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application of collagen peptide mass fingerprinting has not yet been published and it is 
intended to include these results in the same publication as the isotope results (Chapter 6).  
 
Chapter 6 is further from publication in the current format. The author of this thesis is 
responsible for sample selection, lab work, data analysis, making figures, interpreting the 
zooarchaeological results, and drafting the paper. The publication will be co-authored by 
Michelle Alexander and David Orton, who advised on the analysis and provided feedback on 
the manuscript, Matt von Tersch (University of York), who assisted with the lab work, and 
Peter Schauer (University of York), who advised on the statistical analysis of the data. This 
chapter will be shortened, several paragraphs will be added as supplementary information, 
and parts of other chapters of this thesis (Chapters 1, 2 and 7) will be added when it will be 
submitted for publication.  
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Table 1.1. Overview of the taxonomic classification by Nelson et al. (2016) of flatfish present in the North Sea. References for the occurrences 
can be found in table 1.2. Only the mostly used English name is provided here. Trivial names of fish are complex and many regions use local 
names. These species also have common names in other relevant languages. 
Order Suborder Superfamily Family Subfamily Tribe Genus Species Author Common name 

Pleuronectiformes Pleuronectoidei Citharoidea Citharidae   Citharus linguatula (Linnaeus 1758) Spotted flounder 

  Pleuronectoidea Scophthalmidae   Lepidorhombus boscii (Risso 1810) Four-spot megrim 

       whiffiagonis (Walbaum 1792) Megrim 

      Scophthalmus maximus (Linnaeus 1758) Turbot 

       rhombus (Linnaeus 1758) Brill 

      Zeugopterus norvegicus (Günther 1862) Norwegian topknot 

       punctatus (Bloch 1787) Topknot 

       regius (Bonnaterre 1788) Eckström's topknot 

   Pleuronectidae Microstominae  Glyptocephalus cynoglossus (Linnaeus 1758) Witch 

      Microstomus kitt (Walbaum 1792) Lemon sole 

    Hippoglossinae  Hippoglossus hippoglossus (Linnaeus 1758) Halibut 

    Pleuronectinae Hippoglossoidini Hippoglossoides platessoides (Fabricius 1780) Long rough dab 

      Limanda limanda (Linnaeus 1758) Dab 

     Pleuronectini Platichthys flesus (Linnaeus 1758) Flounder 

      Pleuronectes platessa Linnaeus 1758 Plaice 

   Bothidae   Arnoglossus laterna (Walbaum 1792) Mediterranean scaldfish 

  Soleoidae Soleidae   Buglossidium luteum (Risso 1810) Solenette 

      Microchirus variegatus (Donovan 1808) Thickback sole 

      Pegusa lascaris (Risso 1810) Sand sole 

      Solea solea (Linnaeus 1758) Dover sole 

   Cynoglossidae Cynoglossinae  Cynoglossus browni Chabanaud 1949 Nigerian tonguesole 
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Keast, 1988) and new taxa were created (Achiropsettidae by Evseenko, 2000; Cyclopsettidae 
by Betancur-R et al., 2017; Oncopteridae by Campbell et al., 2019), resulting in the current 
taxonomic classification of this order, following Nelson et al. (2016) (table 1.1).  
 
According to Fricke et al. (2022), there are currently 818 species within Pleuronectiformes 
divided into 15 families, with the Cyclopsettidae (see below) not accepted. Their number will 
probably continue to increase in the following years, as might be expected from the new 
species of flatfish still being discovered every year from all around the world (e.g., Fricke et 
al., 2017; Amaoka & Ho, 2018; Tongboonkua et al., 2018; Fricke, 2019; Fricke et al., 2019; 
Naito & Endo, 2019; Voronina, 2019; Munroe, 2021).  

1.1.2 Phylogeny 
Understanding relationships between flatfish species is relevant for the identification methods 
used in this thesis. It can be hypothesised that closely related species might be more similar 
in their osteology and thus are more prone to error in identification using osteology or 
geometric morphometrics, depending on their ecomorphological adaptations. For the same 
reason, closely related species might have similar collagen fingerprints that can be confused 
with each other (figure 1.1).  
 

 
Figure 1.1. Cladogram of North Sea Pleuronectiformes based on Tinti et al. (2000), Chanet 
(2003), and Betancur-R et al. (2017). References for the occurrences can be found in table 
1.2.  
 
The phylogeny of flatfish has long been of interest, since there are no other groups of 
vertebrates that have such an asymmetrical shape and undergo such dramatic orbital 
migration during their life. The phylogenetically closest living species to flatfish do not share 
any of their peculiar morphological characters.  
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Based on a phylogenetic study combining nuclear and mitochondrial DNA as well as fossil 
calibrations, it appears that the Centropomidae are closely related to the Pleuronectiformes 
and both fall within the Carangimorpha containing Carangiformes, Istiophoriformes and 
several smaller families such as Polynemidae, Toxotidae and Sphyraenidae (Betancur-R et 
al., 2017).  
 
Pleuronectiformes appear to be monophyletic based on molecular and morphological studies 
(Cooper & Chapleau, 1998; Berendzen & Dimmick, 2002; Betancur-R et al., 2013; Betancur-
R & Ortí, 2014; Campbell et al., 2014; Harrington et al., 2016; Betancur-R et al., 2017). The 
unique morphological adaptations of flatfish, such as the asymmetry, the extended dorsal fin 
and the protruding eyes thus evolved once. Different molecular studies, however, show that 
the relationships between genera and families is not always agreed upon (e.g., Verneau et al., 
1994; You et al., 2005; Pardo et al., 2005; Azevedo et al., 2008; Roje, 2010; Sharina & 
Kartavsev, 2010; Campbell et al., 2014; Harrington et al., 2016; Ji et al., 2016; Betancur-R et 
al., 2017; Vinnikov et al., 2018). Furthermore, the current taxonomic classification by Nelson 
et al. (2016) does not agree with three recent phylogenetic analyses by Harrington et al. 
(2016), Betancur-R et al. (2017), and Atta et al. (2022). The genera Cyclopsetta, Paralichthys, 
Syacium, Citharichthys and Etropus are more related to the genera classified in the family 
Bothidae than to those of Paralichthyidae (Harrington et al., 2016; Betancur-R et al., 2017) in 
which they are classified according to Nelson et al. (2016). Betancur-R et al. (2013; 2017) and 
Atta et al. (2022) therefore proposed a new family, Cyclopsettidae. According to Betancur-R 
et al. (2017), one genus classified in Rhombosoleidae, two in Achiropsettidae and the species 
Oncopterus darwinii Steindachner 1874 fall in the phylogenetic clade containing the 
Pleuronectoidae instead of the Soleoidae in which they are classified (Nelson et al., 2016; 
Betancur-R et al., 2017), even though the same species form a sisterclade to the Achiridae 
according to Harrington et al. (2017). Microchirus is not monophyletic based on an mtDNA 
phylogenetic analysis unless the genus Monochirus is included (Tinti et al., 2000; Infante et 
al., 2004). Some studies using nDNA or whole-genome analyses found that one species of 
Psettodidae is more related to other Perciform fish than to Pleuronectoided species, meaning 
that the Pleuronectiformes is a paraphyletic order (Campbell et al., 2013; Lü et al., 2021). 
However, since most phylogenetic analyses, both molecular and morphological, support the 
monophyly of Pleuronectiformes, it is also retained in this study.  
 
All extant Pleuronectiformes are highly asymmetrical as adults with one orbit that has migrated 
over the midline of the head and usually one paler lateral side. The frontal of the blind side 
also migrates to the eyed side, while the ethmoid grows larger. Their eyes also protrude 
because of the recessus orbitalis, a muscular organ. The dorsal fin is extended anteriorly and 
has no spines. Precaudal vertebrae have anteriorly curved neural spines (figure 1.2). The 
asymmetry causes parts of the neurocranium and, depending on the taxon, also the jaws, 
pectoral girdle and vertebrates to be asymmetrical as well (Chapleau, 1993; Friedman, 2008). 
Paired elements can differ strongly from each other (see chapter 3).  

