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Abstract : 

Global changes, through their impacts on ecosystem trophic structures, are behind regime shifts and 
cascading effects, and could result in the reorganization of whole ecosystems. The Celtic Sea is a 
temperate sea at risk of the above because of the interplay between climate change and fisheries. This 
sea has only displayed slight changes in species diversity between the late 20th century and the present 
day. However, this apparent stability in species diversity could be hiding structural transformations, 
including the rearrangement of trophic relationships. Historical stomach content database offers the 
opportunity to investigate changes in ecosystem trophic structure. Based on such database, this study 
explored shifts in the feeding habits of gadiform species in the Celtic Sea in the 1980s, 1990s, and 2010s. 
To this end, it examined dietary generalism and composition for four top predator fish species. During the 
target period, generalists maintained their diets, while specialists adopted more generalist diets. There 
were also decreases in frequencies of occurrence of certain fishes within the diets of gadiform species. 
These recent changes in trophic structure organization have likely been caused by the influence of global 
changes on both top-down and bottom-up processes that occurred in the Celtic Sea. 

Highlights 

► From the 1980s–2010s, specialists top predators in the Celtic Sea switched to generalist diets. ► Fish
occurrence decreased in the diets of top predators while crustaceans increased. ► Top-down and bottom-
up processes might have caused this trophic structure re-organization.
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1. Introduction  27 

Marine ecosystems are dynamic and experience myriad anthropogenic pressures, whose increasing 28 

frequency and magnitude might foster ecosystemic structural reorganization (Harley et al., 2006, Bryndum-29 

Buchholz et al., 2019). Among those variations, the trophic structure of ecosystems is shaped by 30 

interactions between predator and prey as well as between predators and their competitors, which are likely 31 

to be affected by global changes (Holland et al., 2020, Nagelkerken et al., 2020). 32 

There is a rich history of research exploring ecosystem trophic structure, with the aim of understanding and 33 

characterizing the above interactions (Levinton, 1972, Woodin & Jackson, 1979). Stomach content analysis 34 

was the first tool developed to study species trophic ecology (Hyslop 1980, Hynes, 1950). It offers a detailed 35 

snapshot of an individual’s diet in the few hours prior to sampling (Hyslop, 1980, Amundsen & Sanchez-36 

Hernandez, 2019, de Carvalho et al., 2019). Thus, the existence of historical data on stomach contents offers 37 

a unique opportunity to investigate ecosystem-level trophic changes over intermediate to long term periods 38 

(Buckland et al., 2017, Garrison & Link, 2000).  39 

The Celtic Sea is a temperate sea where demersal top predators ( e.g. anglerfish, plaice, megrim, sole, cod, 40 

haddock, hake and whiting) occupy a central position in trophic functioning of the ecosystem (Moullec et 41 

al., 2017, Hernvann et al., 2020). Historically, fishing activities have resulted in regular data collection, 42 

including information on the stomach contents of commercial species; such has created an opportunity to 43 

precisely characterize the area’s trophic change over time (Pinnegar, 2014). Despite ongoing resource 44 

exploitation and environmental fluctuations, the Celtic Sea has only experienced slight changes in species 45 

diversity from the end of the 20th century to the present (Mérillet et al., 2020, Hernvann et al., 2020). Such 46 

apparent taxonomic stability might hide insidious degrees of structural reorganization, especially in trophic 47 

relationships (Pinnegar et al., 2002).  48 

This study examined whether some changes occurred in the diets of four top predator fish species in the 49 

Celtic Sea between three time periods running from the 1980s to the 2010s. Specifically, we looked at the 50 

detailed diet composition of four gadiform species: cod, Gadus morhua; haddock, Melanogrammus 51 

aeglefinus; whiting, Merlangius merlangus; and hake, Merluccius merluccius. Adults of these species are 52 

commercially important (Hernvann & Gascuel, 2020) and, as top predators, they are important regulators 53 

of trophic interactions within ecosystems (Moullec et al., 2017, Hernvann et al., 2020, Lynam et al., 2017, 54 

