.25 0.1 1 1 1 3 2 

  Anglerfish         

9 Anglerfish adult 2 1.25 0.1 1 1 1 3 1 

10 Anglerfish juvenile 2 1.25 0.2 1 0.75 1 3 1 

  Hake         

11 Hake adult 2 1.25 0.1 1 1 1 3 2 

12 Hake juvenile 2 1.25 0.2 1 0.75 1 3 1 

  Cod         

13 Cod adult 2 1.25 0.1 1 1 1 3 2 

14 Cod juvenile 2 1.25 0.2 1 1 1 3 2 

15 Whiting 2 1.25 0.1 1 1 1 3 2 

16 Haddock 2 1.25 0.1 1 1 1 3 1 

17 Pouts 2 1.25 0.1 1 1 1 3 2 

18 Megrim 2 1.25 0.1 1 1 1 3 1 
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19 Sole 2 1.25 0.5 1 1 1 10 0.5 

20 Plaice 2 1.25 0.5 1 1 1 10 0.5 

21 Piscivorous 

demersal fish 
2 1.25 0.1 1 1 1 3 2 

22 Epibenthivorous 

demersal fish 
2 1.25 0.1 1 1 1 3 2 

23 Endobenthivorous 

demersal fish 
2 1.25 0.5 1 1 1 10 0.5 

24 Suprabenthivorous 

demersal fish 
2 1.25 0.1 1 0.75 1 3 0 

25 Small benthivorous 

demersal fish 
2 1.25 0.5 1 0.75 1 3 0.5 

26 Mackerel 2 1.25 0.5 1 0.5 1 3 0 

27 Horse mackerel 2 1.25 0.5 1 0.5 1 3 0 

28 Boarfish 2 1.25 0.5 1 0.5 1 3 0 

29 Sprat 2 1.25 0.5 1 0.5 1 3 0 

30 Blue whiting 2 1.25 0.5 1 0.5 1 3 0 

31 Pilchard 2 1.25 0.5 1 0.5 1 3 0 

32 Herring 2 1.25 0.5 1 0.5 1 3 0 

33 Pelagic - Large 2 1.25 0.1 1 1 1 10 1 

34 Pelagic - Medium 2 1.25 0.5 1 0.5 1 3 0 

35 Squids 2 1.25 0.1 1 1 1 3 1 

36 Benthic cephalopods 2 1.25 0.1 1 1 1 3 1 

37 Commercial 

crustaceans 
2 1.25 0.1 1 0.75 1 3 1 

38 Nephrops 2 1.25 0.1 1 0.75 1 3 1 

39 Commercial bivalves 2 1 0.05 0 0 1 3 0 

40 Shrimps 2 1.25 0.1 1 0.5 1 3 1 

41 Carnivores/Necroph

ages 
2 1.25 0.1 1 0.5 1 3 1 

42 Suspension/Surface 

detritus Feeders 
2 1.25 0.1 1 0.5 1 3 0 
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43 Subsurface deposit 

feeders 
2 1.25 0.1 1 0.5 1 3 0 

44 Suprabenthos 2 1.5 1 1 0.5 1 3 0 

45 Benthic meiofauna 2 1.5 1 0 0 1 3 0 

46 Macrozooplankton 2 1.5 1 1 0 1 3 1 

47 Mesozooplankton - 

Large 
2 1.5 1 1 0 1 3 0 

48 Mesozooplankton - 

Small 
2 1.5 1 1 0 1 3 0 

49 Microzooplankton 2 1.5 1 1 0 1 3 0 

50 Bacteria 2 1.5 0.05 1 0 1 3 0 

51 Phytoplankton - 

Large 
2 1 0.5 1 0 1 1000 0 

52 Phytoplankton - 

Small 
2 1 0.5 1 0 1 1000 0 
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Figure C 2 - Stability testing of EwE model over 100 years. a) Complete cessation of fishing, b) 50% decrease of 
fishing and c) 50% increase of fishing. Dotted representation duration of change in fishing.  