1.1.3 Evolution 
Besides knowing the phylogenetic relationships between species, a timing of divergence 
between taxa could also be of use to estimate how alike different species are in their 
morphology or collagen peptide mass fingerprints. The longer two species have been diverged 
from each other, the more differences might have appeared.  
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A phylogenetic analysis with fossil calibration estimates that the Pleuronectiformes diverged 
from the other percomorph lineages, such as the Polynemidae, during the Paleocene 
(Harrington et al., 2016). With fossil calibration and phylogenetic analysis, it is estimated that 
the divergence of flatfish from the other Carangimorph taxa occurred quite fast (between 7.96 
Myr and 470 kyr) and the earliest body plans of flatfish as we know them today may have 
appeared during the (late) Paleocene or (early) Eocene (Harrington et al., 2016). The earliest 
known specimens of Pleuronectiform fish date from the Ypresian and Lutetian in the Lower 
Eocene found in Bolca (Italy) and France and include several different genera with distinct 
asymmetry of their orbits: Amphistium Agassiz 1935, Eobothus minimus Agassiz 1834, and 
one specimen of Heteronectes Friedman 2008 (Chanet, 1999; Friedman, 2008; 2012). 
Another fossil flatfish dating from the middle Eocene is Eobuglossus eocenicus Chanet 1994 
from Egypt (Chanet, 1994). Eobuglossus eocenicus and Turahbuglossus cuvilieri Chabanaud 
1937 are the oldest known representatives of the Soleidae based on several apomorphies. 
This indicates that the families Soleidae and Cynoglossidae were already diverged from each 
other and from the other Pleuronectiform families over 40 million years ago during the Eocene 
(Chanet, 1994). Also other families, like Citharidae, were already diverged, since Eobothus 
minimus is placed in the bothoid lineage (=Pleuronectoidea) and not Citharidae by Chanet 
(1999). Several other extinct taxa within Pleuronectiformes are known. Sakamoto et al. (2003) 
describe Oligoscophthalmus weissi Sakamoto et al. 2003, a scophthalmid specimen from the 
Rupelian (Oligocene), found in Germany. On Sakhalin Island near the Pacific Ocean, 
Psettoraptor armatus Nazarkin 2002 and a Hippoglossus sp., both Pleuronectids, were found 
dating from the Miocene (Nazarkin, 2002). Other specimens possibly belonging to 
Paralichthyidae and Pleuronectidae from the Oligocene and Neogene in Japan have been 
described (Uyeno et al., 1990; Sakamoto & Uyeno, 1997).  
 
Besides both Amphistium and Heteronectes having some general percomorph features that 
are lost in most modern flatfishes except in Psettodes, e.g. dorsal and anal fin spines and 
palatine teeth (Friedman, 2012), the former genus further shows other characters typical for 
flatfish, such as the first dorsal fin reaching further anteriorly, a procumbent first pterygiophore 
of the dorsal fin, and curved neural spines of the precaudal vertebrae (Friedman, 2008; 2012). 
There are also equal numbers of sinistral and dextral Psettodes and Amphistium (Friedman, 
2008). Both fossil genera do not have the typical appearance of modern flatfish in which both 
eyes are positioned on the same lateral side. The migrated orbit is located at the dorsal side 
of the body, but has not crossed the midline as in Pleuronectoidei, whereas it is positioned on 
the orbital midline in Psettodes (Friedman, 2008; 2012). The fish of the genus Psettodes 
(Psettodoidei) diverged early in the evolution of flatfish (Harrington et al., 2016; Betancur-R et 
al., 2017). This indicates that some old lineages of Pleuronectiformes have intermediate 
characteristics, which means that the evolution of the asymmetry of flatfish might have 
occurred gradually, and possibly in only a few million years (Friedman, 2008; Janvier, 2008; 
Harrington et al., 2016; Evans et al., 2021).  
 
North Sea families seem to have diverged early on sometime during the Eocene, as based on 
fossil calibrations of DNA analysis, while some species within families (especially 
Pleuronectidae) have only diverged a few million years ago (Betancur-R et al., 2017).  
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1.1.4 Biogeography 
In order to assess where people were capturing flatfish during the Medieval period, it is 
necessary to understand where each flatfish species is likely to occur. This could be the 
geographical region, but also the habitat it lives in.  
Fish of the order Pleuronectiformes are found in all oceans of the world. Tropical regions are 
much more diverse than polar and temperate regions in terms of flatfish species, but within 
families, the distributions are different (Gibson et al., 2015). Most families are found in more 
than one of the large oceans, Atlantic, Indian and Pacific, whereas others are restricted to one. 
The Achiropsettidae are the only flatfish species that live in the Antarctic ocean. In the Atlantic 
Ocean 14 families occur - all families of the order except Rhombosoleidae and Samaridae - 
and most families and genera are restricted to a specific region. For example, the Achiridae 
are only found in the western Atlantic Ocean and Eastern Pacific Ocean and do not occur in 
European waters. In the North Sea currently 4 families of flatfish are regularly found: Bothidae, 
Pleuronectidae, Scophthalmidae and Soleidae. Over 20 species of flatfish are reported from 
the North Sea and none of them is endemic (table 1.2).  
 
Further, a number of species of Cynoglossidae, Soleidae and Bothidae are found in areas 
around the North Sea, and might occasionally enter the North Sea or might have occurred 
there once. Solea senegalensis can also be found along the Portuguese and French coasts, 
and Pegusa impar can be found in Gibraltar and the Mediterranean Sea (Whitehead, 1986). 
Platichthys solemdali is a (sub)species found in the Baltic Sea and differs from Platichthys 
flesus genetically and by its spawning style (Momigliano et al., 2018).  
 
Pleuronectiformes are regarded as being primarily marine species. Some species, however, 
are known to occur, at least during a part of their lives (see below), in brackish and freshwater 
systems. Out of those species, 34 species from Achiridae, Soleidae and Cynoglossidae 
complete their life cycle exclusively in fresh water and these are found in areas in South 
America, Oceania, Asia and Africa (Wirjoatmodjo, 1988; Gibson et al., 2015; Froese & Pauly, 
2021). Platichthys flesus, or European flounder, is also known to occur in brackish waters and 
in rivers (e.g., in the Thames in London, McGoran & Morritt, 2017).  
 
The precise geographical ranges where species occur is affected by multiple abiotic variables, 
such as temperature, depth, and latitudinal gradients (Ryer et al., 2004; Cabral et al., 2007). 
Flatfish occurrence is highly correlated with the presence of fine sediment, which is related to 
their ability to bury (see below) and possibly also with the ability to change its colour to match 
the environment (e.g., Tyrie et al., 2015). Biotic factors such as presence of vegetation, 
community composition, prey and predators, as well as structure of the sea bed further 
impacts the occurrences of species (Stoner et al., 2001; Ryer et al., 2004). The factors 
influencing the occurrences depend on the age and size of flatfishes as well (e.g., Gibson & 
Robb, 1992; Braber & De Groot, 1973). Climatic changes can further influence the precise 
distribution of flatfish populations. One study combined current species distributions with 
climate models to predict the future shifts of North Sea species and found that Lepidorhombus 
whiffiagonis will decline in the next 80 years, whereas Microstomus kitt and Solea solea will 
increase in abundance (Maltby et al., 2020). Recent studies on modern flatfish have shown 
that with increasing temperature, Solea solea spawns earlier in the year and the larvae might 
have a higher survival rate, which may result in larger populations in the North Sea in warmer 
climate conditions (Teal et al., 2008; Fincham et al., 2013). This species also generally seems 
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to change to a more southwestern distribution in the North Sea, while Pleuronectes platessa 
moves to more northern areas and favours deeper waters with the water becoming warmer 
(Engelhard et al., 2011). Platichthys flesus is known to retreat away from estuaries and inland 
waters earlier to spawn in open marine environments during cooler periods (Sims et al., 2004). 
No extensive reports on responses of other flatfish species in the North Sea on climate change 
were found in published literature. Given the historical climatic shifts that occurred at the start, 
during, and at the end of the Medieval period (see section 1.3), flatfish species distributions 
and abundances might have been different from what we know today, which could have had 
implications for medieval fisheries. 
 
Table 1.2. Taxonomic overview of species per family reported in the North Sea. Sources of 
the occurrences are Nijssen (1966)1, Nijssen and De Groot (1974)2, Heessen et al. (2015)3, 
and Froese and Pauly (2022)4. Maximum sizes (cm) were taken from Heessen et al. (2015) 
and Froese and Pauly (2022).  