Baum & Worm, 2009). Since species degree of generalism could be interpreted as species trophic niche 55 

breadth, generalist species, having a broader trophic niche breadth than specialized ones,  the degree of 56 

dietary generalism of these species was also investigated. 57 
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 2. Materials and Methods  58 

To analyze species’ diets, two sources were used: a database containing historical information on fish 59 

stomach contents from the 1980s and 1990s (Pinnegar, 2014) and data from the EATME project for 2010s 60 

(Robert et al., 2022) that contains information from 2014 to 2016 (Table S1).  61 

The data availability in the stomach content database was explored for the four species of interest from the 62 

oldest data available to the most recent ones, in the Celtic Sea (ICES rectangles VIIf, VIIg, VIIh and VIIj). 63 

Because of the large number of individuals represented in the database for those periods, focus was placed 64 

on the 1980s (1981, 1984, and 1985) and the 1990s (1991, 1992, and 1993). The data collection framework 65 

from these periods were documented in du Buit 1982, 1995, 1996, du Buit & Merlinat 1987 and Pinnegar 66 

2003. The EATME project took place during the EVHOE campaign (EValuation des ressources 67 

Halieutiques de l’Ouest de l’Europe), which was part of the International Bottom Trawl Survey (Leaute et 68 

al., 2016, 2015, Duhamel et al., 2014). EVHOE samples were collected with a demersal trawl (Day et al., 69 

2019).  70 

Changes in fish morphometric characteristics and habitats during their life commonly result in size 71 

dependent diets (Karpouzi & Stergiou, 2003, Day et al., 2019). In the analysis, only individuals that have 72 

already completed their ontogenetic diet shift were considered, i.e. individuals exceeding 60 cm for cod, 23 73 

cm for haddock, 22 cm for whiting, and 21 cm for hake (Day et al., 2019, Mahe et al., 2007). 74 

First, a study database was built that brought together information on prey identities over the focal decades. 75 

It included data on 195 taxa (96 from the 1980s, 78 from the 1990s, and 106 from the 2010s), which were 76 

grouped at three levels of taxonomic resolution to facilitate the analysis. The first and less detailed level 77 

included 7 groups: Pisces, Crustacea, Mollusca, Cnidaria, Echinodermata, Polychaeta, and Other. The 78 

second level was an intermediate taxonomic scale with 33 groups, mostly Family level. The third and most 79 

detailed level included 195 groups (Table S2). All the analyses were conducted at all three scales. However, 80 

because the analyses yielded similar results, not all results from all level of taxonomic resolution are 81 

presented below. 82 

Since documentation on prey number estimation methodologies were not available for all periods and 83 

following Buckland et al. (2017) recommendations on stomach content data comparisons, only prey 84 

frequencies of occurrence were used. Prey frequencies of occurrence were defined as the prey occurrences, 85 

standardized by the total number of prey taxa present in each predator individual stomach (Equation 1-2), 86 

these values ranged from 0 to 100.  87 

(1) Foj,i = Ocj,i/∑j = 1,mOcj 88 

Foj,i corresponded to the standardized prey occurrence by individual predator, i, stomach, the occurrence, 89 

Ocj,i is a binary value, either 0 or 1, that corresponded to the presence or the absence of the prey taxa j in 90 
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the stomach of predator individual i for the selected predator species, divided by the sum of occurrence of 91 

each prey taxa, Ocj, over the total number, m, of prey taxa.  92 

(2) Foccuj = ∑i = 1,n Foj,i/n x 100 93 

Foccuj corresponded to frequencies of occurrence of a given taxa, j, for the selected predator species, the 94 

sum of the standardized prey occurrences in individual predator i, Foj,i, over all predator individuals of this 95 

specific predator species, divided by the total number of individual predator, n, of this specific predators 96 

species, multiplied by 100. Results analysis were done at the predator species level based on Foccuj values.  97 

Normalized Shannon’s index were calculated to estimate the niche breadth of each predator species 98 

(Shannon & Weaver 1949, Colwell & Futuyma, 1971). The normalized index range from 0, i.e. fully 99 

specialist predator, to 1, i.e. generalist predator that consumes all possible prey types equally. The index 100 

was calculated at the first and less detailed taxonomical level, as such generalist species were predators 101 

feeding on different taxonomical groups and not predators feeding on different species within the same 102 

taxonomical group. The index were estimated based on prey frequencies of occurrence (Equation 3).  103 

(3) hi = -(ln N)-1𝛴j= 1,NFoccui,jln(Foccui,j) 104 

N was the total number of prey taxa groups and Foccui,j is the frequency of occurrence of prey taxon j in 105 

the diet of predator species i.  106 

3. Results  107 

Overall, the diet of cod remained fairly consistent over time. Its primary prey were crustaceans (1980s: 108 

54%; 1990s: 56%; and 2010s: 49%) that were mostly members of Anomura, Brachyura, and Caridea (Table 109 

S3). Ranking second were fish (1980s: 37%; 1990s: 36%; and 2010s: 26%), mainly gadiforms and 110 

perciforms; however, these two groups decreased slightly in frequency over the three focal decades. The 111 

dietary frequency of mollusks increased over time, from 2% in the 1980s to 5% in the 1990s to 19% in the 112 

2010s. The dietary frequency of polychaetes decreased slightly over time, from 7% in the 1980s to 3% in 113 

the 1990s to 2% in the 2010s (Figure 1, Table S3). Overall, cod maintained the same degree of generalism 114 

in its diet (1980s: 0.411; 1990s: 0.438; and 2010s: 0.448).  115 

The most generalist of the study species was haddock, even though its degree of generalism decreased over 116 

time from 0.731 in the 1980s to 0.671 in the 1990s to 0.560 in the 2010s. This species mainly ate 117 

echinoderms, crustaceans, polychaetes, and mollusks. The dietary frequency of echinoderms increased 118 

from 23% in the 1980s to 35% in the 1990s to 38% in the 2010s, while that of polychaetes decreased from 119 

26% in the 1980s to 18% in the 1990s and 12% in the 2010s (Figure 1, Table S3).  120 

Both whiting and hake displayed similar dietary patterns. The two species were highly specialized in the 121 

1980s (0.128 and 0.038, respectively) but adopted a more generalist diet in the 1990s (0.356 and 0.288, 122 
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respectively), a trend that continued into the 2010s (0.406 and 0.481, respectively). Specifically, both 123 

species initially specialized more on fish and then progressively shifted to primarily consuming a variety 124 

of crustaceans. For whiting, the dietary frequency of fish was 94% in the 1980s, 73% in the 1990s, and 12% 125 

in the 2010s. For hake, these figures were 99% in the 1980s, 78% in the 1990s, and 41% in the 2010s. In 126 

the 1980s, both predators largely fed on gadiform fish (48% for whiting and 55% for hake), dominated by 127 

Trisopterus spp. and blue whiting (Micromesistius poutassou). Sprat (Sprattus sprattus), and horse 128 

mackerel (Trachurus trachurus) were also observed in their stomach contents (Table 1). In the 1980s, 129 

Scombridae was frequently represented in the diet of hake but was not reported from the diet of whiting 130 

(Table 1). For whiting, the dietary frequency of crustaceans was 5% in the 1980s, 22% in the 1990s, and 131 

76% in the 2010s. For hake, these figures were less than 1% in the 1980s, 20% in the 1990s, and 52% in 132 

the 2010s. There was no clear pattern in the types of crustaceans consumed in the case of whiting. In hake, 133 

the dietary frequency of Crangonidae increased slightly over time: it was less than 1% in the 1980s and 134 