Species Max. size (cm) Occurrence 

Bothidae   

Arnoglossus laterna 22 common3 

Citharidae   

Citharus linguatula 40 very rare4 

Cynoglossidae   

Cynoglossus browni 40 occasional1&2 

Pleuronectidae   

Glyptocephalus cynoglossus 60 common in northern part; rare in southern part3 

Hippoglossoides platessoides 48 common in northern part; rare in southern part3 

Hippoglossus hippoglossus 254-400 common in northern part; absent in southern part3 

Limanda limanda 45 very common3 

Microstomus kitt 66 common3 

Platichthys flesus 61 common in southern part; rare in northern part3 

Pleuronectes platessa 91 very common; smaller more common in eastern part3 

Scophthalmidae   

Lepidorhombus boscii 41 very rare3 

Lepidorhombus whiffiagonis 61 rare3 

Zeugopterus norvegicus 13 common3 

Scophthalmus maximus 100 common3 

Scophthalmus rhombus 61-100 common; smaller more common in eastern part3 

Zeugopterus punctatus 25 rare3 

Zeugopterus regius 20 rare3 

Soleidae   

Buglossidium luteum 22 common3 

Microchirus variegatus 33 rare3 

Pegusa lascaris 40 rare; English Channel3 

Solea solea 70 common3 

 
Flatfish occur at a wide range in depths with some species found at only 1 m deep, while 
others live 2000 m under the water surface. The geographic distribution ranges from shallow 
estuaries and shorelines to the edge of the continental shelf and continental slope (Gibson et 
al., 2015). The depth at which flatfish are found varies throughout their lifetime and for every 
species. For example, right after transformation in April in the west coast of Scotland P. 
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platessa can be found at depths around 5 m and quickly moves to shallower water of around 
1 m deep until summer when they again migrate to deeper water, whereas L. limanda can be 
found on all depths between 1 m and 5 m evenly (Gibson et al., 2002). People thus have to 
adapt their fishing techniques and know where and how they can find each species throughout 
the year. The deepest living species in the North Sea are Lepidorhombus boscii, which can 
be found down to depths of 1000 m (Munroe & Chanet, 2016), Glyptocephalus cynoglossus 
at 1600 m, and Hippoglossus hippoglossus at depths of around 2000 m deep, although these 
maximum depths are not recorded in the North Sea, as this shelf sea is only 700 m deep at 
max (Nielsen, 1986; Scot & Scot, 1988, cited by Gibson et al., 2015).  

1.1.5 Osteology  
This section discusses the key resources available on the comparative osteology of flatfish 
(figure 1.2) in the published literature. The number of previous studies on flatfish osteology is 
limited. The most in-depth comparative osteological study on flatfish so far was carried out by 
Wouters et al. (2007), which described the differences between 34 skeletal elements of the 
three most common species found in the archaeological record from the North Sea area, i.e. 
Pleuronectes platessa, Platichthys flesus (right- and left-eyed), and Limanda limanda. This 
study showed that L. limanda can easily be distinguished from the other two species on the 
basis of many elements, but smaller specimens of P. platessa and P. flesus are more difficult 
to distinguish on single elements. Skeletal elements that did not appear to prove useful for 
identification were the supracleithrum, the second precaudal vertebra, the first caudal 
vertebra, the penultimate vertebra, the antepenultimate vertebra, and the left nasal bone. Of 
the 34 studied elements, 19 showed characters that allowed the identification of at least one 
species clearly and easily (Wouters et al., 2007).  
There is little information on comparative osteology for other flatfish species found in the North 
Sea. Norman (1934) described some osteological features of flatfishes in general and how 
they are related to other groups and each other, but does not provide skeletal character 
descriptions usable for species identification. Härkönen (1986) provided a detailed overview 
of otoliths (which are several mineral structures made of calcium carbonate in the inner ear of 
fish of which the largest are called sagittae) shape of different flatfish species, which was later 
applied by Van Neer et al. (2002) to identify archaeological otoliths. Some species can be 
easily identified, but others species, such as P. flesus and P. platessa differ less clearly 
(Härkönen, 1986). Using dermal denticles, Enghoff (1986) was able to identify P. flesus and 
S. maximus down to species level in an archaeological excavation in Denmark, but provided 
a single photograph of dermal denticles of only one species and gave a vague comparison 
with other species of the North Sea. The pteroticum and sphenoticum of P. flesus can easily 
be distinguished from other flatfish, especially P. platessa and L. limanda, by a nodose-
serrated margin (Enghoff, 1989). Fuller et al. (2012) mention that H. hippoglossus has very 
diagnostic criteria, without providing more details. The articular, dentary, quadrate, 
preopercular, cleithrum, urohyal, frontal, neurocrania are also found to be useful elements to 
identify archaeological remains of Pleuronectids with at least one species being identified 
down to species level (often dab or flounder) (Rosello 1986; Heinrich, 1987; Enghoff 1989; De 
jong, 1994; Enghoff 1994). Brinkhuizen (1989) used the prefrontal, frontal, supraoccipital, 
articular, maxilla, ceratohyal, hyomandibular and cleithrum to identify archaeological bone 
remains. Brinkhuizen (1989) further states that morphological characteristics of os anale do 
not allow species identification, contrary to Lepiksaar & Heinrich (1977). An overview of 
osteology in terms of phylogeny of flatfish was made by Cooper (1998), but the descriptions 



40 
 

are limited and comparisons between North Sea species sparse. Clavel (1997) identified 
flatfish using 18 different elements, but did not provide any osteological description, and many 
pleuronectids could not be identified to species level. Sakamoto (1984) compares in great 
detail the cranium, orbital bones, jaw apparatus, suspensorium and opercular apparatus, hyoid 
arch, branchial apparatus, gill rakers, fins, pectoral and pelvic girdles, urohyal, vertebrae, and 
caudal skeleton of Pleuronectidae, but does not provide much specific information or figures 
on the species relevant to the North Sea area. Most descriptions discuss articulated bones 
and not the characters of single skeletal elements. However, given his finds of some 
characters being stable within a genus, the development of the interorbital bone on the frontal 
of the blind side differs between Glyptocephalus and Hippoglossus-Microstomus and 
Hippoglossoides-Pleuronectes-Platichthys (Sakamoto, 1984). A similar detailed description of 
mostly articulated elements of Pleuronectidae is given by Cooper and Chapleau (1998). Watt 
et al. (1997) give a detailed and well illustrated identification key including most of the flatfish 
species found in the North Sea for the left and right premaxilla and vertebrae. Other figures of 
some flatfish skeletal elements can be found in Lepiksaar (1994). Illustrated osteological 
descriptions of Citharidae with C. linguatula are also available (Hubbs, 1945; Hoshino, 2001). 
Osteology and scale morphology of some North Sea Scophthalmidae is illustrated and 
described by Chanet (2003) and Voronina (2010) respectively, while Märss et al. (2017) 
provide descriptions of some Pleuronectidae and Scophthalmidae oral and pharyngeal jaws. 
Yazdani (2009) compared and illustrated the jaws, containing the premaxilla, maxilla, dentary 
and articular, for many species found in the North Sea, including most Scophthalmidae, 
Pleuronectidae, Soleidae and Bothidae, and related the morphology to the trophic ecology of 
these species. Species feeding on fish and actively hunting have curved teeth and relatively 
large and rather symmetrical mouths and jaws, such as H. hippoglossus and Scophthalmus 
species (Yazdani, 2009). Species that feed on smaller prey have smaller mouths and bottom-
hunters have a more pronounced asymmetry in their jaws towards the blind side with the other 
side having fewer or no teeth (Yazdani, 2009). Pleuronectes platessa feeding on molluscs, 
has molariform teeth, whereas polychaete feeders, like M. kitt, G. cynoglossus and Soleidae, 
have small and slender teeth. The hunting strategy also impacts the morphology with 
horizontal hunters, like G. cynoglossus, having long jaws, whereas M. kitt has a short mouth 
since it hunts the worms from above and curves its head to catch them (Yazdani, 2009). Other 
publications describing, usually articulated, osteology of species found in other places than 
the North Sea are Amaoka (1972), Futch et al. (1972), Makhdoom Hussain (1981), Chapleau 
(1988), Chapleau and Keast (1988), Hoshino and Amaoka (1998), Guibord (2003), and 
Voronina and Chanet (2014). 
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Scophthalmus maximus and S. rhombus feed mainly on fish, such as Ammodytes sp., Clupea 
sp., Gobius sp., and Gadidae, and also on crustaceans, molluscs and polychaetes. Juvenile 
S. maximus additionally feeds on small crustaceans like shrimps (De Groot, 1971; Braber & 
De Groot, 1973). Lepidorhombus whiffiagonis and L. boscii feed on fish, molluscs and 
crustaceans, such as shrimps (De Groot, 1971; Teixeira et al., 2010). Zeugopterus norvegicus 
feeds on molluscs and crustaceans (De Groot, 1971).  
Solea solea feeds mainly on polychaetes throughout its life (Braber & De Groot, 1973), but is 
found to also eat a large quantity of bivalves and amphipods in the Mediterranean Sea 
(Darnaude et al., 2001) and also echinoids, crustaceans, and molluscs (De Groot, 1971). 
Pegusa lascaris also feeds mainly on polychaetes and crustacea (Teixeira et al., 2009).  
Buglossiudium luteum has a broad spectrum of prey species, feeding mainly on polychaetes, 
bivalves, gastropods, copepods, and amphipods (Darnaude et al., 2001). The diet of 
Microchirus variegatus consists of hermit crabs, echinoids and fish (Ameczua et al., 2003). 
Arnoglossus laterna has a diet that consists mainly of bivalves, amphipods, polychaetes, 
shrimp-like crustaceans, hermit crabs, and some fish (De Groot, 1971; Darnaude et al., 2001). 
The diet of Citharus linguatula consists of crustacea, molluscs and fish (Bayhan et al., 2009; 
Carpentieri et al., 2010).  
 