1990s but had risen to 7% by the 2010s (Figure 1, Table S3, Table 1).  135 

 136 

Figure 1 Frequencies of occurrence (%) over time of the different prey groups in the stomach contents of 137 

the four fish study species: (A) cod (Gadus morhua), (B) haddock (Melanogrammus aeglefinus), (C) 138 

whiting (Merlangius merlangus), and (D) hake (Merluccius merluccius). The less detailed taxonomic level 139 

was used. 140 

Table 1 Frequencies of occurrence (%) over time of different prey belonging to Pisces and Crustacea in the 141 

stomach contents of whiting (Merlangius merlangus) and  hake (Merluccius merluccius). The most detailed 142 
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level of taxonomic resolution was used. Only frequencies of occurrence that exceeded 5% during the 1980s, 143 

1990s, or 2010s are presented. 144 

    Whiting Hake 

Subgroup  Species Common name 1980s 1990 2010 1980 1990 2010 

Pisces 

 

 

 

 

 

 

 

Gadiforms Trisopterus spp.  - 39.8 17.2 2.2 21.2 13.7 3.6 

Actinopteri other Sprattus sprattus Sprat 29.3 9.5 0.0 7.6 0.3 0 

Gadiforms Micromessistius 

poutassou 

Blue whiting 6.8 0.2 0.0 29.9 8.7 0.0 

Osteichtys other Osteichtys-teleostei - 2.9 28.0 0.0 0.1 19.9 0.0 

Actinopteri other Actinopteri - 0.0 0.0 7.8 0.0 0.0 22.9 

Perciforms Trachurus trachurus Horse mackerel 5.0 0.6 2.2 13.3 3.3 6.5 

 Scombridae - - - - 11.9 17.7 2.9 

Others Other  9.7 17.6 0.0 15.1 14.6 5.3 

Total   93.7 73.1 12.2 99.1 78.2 41.3 

Crustacea 

 

 

 

 

 

 

 

Crustacea Crustacea - 0.0 8.3 0.0 - - - 

Eumalacostraca Eumalacostraca - 0.0 0.0 45.6 0.0 0.0 39.6 

Caridea Crangonidae - 1.4 2.1 10.0 0.2 0.6 6.5 

Amphipoda Amphipoda - 0.0 0.0 7.8 - - - 

Caridea Pandalidae - - - - 0 12.3 0.7 

Others Other  2.6 8.4 11.5 - - - 

Total   4.9 22.3 75.6 0.3 20.5 52.2 

 145 

4. Discussion  146 

In the Celtic Sea, the generalist species cod and haddock have maintained the same diet composition over 147 

decades. Conversely, over the same time period, the specialists whiting and hake have adopted more 148 

generalist diets. Cod diets characterized by crustaceans and fish preys displayed comparable shifts from 149 

specialist to generalist diets in the Baltic Sea between the 1960s and 2010s (Haase et al., 2020), while in 150 

the Barents Sea their diets stayed relatively stable between the 1930s and 2010s (Townhill et al., 2019). In 151 

an environment undergoing global changes, generalist species may be favored over specialist species, given 152 

potential differences in their adaptive capacities (van Denderen et al., 2018, Beger, 2021, Clavel et al., 153 

2011, Olin et al., 2022). Because the Celtic Sea is experiencing global changes, these differences may have 154 

pushed specialists to become generalists, resulting in a species-level increase in generalism.  155 

Predator diets depend on feeding strategies. The latter may be opportunistic versus selective, and they can 156 

be discerned by looking at the correspondence between a predator’s realized trophic niche and the relative 157 
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abundance of its prey in the local environment. Opportunist species consume prey in accordance with their 158 

local abundance, while selective species consume certain prey more than others in accordance with 159 

energetic trade-offs, which are determined by both prey abundance and nutritional quality (Scharf et al., 160 

2000, Spitz et al., 2018).  161 

In the Celtic Sea, cod, whiting and hake appear to be opportunistic foragers, given the spatial distribution 162 

of blue whiting, Micromesistius poutassou and pouting, Trisopterus spp. (Trenkel et al., 2005) and their 163 

representation in the predators’ stomach contents. Opportunist relations between those predators and their 164 

preys would suggest that their diet composition have varied according to prey availability (Alonso et al., 165 