Visual feeders take either swimming food (e.g. S. maximus, S. rhombus, L. whiffiagonis, 
Arnoglossus sp., H. hippoglossus, and Psettodes sp.) or bottom-living food (e.g., P. platessa, 
P. flesus, M. kitt, L. limanda, and G. cynoglossus) (Yazdani, 2009). The first group generally 
has symmetrical jaws, whereas the latter group has small and asymmetrical jaws (Yazdani, 
2009). The eyes are usually more protruding from the head in visual feeders compared to non-
visual feeders. Soleidae (S. solea, B. luteum, M. variegatus) capture food during the night and 
only feed on bottom-dwelling invertebrates, relying on their sense of smell to detect prey (De 
Groot, 1971; Yazdani, 2009). They have highly asymmetrical jaws and the left and right sides 
can move independently so the blind side can be used for feeding while the eyed side is mainly 
used for respiration (Yazdani, 2009). Flatfish can either actively move and catch the prey, by 
a fast attack or a slow stalking movement, or they can wait in ambush till prey passes by. 
Different behaviours can be observed in one species. Flatfish from the genus Asterorhombus 
from the Indo-West Pacific, lure their prey with a small fleshy protrusion from the first dorsal 
fin ray that resembles a small fish or invertebrate (Amaoka et al., 1994).  

1.1.6.2 Reproduction 

The spawning season for flatfish varies per species and per location. Pleuronectes platessa 
has a spawning season from November till May with peak spawn in January and Solea solea 
spawns during late winter- early spring (Metcalfe et al., 2006; Vinagre et al., 2008). During this 
season, they can migrate to specific spawning sites, which could therefore have an impact 
when and where certain species are available for fisheries (Wimpenny, 1953, cited by Metcalfe 
et al., 2006). Their eggs are only a few millimeters in size and can be either pelagic or 
demersal. The majority of species in the northeast Atlantic spawn pelagic eggs (Gibson et al., 
2015). Larger females produce more eggs. The eggs take about a few days to a few weeks to 
hatch, depending on the species, egg size and water temperature (Russell, 1976, cited by 
Pauly & Pullin, 1988; Fox et al., 2003). The eggs or larvae can be transported to inshore waters 
or estuarine nurseries, where the larvae continue to grow (e.g., Jager, 1999; Ramos et al., 
2010; Primos et al., 2013), which could leave an isotopic signal of coastal or estuarine 
environments.  
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Larvae of flatfish are symmetrical, resembling other teleosts more than their adult conspecifics. 
At one point during their development, they start to grow asymmetrical and changes in their 
physiology occur. One eye moves to the other side. Also part of the vestibular system, the 
hindbrain, pigment cells and even otoliths become asymmetrical in structure, positions, and/or 
weight (Seikai & Matsumoto, 1994; Helling et al., 2005).  
It is during this orbital migration that flatfish commence their benthic lifestyle and further 
changes in their body, such as in the digestive tract and muscle growth occur (Tanaka et al., 
1996; Yamashita et al., 2001). Depending on the species and population, it usually takes a 
few years for the juvenile fish to mature and start reproducing themselves (Pitt, 1964, cited by 
Roff, 1982; De Veen, 1976, cited by Roff, 1982; Roff, 1982; Deniel, 1990). Some species, 
such as S. maximus and S. solea, can live up to at least 25 years, whereas of others, like A. 
laterna and L. limanda, no specimen of over 7 years old was reported along the French coast 
by one study (Deniel, 1990). The record holding flatfish in terms of age, besides size and depth 
occurrence, are Hippoglossus species that can reach ages of over 50 years old (Munk, 2001; 
Armsworthy & Campana, 2010). Flatfish species also differ largely in their maximum sizes, 
ranging between a few centimeters to a few meters (Aseraggodes andersoni of 23.5 mm SL1 
vs. H. hippoglossus of 4 m) (Robins & Ray, 1986, cited by Froese & Pauly, 2022; Randal et 
al., 2013). Most species reach a size around 25 cm and only a few species grow larger than 
80 cm. Of those larger flatfish, the North Sea is well represented with some 10 species being 
able to reach sizes over 50 cm TL2; i.e. the commercial species.  

1.1.6.3 Locomotion 

Flatfish move around on the bottom of the seafloor by undulating their anal and dorsal fins. 
They can also contract their lateral muscles and move the caudal fin to swim around. They 
usually swim horizontally, but some species are known to swim in a vertical position and even 
swim straight up to the surface (pers. obs. of Solea senegalensis in captivity; Reinhardtius 
hippoglossoides by De Groot, 1970; Paralichthys dentatus by Stickney et al., 1973). Flatfish 
are often depicted lying completely flat on the bottom, but they can lift their head, supported 
by the pectoral fin on the blind side (Gibson et al., 2015).  
 
Flatfish can bury themselves by shaking their body and head to cover themselves with sandy 
sediment (Gibson et al., 2015). They do this to avoid detection by predators and prey. 
Additionally, their eyed side is usually coloured to match the surrounding sediment as 
camouflage. Changing colour is a trait found in only a handful of taxa, such as chameleons, 
cephalopods, and several fish groups, including Pleuronectiformes. By changing their 
colouration in a matter of minutes or days, they can blend in with the sediment and become 
difficult to see (Sumner, 1911; Kelman et al., 2006).  

1.1.6.4 Hybrids 

There have been some reports of hybrid flatfish with parents of two different species and 
genera in the wild (Schultz & Smith, 1936; Garett, 2005) and produced for aquaculture (Riley 
& Thacker, 1969; Purdom & Lincoln, 1974; Liewes, 1984). Usually the hybrids show 

 
1 SL is the standard length of a fish, measured from the tip of the premaxilla or upper lip to the last 
vertebra on the caudal peduncle. 
2 TL is the total length of a fish, measured from the tip of the premaxilla or upper lip to most posterior 
tip of the caudal fin. 
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Figure 1.3. Map of the North Sea. The southern North Sea is highlighted in red. (retrieved 
from https://nl.m.wikipedia.org/wiki/Bestand:North_Sea_map-en.png. 
 
The seabed of the North Sea is mainly sandy, with some areas being rather muddy. There is 
a huge variation in coastlines: cliffs (Dover, parts of Scotland), deep fjords (Norway), pebble 
or sand beaches (Scotland, Belgium), estuaries, and mud flats with barrier islands (Wadden 
Islands). The coasts in the north bear the scars made by glaciers during the ice ages, while 
the coasts in the south consist of glacial deposits. The North Sea is usually rather shallow with 
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representing species such as flounder, halibut and sole (Citerne & Chanet, 2005; Casasola, 
2008), which indicates the early connection people had with flatfish (figure 1.4).  
 

 
Figure 1.4. Prehistoric art inspired by flatfish. A. cave painting from Le Pileta in Spain; B. bony 
object from Lespugue les Boeufs in France. (retrieved from  
https://www.malaga.es/fr/turismo/naturaleza/lis_cd-1691/cueva-de-la-pileta and  
https://www.hominides.com/html/dossiers/peche-prehistoire-paleolithique.php). 
 
This section will provide an overview of current knowledge originating from archaeological 
records of changes of fisheries throughout time, focusing mainly on Roman, Medieval, and 
Post-Medieval periods in different areas around the southern North Sea, namely England, 
northern France, Belgium, and the Netherlands, as these are the time periods (table 1.3) and 
geographical areas this study focuses on. 
 
Table 1.3. Table explaining the names of the prehistoric and historical periods with 
corresponding years in CE per geographical region, comparing continental western Europe 
and England.  

Continental western Europe England 

Dates Period Dates Period 

9000 - 5000 BCE Mesolithic 8000 - 4000 BCE Mesolithic 

5000 - 2000 BCE Neolithic 4000 - 2200 BCE Neolithic 

2000 - 800 BCE Bronze Age 2200 - 750 BCE Bronze Age 

800 BCE - 0 Iron Age 750 BCE - 43 CE Iron Age 

0 - 450 CE Roman 43 - 410 CE Roman 

450 - 750 CE Merovingian / Early Medieval 
410 - 1066 CE Anglo-Saxon / Early Medieval 

750 - 950 CE Carolingian / Early Medieval 

950 - 1200 CE High Medieval 1066 - 1154 CE Norman / High Medieval 

1200 - ±1500 CE Late Medieval 1154 - 1485 CE Plantagenet / Late Medieval 

±1500 - 1789 CE New period 1485 - 1714 CE Early Modern / Postmedieval 

1789 - 1945 CE Newest period 1714 - 1901 CE Modern / Postmedieval 

1945 CE - now Modern 1901 CE - now Historic / - 

1.3.1 Prehistory 
The coastal areas of the early Holocene (10 000 BCE - 0) of mainland Europe are difficult to 
study due to being submerged by the North Sea or poor preservation of material. Areas that 
are currently close to the coast often used to be further inland. Analysis of fish remains has 
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(Locker, 2007; W. Wouters pers. comm.). Fish sauce, either made from more southern marine 
species or the local North Sea species, was brought inland for consumption, as well as marine 
bivalves. Occasionally, fresh fish from the coast could be brought inland via the Roman road 
system.  
 
In Belgium Mediterranean species, such as Scomber japonicus, were recovered from sites 
from the Roman period and were most likely transported from the south and the Mediterranean 
Sea as salsamenta (salted fish) (Van Neer et al., 2010). Sites close to the coast (the coastal 
sites themselves have been flooded since), occasionally contain some remains of typical North 
Sea marine species, but they provide no evidence of consistent marine fish exploitation or of 
transport of fish inland throughout the Roman period in Belgium, except for a few sites, which 
are relatively close to the coastal area (Van Neer & Ervynck, 2007; Van Neer & Ervynck, 
2016). For example, one site in Oudenburg, east of modern-day Oostende, contains many 
flatfish, sharks and rays, and some freshwater species (Van Neer & Ervynck, 2007; Van Neer 
& Ervynck, 2016; Ervynck et al., 2017). One single pleuronectid vertebra from either P. 
platessa or P. flesus was found in Nevele, close to Gent, and is presumed to originate from 
the coastal area and not from a nearby river due to its size (Ervynck et al., 1997). A huge 
amount of solely P. platessa was found at the site at Libershies, near Charleroi (Van Neer et 
al., 2009). Remains from fish sauce found in more inland Roman deposits from the second 
century CE or later in Tienen, Tongeren, Braives, and Arlon in Belgium also contain some 
flatfish such as plaice, Scophthalmidae, sole as well as other coastal species that were 
captured in the North Sea or in estuaries and rivers, indicating people were making local 
variants of fish sauce (Van Neer et al., 2005; Van Neer et al., 2010). In Tongeren possible 
remnants of a fish sauce using local freshwater species were also uncovered from the 1st or 
2nd century CE (Van Neer et al., 2010). These finds all indicate that there were some transports 
to inland Belgium of marine fish and their products from the North Sea area during the Roman 
period. Bivalves, on the other hand, were clearly caught and traded to inland Belgium, 
presumably for consumption (Van Neer & Ervynck, 2007; Van Neer & Ervynck, 2016). 
 
In the coastal area of the Netherlands marine fish exploitation continued to be frequent during 
the Roman period (Lotze, 2007; Van Neer & Ervynck, 2007; Van Neer & Ervynck, 2016). 
Several fish traps dating back to the Roman period have been found all over the Netherlands, 
which are thought to have been used to catch cyprinids, salmonids, clupeids, pike, and many 
others (Dütting & van Rijn, 2017). Remains of both marine and freshwater species have been 
found in inland sites, such as Dorestad, which indicates that also in the Netherlands import of 
marine fish was happening to inland areas (Brinkhuizen, 1979; 1989). 
 
A similar situation as in Belgium and the Netherlands occurs during the Roman period in 
France (Oueslati, 2019). Marine species become slightly more abundant inland and are found 
besides local freshwater species. Mediterranean species have also been recovered from 
northern French sites. Bivalves seem to have been of particular importance for trade inland 
(Oueslati, 2019 and references therein).  
 
In England marine or coastal species were imported to more inland sites, e.g. York, and other 
larger settlements, while many settlements still also relied on local freshwater fish (Locker, 
2007). In the North there is a huge number of salmonids and eels, with smaller amounts of 
flatfish, cyprinids, perch, herring, and pike (Locker, 2007). In the Midlands and especially in 
the South of England, eels are often recovered in sites. Flatfish, mainly plaice and flounder, 
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sticklebacks, eels, thornback rays, with haddock and cod dominating. Of the latter two species, 
mainly cleithra and head elements were found, indicating that these fish were processed for 
consumption elsewhere (Oueslati, 2019). A nearby site Barreau Saint-George-Desserte 
ferroviaire in northern France dates from the late 10th till the beginning of the 11th century and 
comprises mainly flatfish and some gadid remains (Oueslati, 2019). There is a high abundance 
of pleuronectid flatfish, with similar numbers of identified flounder and plaice, but most bones 
have remained unidentified. These fish were probably caught during the winter period. The 
presence of potential stomach contents from these molluscivorous species and the skeletal 
element distribution would indicate that these small sized flatfish were brought fresh to the site 
and consumed locally (Oueslati, 2019).  
 
In England, fish remains are not uncovered from all Early Anglo-Saxon sites, but when they 
are, a wide variety of species is present (Reynolds, 2015). Most species found in Anglo-Saxon 
archaeological remains were freshwater and migratory species, such as eels and salmonids, 
although an increasing amount of herring is also seen through the period (Barrett et al., 
2004a,b). Fish weirs, traps, hook, gorges and line, weights, and nets, sometimes using boats, 
were a common way to catch fish in rivers and shores (Serjeantson & Woolgar, 2006; 
Reynolds, 2015; Galloway, 2017). Pleuronectidae, such as plaice/flounder, halibut, and also 
Gadidae are rather rare and are either found at coastal sites, sites close to coasts, or in inland 
sites connected to the coast by a large river (Reynolds, 2015).  
In Mid Anglo-Saxon sites, which were bigger settlements and proto-cities compared with older 
sites, fish appears to be a bit more frequent, although there could be methodological and 
taphonomical explanations for this (Reynolds, 2015). Generally, a wider variety of marine 
species are found, mostly at coastal sites. Some coastal Mid Anglo-Saxon sites, such as 
Flixborough and Fishtoft, contained lots of marine fish bones, including many plaice/flounder 
(Reynolds, 2015). Inland sites where marine fish are found are associated with more elite 
occupations (Reynolds, 2015). Eel remains the dominant species throughout England in this 
period. Flounder and/or plaice are found in sites in York, Southampton, London, and other 
southern sites. Other marine species such as clupeids are also common (Reynolds, 2015).  
In the Late Anglo-Saxon period, a greater number of fishes have been recovered, including 
from non-coastal sites (Reynolds, 2015). Herring is found even in rural areas and cod and 
other gadids also become more abundant, although often found only in urban sites (Reynolds, 
2015). Specialised fishing sites start to emerge along the coasts, such as those in Sandwich 
and Old Winchelsea, as historical texts seem to indicate (Reynolds, 2015). Monasteries 
consumed a lot of fish and even had fish ponds to keep or even breed fish as their monastic 
dietary rules imposed the regular consumption of fish (Reynolds, 2015). 
 
While in the areas around the southern North Sea people gradually increased their marine fish 
consumption during the Early Medieval period, in northern Europe (i.e. Scotland and 
Scandinavia) and in the Baltic region there was already a focus on gadids and herring, which 
were also traded inland (Barrett et al., 2004a,b). On the Orkney Islands marine fish became 
an important part of the diet during the Viking age starting in the 9th century (Barrett & Richards, 
2004). 

1.3.4 High Medieval 
It is during the High Medieval period on the continent and during the end of the Early Medieval 
period in England that the marine fish event horizon occurs around the North Sea, in which 
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1.3.5 Late Medieval 
The Late Medieval period is characterised by the dominance of marine species such as cod 
and herring, while freshwater species became less important for consumption. Some sites 
with specific occupancy, such as monasteries or elite households, seem to rely more on 
freshwater species than households in cities or rural areas. As evidenced by zooarchaeology, 
isotopes and historical documents, fisheries ventured more out into the sea to capture marine 
fish to process or sell as whole fish.  
Explorations to the East and to America in the Late Medieval period, resulted in new trade 
networks and the arrival of new products and technology to Western Europe.  
 