2019). In the 1980s, whiting and hake consumed almost exclusively fish (> 90%). Then, in the 1990s, the 166 

compositions of their diets shifted to include a mixture of fish (~75%) and crustaceans (~20%). Finally, in 167 

the 2010s, their diets were more than half made up of crustaceans. In adjacent European waters (e.g., the 168 

Baltic Sea from 2011 to 2013 and the North Sea in 1981), whiting stomach contents studies evidenced a 169 

mainly piscivorous diet, dominated by gobies and clupeids (Hislop et al., 1991, Ross et al., 2016). Fish prey 170 

species might have become less available in the Celtic Sea, leading to the observed dietary shifts. The cause 171 

could have been changes in prey distribution or abundance as a result of environmental variation or 172 

overfishing (Calado et al., 2020, Hernández-Mendoza et al., 2022). Notably, the fish prey species of whiting 173 

and hake have commercial value in the Celtic Sea and have thus been affected directly by fishing. For 174 

instance, blue whiting (M. poutassou) abundance index decreased by more than 90%, from 8x1012 tonnes 175 

(standard deviation [SD]: 1x1012 tonnes) in 1997 to 5x1011 tonnes (SD: 4x1011 tonnes) in 2016 (Ifremer, 176 

2023), possibly due to increased landings in the southern part of the Northeast Atlantic, including the Celtic 177 

Sea, during the same period (ICES, 2022). Moreover, worldwide, climate change has been proven to result 178 

in marine species to move into deeper waters and toward the poles (Poloczanska et al., 2013, 2016). These 179 

shifts could also have impacted prey abundances and distributions and led to an increase in the abundance 180 

of certain competitors, resulting in decreased prey availability for local predators (Perry et al., 2005, Dulvy 181 

et al., 2008). Fish and invertebrate prey (e.g., polychaetes and echinoderms) distribution shifts have already 182 

been evidenced in European waters and are likely to continue in the future (Schickele et al., 2021, Hiddink 183 

et al., 2015, Weinert et al., 2016). 184 

In the case of predators feeding selectively, temporal variation in diet composition could also have been 185 

caused by changes in prey nutritional quality (Rijnsdorp et al., 2009, Heneghan et al., 2023). It is thought 186 

that feeding strategies are driven by energetic trade-offs, where predators prefer prey that yield more energy 187 

per unit handling time (Scharf et al., 2000). Smaller pelagic fish tend to contain higher levels of lipids than 188 

do larger pelagic fish, and pelagic fish have higher lipid contents, on average, than do demersal or benthic 189 

species, which could explain a selective behavior toward these species (Van Pelt et al., 1997, Pinnegar et 190 

al., 2003, Spitz et al., 2010). It has been hypothesized that whiting, hake and other congeners display 191 

selective foraging behavior in which they target specific prey (Belleggia et al., 2019, Shaw et al., 2008). 192 

Certain lipid-rich prey (e.g., blue whiting) may be consumed more frequently than would be expected based 193 

on their temporal availability alone (Pinnegar et al., 2003, Mahe et al., 2007). If certain prey declined in 194 

quality but still required the same foraging time investment, it could reduce their attractiveness to predators 195 
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(Schrimpf et al., 2012) and led the predator to show less selective feeding strategies toward them. In the 196 

Bay of Biscay, the weight at age and biomass of small pelagic fish (e.g. sardine, Sardina pilchardus, 197 

anchovy, Engraulis encrasicolus and horse mackerel, Trachurus trachurus) decreased since the 2000s 198 