Flemish fishers ventured into English and Scottish waters to fish, areas referred to as 
Noordover or Noordland, as well as Denmark, northern Netherlands and Doggerbank, 
presumably to focus more on herring after the 15th century due to a rise in demand from the 
growing cities (Ervynck et al., 2004; Van Neer & Ervynck, 2007). In Belgian sites, the shift to 
larger and more fish, including more northern species such as turbot and halibut could indicate 
a shift to more northern fishing grounds or trade with Scandinavian fishers. The increase in 
herring exploitation is linked to the shift in technologies, where people started using gill and 
floating nets instead of trawl nets and seines (Ervynck et al., 2004; Van Neer & Ervynck, 2007). 
The exploitation of herring was also made easier for Flemish fishers when they were allowed 
to start gibbing or gutting these fish at the start of the 15th century as well, which allows for 
better preservation. This made it easier to transport herring from the northern fishing grounds 
back to Belgium (Ervynck et al., 2004; Van Neer & Ervynck, 2007). Marine fish were caught 
and brought to Belgian cities near the estuaries of, for example, the Scheldt, from which they 
were further traded inland (Ervynck et al., 2004). 
The following examples show that inland sites and sites with specific occupancy might deviate 
from the general trends seen elsewhere in the region or the whole North Sea area.  
A single event deposit in a pit next to old houses in Raversijde/Walraversijde at the Belgian 
coast dating from the 15th century consists presumably of mainly Pleuronectes platessa of 
similar sizes between 30-40 cm TL (Van Neer & Pieters, 1997). A notable feature of this 
peculiar find is the skeletal element distribution, in which cranial elements are overrepresented 
compared to vertebrae, which would indicate a processing site. This hypothesis is reinforced 
by the presence of cut marks on cleithra, os anale, precaudal vertebrae, and distal caudal and 
ultimate vertebrae, and the remnants of bivalve shells found in the pit are thought to be 
stomach contents from the plaice, which is molluscivorous, meaning the fish were brought 
whole to the site (Van Neer & Pieters, 1997). Matching growth curves of the plaice from 
Raversijde using otoliths and vertebrae growth rings with modern material, showed that these 
fish might be caught in the southern area of the North Sea during spring (Van Neer et al., 
1999).  
Throughout the Medieval period freshwater fisheries were still active and continued even in 
the Post-Medieval period. Some areas, e.g., Namur, Belgium, were strictly governed by the 
elite classes and rules were put in place to prevent overfishing, such as minimum size 
restrictions, banning fishing in certain periods or seasons, allocated fishing spots etc. 
Freshwater fish could be sold for a high price (Lentacker et al., 1997). They remained an 
important and sometimes main source of piscine food in cities and areas far from the sea even 
in the Late Medieval and Post-Medieval periods (Lentacker et al., 1997; Pigière et al., 2002). 
Given the large distance from the sea to cities such as Namur, which is well documented and 
studied zooarchaeologically, imported marine fish was often processed, although wealthy 
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observations. Due to the nature of qualitative characters, they can be prone to some 
observation bias, and thus need to be well described in uniform ways, following overview 
publications, such as Lepiksaar (1994) for fish bones. Quantitative measurements of bones, 
such as osteometrics or morphometrics, are a more precise method in which specific points 
along bones are used to measure lengths, surface areas, angles and ratios that can then be 
compared between groups. These points need to be carefully selected and described to make 
the comparison between taxa and by different researchers possible. An example of such 
quantitative methods is Morales and Rosenlund (1979). One specific osteometric method is 
geometric morphometrics, which will be discussed in the following section. Quantitative 
morphometrics has also been performed on fish vertebrae (e.g., Huber et al., 2011; Lambrides 
& Weisler, 2015). It can also be used to estimate the size of an animal based on a single or 
few measurements of bones, which is more precise than only using visual comparisons to a 
reference collection (figure 1.5) (e.g., Thieren & Van Neer, 2014; 2016; Jelu et al., 2021) (also 
see section 1.4.5).  
 

 
Figure 1.5. The regression model plot from Jelu et al. (2021: fig. 5), showing that the width of 
a vertebra of Esox lucius can be used to calculate the total length of the fish.  
 
Descriptive comparative osteology has been conducted for all major vertebrate groups and 
has proven useful for archaeological studies of faunal assemblages, often accompanied by a 
reference collection for verification. Several comparative studies on fish bones have been 
published in the recent years, that can be used to identify disarticulated remains: e.g., 
Takahashi (2003) on African cichlids, Wouters et al. (2007) on European flatfish, 
Voskoboinikova et al. (2010) on eelpouts, Keivany (2014) on high taxon comparisons, Dierickx 
et al. (2017) on tilapia, and Jawad et al. (2017) on blennies. This technique is, however, limited 
sometimes by the absence of diagnostic features between species, which, even when present, 
can in some cases also be difficult to interpret without a reference collection.  
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1.4.2 Geometric morphometrics 
Geometric morphometrics (GMM) is a landmark-based morphometrics approach to analyse 
and compare the shape and form of objects. These can be the shape of whole organisms, 
skulls, single bones, etc., and GMM can be used for example to identify different groups, 
describe species, relate shape to function, or analyse growth (Bookstein, 1991; Zelditch et al., 
2012). Landmarks are coordinates in a Cartesian system that can be either 2D or 3D 
depending on the object and research question and are defined as specific recognisable 
morphological structures on an object (Bookstein, 1991; Zelditch et al., 2012). When 
comparing different taxa, landmarks should be homologous (Zelditch et al., 2012). All 
landmarks from an object form a landmark configuration, which consists of a list of two (or 
three in case of 3D analysis) coordinates for all landmarks. There are three different kinds of 
landmarks (figure 1.6). Type 1 landmarks are defined by a specific anatomical structure with 
a fixed position in all dimensions, such as a base of a processus of a bone or joining suture 
lines. Type 2 landmarks have a less fixed position, such as tips of teeth since the length can 
vary due to wear and age. The third type of landmarks are not defined in one of their 
dimensions, and are defined by their position to other landmarks. Semilandmarks, or sliding 
landmarks, are used to define the edge or contour of structures and are not true landmarks. 
Usually multiple points are placed that follow the intended outline (Bookstein, 1991; Zelditch 
et al., 2012; Gunz & Mitteroecker, 2013). Once landmarks are obtained from objects their 
relative position can be used to analyse and compare shapes and forms. However, the 
landmark configurations need to be corrected for differences in position, rotation and size, 
since these can influence the analysis. A new set of coordinates, called the shape variables, 
is obtained after a general procrustes analysis that can then be analysed using a principal 
components analysis (PCA) (Bookstein, 1991; Zelditch et al., 2012).  
 

 
Figure 1.6. Different landmarks types on a fish vertebra. Red: Type 1; Blue: Type 2; Yellow: 
Type 3; Green: Semilandmarks.  
 
Geometric morphometrics has been applied on flatfish using radiographs of complete 
specimens (Black, 2014). Some studies applied GMM on scutes, scales, and otoliths of other 
fish groups, indicating the possibility to use these elements for species identifications (e.g., 
Ponton, 2006; Ibañez et al., 2007; Thieren & Van Neer, 2016). No study of flatfish vertebrae 
using geometric morphometric has been performed so far, and the number of studies applying 
this technique on vertebrae of other fish taxa is also limited. Using only 3-7 landmarks and 
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Figure 1.7. Schematic illustration of collagen.  
 
Since the sequences of collagen differ between taxa, they can be used in a similar way as 
DNA is used to identify species by fingerprinting archaeological remains. Only a few milligrams 
of archaeological bone is needed for this analysis, which is possible as collagen is abundant 
in bone tissue and less prone to contamination than DNA, since it is incorporated in the bone 
matrix. As mentioned before, it is also more robust, preserving longer than DNA in the bone, 
because of its chemical structure as well as the integration of apatite minerals between the 
helices (Buckley et al., 2009; Collins et al., 2010). Another advantage over DNA is that all 
species are analysed in the same way using ZooMS, whereas species specific primers are 
sometimes needed for DNA. The taxon does not need to be known before the analysis of 
collagen, but it might be needed for DNA analyses (Korzow Richter et al., 2020).  
 
Different methods have been used over the years to extract collagen from bone for peptide 
mass fingerprinting. Three protocols have been compared and reviewed recently by Naihui et 
al. (2021): (1) demineralisation of the bone and analysis of insoluble collagen (see chapter 5); 
(2) demineralisation of the bone and analysis of soluble collagen; and (3) non-destructive 
analysis of soluble collagen. Demineralisation of a small piece of bone, between 10 and 30 
mg, occurs with acid, most often hydrochloric acid (HCl). For the first protocol, once the 
calcium of the bone is dissolved by the acid, the acid can be removed. To increase and 
neutralise the pH of the remaining bone, it is rinsed with an ammonium bicarbonate buffer 
(Ambic) and later gelatinised in a heating block. The enzyme trypsin is added to cut the 
collagen into strands of peptides at specific sites of the protein with a lysine or arginine amino 
acid. These peptides differ between taxa because they have been altered during evolution. 
After stopping the digestion by trypsin, the peptides are purified using C18 ZipTips with buffer 
solutions. The second protocol uses the acid supernatant obtained during the demineralisation 
process and filters it to obtain the soluble collagen from the bone, which can then be rinsed, 
digested and purified in a similar manner as the first protocol. The third protocol does not 
require demineralisation of the bone, and is thus less/not destructive. The bone sample is 
placed into an 50mM Ammonium bicarbonate buffer (Ambic) with pH8.0 for a few days, without 
demineralising it first. The soluble collagen present in the supernatant can then be digested 
with trypsin and purified using C18 Ziptips. The bone itself can be dried out slowly and stored 
safely (Nahui et al., 2021). Comparing performance of these three protocols showed that all 
are good and provide clear spectra allowing identifications. For well preserved samples, the 
non-destructive Ambic protocol might even be favoured, given time and costs, while the acid 
insoluble method performs better for poorly preserved bones (Nahui et al., 2021). It is possible 
to try to extract collagen first using the non-destructive Ambic protocol, and later, if this has 
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the structures dating to the Medieval period is the St John Evangelist church, while other 
remains were mostly pits, wells, and cesspits (Bowsher, 1996; Bowsher, 1998; Elsden, 1999). 
 
Fish remains found on the site were mostly Gadidae (hand-collected and sieved), 
Pleuronectidae (hand-collected and sieved), Anguilla anguilla (eel) (sieved), Cyprinidae 
(sieved), Raja sp. (ray) (sieved), Clupea harengus (herring) (sieved), although many fish 
remains were unidentified. During the Roman period consumption of marine species is already 
apparent, with several cod bones found from this period besides some Pleuronectidae, a few 
Anguilla anguilla and Clupea harengus, and a single cyprinid bone. During the Medieval 
period, the amount of fish increased. Gadidae, mostly cod, are the most abundant group. 
Pleuronectidae are also represented by some finds. Some Cyprinidae, A. anguilla, and several 
marine species, such as Scomber scombrus (mackerel) and C. harengus, have also been 
found from the Medieval period (Elsden, 1999; MOLA database). 

2.1.2.2 GSJ06 

GSJ06 is located at 54-66 Gresham street, London (51°30'48.0"N, 0°05'47.8"W) a few 
hundred metres north of the Thames. The site was excavated in 2006 by MoLAS (Pennington 
& Wroe-Brown, 2008). 
 
Excavations from this site included Roman and medieval remains, including flatfish. This area 
of London used to have many tributaries of the Thames that ran across the area. During the 
Roman period, the site was firstly used as a quarry and later several buildings were 
constructed. At the end of the Roman period, the site became abandoned. Several Saxon pits 
and some remains from constructions were found. In the southern part of the site, medieval 
pits and constructions were recovered. Several cuts and pits from Post-Medieval periods were 
also uncovered (Pennington & Wroe-Brown, 2008). 
 
The site was well-sampled for environmental analysis and hand-sieved, which recovered 
around 4000 animal bones. During the Medieval period, the diversity of fish increased. 
Gadidae are the most abundant. Anguilla anguilla, C. harengus and Pleuronectidae are also 
quite common, as well as Osmerus eperlanus (European smelt). Other species recovered 
from this site include Raja sp., Scomber scombrus, Triglidae, Salmonidae, and Cyprinidae. 
Only one Acipenser sp. (sturgeon) was also found (Pennington & Wroe-Brown, 2008; MOLA 
database). 

2.1.2.4 SGA89 

2-26 Shorts Gardens and 19-41 Earlham Street (SGA89) is located in the little area enclosed 
by Shorts Gardens, Earlham Street and Neal Street in London (51°30'50.3"N, 0°07'35.5"W). 
During the Early Medieval or Saxon period, the site was located at the north-western border 
of Lundenwic, west of the Thames (Cowie et al., 2012). The site was excavated in 1989 by 
DGLA (Cowie et al., 2012). 
 
The site seems to have been an industrial area with evidence of hearths and industrial 
buildings, but also a domestic house (Cowie et al., 2012). A Middle Saxon eel/fish trap has 
been recovered. Several alluvium deposits would indicate some inundations and floods have 
occurred on the site throughout the Saxon period (Cowie et al., 2012). 
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The only Roman age object from this site is a water well from the 2-3rd century (Dijkstra et al., 
2016). 
 
During the Medieval period a settlement was situated next to a small part of the sheeted trench 
river. Throughout the High Medieval period, the trench rivers often changed course and they 
were largely sheeted. Several structures indicating different kinds of constructions, such as 
houses, sheds, ovens and wells, were found. An incredible number of well-preserved objects 
were recovered dating from between the 7th till 9th century from wood, stone, ceramics, metal, 
rope, glass, leather, bone, and antler. In terms of mammal bones on this site, remains from 
mostly cattle and some sheep, pigs, horses, dogs, and whales were found. Botanical remains 
indicate that the people used a variety of crops. Textile production was an important activity. 
The people from this town seem to have traded with southern and northern areas for grain, 
ceramics, etc. (Takken et al., 2008; Dijkstra et al., 2016). The site was abandoned after 840 
CE for a few centuries, which was probably caused by the combination of floods, Viking 
invasion and reduced economical activities (Takken et al., 2008; Dijkstra et al., 2016). 
 
Remains of fishing gear, including nets, spears, and traps, were found on the site, as well as 
over 2000 fish bones from at least 19 different species. One kind of trap was designed for 
eels. A previous study on flatfish from this site has used size estimations to distinguish 
between locally captured P. flesus and marine caught P. platessa. Small Pleuronectidae up to 
35 cm were identified as freshwater P. flesus, Pleuronectidae larger than 56 cm as marine P. 
platessa, and Pleuronectidae between the two sizes as marine P. flesus or P. platessa. 
Together with Cyprinidae and Percidae, Pleuronectidae are the most common group of fish 
recovered from this site, each with around 400-500 specimens. Only a handful of 
Pleuronectidae were identified to species, and both freshwater and marine P. flesus and 
marine P. platessa were represented (although it has to be verified whether the methodology 
used resulted in correct identifications). A variety of other species, including catfish, stingray, 
and Salmonidae, were found as well. Remarkable is the limited amount of Gadidae (only larger 
ones were found), Anguillidae and Clupeidae from this site. Local freshwater species and 
migrating groups of fish seem to have been the most targeted taxa in this site, whereas the 
few marine specimens must have come from the coastal area down the Rhine. A slight trend 
through time is noticeable, in which during the later period there is an increase of species such 
as pike and perch and a decrease of Cyprinidae. Fish bones with signs of digestion and 
burning and with cut and chop marks were also noticed (Beerenhout, 2016). 
 
Comparisons of this site with other sites in the area from the same period, show that multiple 
sites along the Rhine River and surrounding areas were mostly consuming local freshwater 
species, except for the coastal sites, and the further away from the coast, the fewer flatfish 
remains were found. In Dorestad, which lies deep inland and was a large and important trading 
hub between the Dutch coastline and Germany along the Rhine, many Clupeidae remains 
were uncovered, which could have been brought there as preserved herring, while Gadidae 
seem to have been rare during the High Medieval period (Beerenhout, 2016). 

2.1.8.2 Kastanjelaan 

The archaeological site Kastanjelaan in Leiderdorp was excavated in 2011 and is situated at 
Kastanjelaan (52°09'03.5"N, 4°31'32.3"E) (Houken, 2014). 
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element representation, and relative size distribution. Data was collected in Microsoft Office 
Excel 16.0. Analysis of data was done using R (R Core Team (2022), version 4.1.1 (2021-08-
10) -- "Kick Things") and plots were made using ggplot() (ggplot2 package; Wickham, 2016). 
 
Table 2.1. Overview of the time periods used. 

Period Abbreviation Start (CE) End (CE) 
Roman period R 0 500 
Early Medieval 1 EM1 600 900 
Early Medieval 2 EM2 850 1050 
Early/High Medieval  E/HM 875 1150 
High Medieval  HM 1000 1300 
High/Late Medieval H/LM 1025 1500 
Late Medieval  LM 1200 1600 
Post-Medieval  PM 1550 1800 

 
Some remarks regarding the methodology have to be made prior to discussing the results. 
Due to time constraints, only some sites were analysed in full with certainty: Zwarte Laag, Gat 
in de Markt, Kastanjelaan, Plantage, Barreau Saint-George, and Tradescent Lane. 
Coppergate was analysed completely as well, except at least one box with animal bones which 
was not available (but more than 20 others were, so this loss of data should be minimal). Some 
bags with Clupeidae material might have not been available when analysing the Blue Bridge 
Lane data, which will impact the species representation for this site. This is suspected as the 
reported amount of Clupeidae in the Early Medieval period by Harland et al. (2016) is much 
higher than what was found during this study. Hof ter Hille had to be analysed very quickly 
due to time constraints, resulting in a recording bias of only flatfish and some taxa that might 
have been useful for isotope analysis. This will result in an overabundance of Pleuronectidae 
and other flatfish taxa in the analysis. All London sites (CAO, GSJ, SGA, SOT) were all rather 
small and therefore any bone sample will have a large effect on the proportional data. 
Proportions calculated for these sites should therefore be interpreted cautiously. Furthermore, 
these four sites were also analysed rather quickly with the idea of getting subsamples for 
further analysis and it is unsure if all material was available for study.  
 
Roman and Post-Medieval periods will not be included to make interpretations as these were 
not consistently analysed when available. 
 