(Doray et al., 2018, Boëns et al., 2021). Similar variations in small pelagic fish sizes and abundances could 199 

have occurred in the Celtic Sea, reducing predator selective behavior toward them. Dietary shifts 200 

comparable to those observed in this study have already been documented in top predator diets for different 201 

regions of the Atlantic ocean, such as cod in the Baltic Sea (Neuenfeldt et al., 2020) or seabirds in islands 202 

from from the tropical South Atlantic (Reynolds et al., 2019) and could imply that short-term ecosystem 203 

restructuring has taken place. 204 

Despite efforts to standardize the data and carry out temporal comparisons, these results should be 205 

interpreted with caution. On the one side, bias could emerged from the use of stomach content method 206 

itself. This method tend to overestimate the contribution of slowly digested taxonomical groups in species 207 

diets (Amundsen & Sanchez-Hernandez, 2019). Stomach content analysis also offered a snapshot of 208 

predator diet composition limited in time (e.g. days or weeks), as such it is sensitive to occasional spatio-209 

temporal variations in prey availability and predator displacements (Buckland et al., 2017). On the other 210 

side, sample sizes and seasonal coverage differed over time. Seasonal variations in prey distributions and 211 

life-stages are likely to impact species diets (Holt et al., 2019, Eriksen et al., 2021). These concerns could 212 

have influenced the patterns observed, and the results presented here would benefit from complementary 213 

work to confirm whether these patterns persist in the near future. Seasonal variations observed in this study 214 

were marginal in comparison to inter-period variations, however collecting data all year around would 215 

strengthen our conclusions. That said, this study’s findings are valuable in better understanding past trophic 216 

variation in the Celtic Sea. Such important changes in top predators feeding habits could be the result of 217 

top-down and bottom-up processes currently in action in the Celtic Sea. Top-down forces could include a 218 

reduction in the abundance of fish occupying intermediate trophic levels, as a result of fishery exploitation 219 

(Moullec et al., 2017, Hernvann et al., 2020, Daskalov et al., 2007). In the Celtic Sea, biomass for species 220 

at higher trophic levels has been in decline since the second half of the 20th century, which has resulted in 221 

a progressive decrease in the mean trophic level of landings (e.g., a phenomenon known as “fishing down 222 

the food web”) (Pinnegar et al. 2002, Pauly et al., 1998). Since the end of the 20th century fishery 223 

management policy, mainly through the implementation of fishing quotas, have caused a decrease of the 224 

fishing mortality exerted on top predators. On the contrary, the fishing mortality of their fish prey has 225 

progressively increased, reducing their availability to predators. Top-down forces could also stem from 226 

increased competition between top predators. Additionally, climate change might have resulted in the 227 

arrival or increase in top predators coming from southern waters, who might be competing for the same 228 

resources (Lancaster et al., 2017). In contrast, bottom-up forces could have recently arisen from 229 

environmental changes (e.g. climate change, pesticide regulations) in temperate waters (Galloway & 230 

Winder, 2015, De Senerpont Domis et al., 2014). The results could have been shifts in phyto- and 231 

zooplankton abundances, sizes, and lipid contents. Such variations are likely to affect the abundance, size, 232 
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and nutritional quality of primary consumers, such as small pelagic fish (Menu et al., 2023, Queiros et al., 233 

2019, Frederiksen et al., 2006, Litzow et al., 2006). Bottom-up control could also have influenced the 234 

trophic structure of the Celtic Sea by directly boosting the occurrence of certain prey, such as crustaceans, 235 

echinoderms, or mollusks (Henderson et al., 2011, Hiddink et al., 2015, Weinart et al., 2016). As such, 236 

trophic ecology offers the opportunity to track both bottom-up and top-down processes alteration. Trophic 237 

ecology is also a valuable tool for investigating how global changes can affect ecosystem structure and 238 

function. Finally, diet shifts could cause a modification of the basic elements (e.g. protein and lipids) and 239 

energy inputs provided to the top predators, as crustaceans species contains on average almost 4 times less 240 

lipids than sprats and horse mackerel (Spitz et al., 2010). These modifications are likely to lead to energy 241 

allocation strategies modifications (Martin et al., 2017) and result in alterations of the growth and 242 

reproductive functions of the species (Alonso-Fernandez et al., 2012, Lloret et al., 2008).   243 
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Highlights 

 

• From the 1980s to 2010s, specialists top predators in the Celtic Sea switched to generalist 

diets 

• Fish occurrence decreased in the diets of top predators while crustaceans increased 

• Top-down and bottom-up processes might have caused this trophic structure re-

organization 
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