Taphonomic processes can impact the preservation of bones, and thus influence the results 
of zooarchaeological analyses. Fish are a very diverse group with many different species from 
different sizes, ecology, and even with slightly different bone characteristics. Some species 
have robust bones, e.g., bony plates from sturgeons and the dentary of pike, while others have 
fragile and thin bones, such as most opercular bones and clupeid cranial bones. These 
differences can cause differential preservation of certain species or skeletal elements due to 
physical, biological or chemical processes (Struever, 1968; Von Endt & Ortner, 1984; Shaffer 
& Sanchez, 1994; Stahl, 1996; Smith et al., 2007). The size of the bones also has an effect as 
small bones can be more easily translocated than larger ones. Larger bones might be easier 
to break, but they are still more likely to be recovered and recognized than smaller ones that 
have been broken. Furthermore, the recovery of smaller bones and fragments is more difficult 
than that of larger bones, as sieving methods are generally needed to make sure they are not 
overlooked (Struever, 1968; Shaffer & Sanchez, 1994; Stahl, 1996). As this has not always 
been done consistently and in the same manner in all archaeological excavations, comparing 
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sites with different excavation methods can cause large misinterpretations. Also, smaller 
bones are in general less well described in osteological studies (see chapters 1 and 3), 
creating a bias towards reporting only the bigger and more known bones, species or skeletal 
elements, as researchers are less able to identify the smaller bones or certain skeletal 
elements (e.g., fin rays, orbital bones). These notes have to be kept in mind when analysing 
and comparing data from zooarchaeological assemblages. 

2.2.2 Results of zooarchaeological analysis 
Detailed tables of the results of the zooarchaeological recording of the assemblages can be 
found in tables A1-A5 in appendix part A.  
 
Slight differences between sites were noticed for the colouration of the bones, reflecting the 
burial environment. In several sites some fish bones showed colouration which could be linked 
to exposure to heat and some were (partially) burned, but these were a minority.  

2.2.2.1 Species representation 

Figure 2.3 visualises the proportion of each of these selected families per site. Details can be 
found in table A1 in the appendix. Flatfish constitute a huge part of the assemblage in Barreau 
Saint-George, northern France (95.77%), while only a minor part in Blue Bridge Lane, northern 
England (<10%), which has a large focus on Clupeidae. The Early Medieval sites of Leiderdorp 
(i.e. Kastanjelaan and Plantage in the Netherlands) have a relatively large focus on Cyprinidae 
and Kastanjelaan also has a large proportion of Anguillidae. Gadidae seem to be only 
dominant in High and Late Medieval CAO, London. The high abundance of Pleuronectidae in 
Hof ter Hille, coastal Belgium, is an artefact of the methodology, as described above.  
 
Figure 2.4 provides a chronological overview of all the sites analysed; for details per site see 
Table A1 in the appendix. In Coppergate (York) and CAO (London) Pleuronectidae became 
more abundant compared to the other families in the Late Medieval period compared with the 
earlier periods (see table A1). Also in Vlaardingen (Gat in de Markt, NL) there is a slight 
increase of Pleuronectidae during the Late Medieval period. Esocidae seem to have only been 
of some importance in both York sites during the Early and High Medieval periods. CAO, GSJ, 
Coppergate and Vlaardingen already have a high proportion of Gadidae during the High 
Medieval periods, but these sites do not show an increase in the Late Medieval period. In fact, 
there seems to be a slight decrease in most of these sites for Gadidae. The apparent switch 
from Pleuronectidae to Clupeidae seen in Blue Bridge Lane is an artefact from the 
methodology as not all material was available for study.  
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Figure 2.3. Proportion of flatfish NISP per family level compared with certain taxonomic groups 
per site. The total NISP per site is noted above each bar. Hof ter Hille is greyed out due to 
methodological issues explained above. 
 
Due to limitations of identifying flatfish remains to species, the relative species proportions of 
flatfish are not further discussed. A more focused analysis will be done in chapter 5 using 
collagen peptide mass fingerprinting. So far, a low diversity of flatfish has been encountered 
in the assemblages based on osteological identifications. Most of these identifications occur 
with cranial bones or cleithra as these show more diagnostic features compared with 
vertebrae.  
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Figure 2.4. Proportion of flatfish NISP per family level compared with certain taxonomic groups 
per period. The total NISP per period is noted above each bar. Roman, Post-Medieval, and 
unknown periods are greyed out due to methodological issues explained above. 

2.2.2.2 Element representation 

The element distribution differs slightly per site (figure 2.5), with the coastal sites (figure 2.7) 
having relatively slightly fewer postcranial bones compared to the inland sites (figure 2.7). 
Especially in the four London sites, the high abundance of the postcranial bones is noticeable. 
Throughout the Medieval period there is a very slight trend visible across all sites showing a 
slight relative decrease in the postcranial bones and a relative increase of the cranial bones 
(figure 2.6), which only shows in the inland sites (2.7). Due to methodological concerns stated 
earlier, no statistical tests were performed to test for differences between sites and periods. 
As the sites were excavated differently, such as using different sieving methods, a bias 
towards bigger bones might be present in some sites, which would favour the generally larger 
postcranial elements. Due to the lack of sieving information on the three London sites 
excavated in the 1980-90s, it is thought that the overabundance of postcranial bones could 
reflect a methodological artefact, instead of a reflection of human behaviour during the 
Medieval period. However, as the total number of flatfish bones in these sites were small, this 
might just as well be an artefact of the small sample size. CAO has a relatively high proportion 
of cranial bones compared to the other sites from the same city. Also see tables A2, A4 and 
A5 in the appendix. 
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Figure 2.5. Proportional element representation of flatfish bones per element category across 
the sites. The total NISP per site is noted above each bar. 
 

 
Figure 2.6. Proportional element representation of flatfish bones per element category across 
the periods. The total NISP per period is noted above each bar. 
 
In Hof Ter Hille we see a slight increase in postcranial elements during the High Medieval 
period compared to the Early Medieval period, which is also the moment when the site slightly 
changes in occupation type.  
 
Gat in de Markt has a slightly higher proportion of cranial bones throughout the Medieval 
period, even compared with the other coastal sites, which could mean that this coastal site 
was a processing site intended for export of fish meat. However, only 1 flatfish bone from this 
site showed cut marks. 
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Kastanjelaan has a remarkable overrepresentation of cranial bones, which might indicate 
some form of processing of the fish in this location after which the meaty part of the fish was 
transported elsewhere while the cranial bones remained on site as waste. Fish head was also 
regarded as a delicacy in some cases. In the site Plantage, within the same city as 
Kastanjelaan, we see, however, a slight overrepresentation of the postcranial bones, which 
could indicate that this is one of the places where the meaty parts of the fish were transported 
to.  
 

 
Figure 2.7. Proportional element distribution per grouping of element per time period for the 
coastal site in Canterbury, Saint-George, Koksijde, and Vlaardingen (above) and the inland 
sites in York, London, Gent, and Leiderdorp (below). The total NISP per period is noted above 
each bar. 

2.2.2.3 Size distribution 

SGA and SOT sites have a high proportion of unknown size class, as these two sites were 
analysed without having a reference collection at hand for comparisons. In all sites most size 
classes are represented (figure 2.8). Barreau Saint-George is characterised by having a 
dominance of very small flatfish (less than 20 cm SL). The largest size class is slightly more 
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abundant in Zwarte Laag and Coppergate than in the other sites, while no large flatfish were 
recovered from CAO, GSJ, and Kastanjelaan. In the case of both these London sites, there 
could be some larger flatfish bones that were unavailable for study as these might have been 
stored in boxes with larger, hand collected, fish material which were not sorted out from the 
large mammal bones and therefore due to time constraints not studied. Kastanjelaan also has 
a specific species and element distribution, which could indicate that this was a production 
site of local, and therefore small, flatfish.  
 
When looking at the size classes per period (figure 2.9), there seems to be a slight decrease 
in abundance of the smaller classes (5-20 and 20-30 cm SL) and a slight increase in 
abundance of the larger classes (30-40 and 40-60 cm SL) throughout the Medieval period. In 
all sites there seems to be a slight increase in abundance of larger flatfish in later periods 
(especially High and Late Medieval) compared with earlier periods (especially Early Medieval). 
There seems to be a dominance of large flatfish in Gat in de Markt in the Early Medieval 2 and 
High Medieval periods, but it has to be noted that there are only a handful of flatfish bones 
from those periods (n=3 and n=11). Also see tables A3, A4, and A5 in the appendix.  
 

 
Figure 2.8. Size classes of flatfish per site. The total NISP per site is noted above each bar. 
 



97 
 

 
Figure 2.9. Size classes of flatfish per period. The total NISP per period is noted above each 
bar. 
 
As Van der Meer et al. (2018) noticed a slight difference in element distribution between size 
classes in Hof ter Hille, a similar comparison is performed to test whether there has been some 
preference of processing certain sized flatfish over other across sites and periods. There 
seems to be no clear trend with certain sized flatfish being more or less processed compared 
to the other size classes across sites or periods. In Hof ter Hille, Zwarte Laag, Tradescent 
Lane, Barreau Saint-George, and Gat in de Markt seem to show a slight overabundance of 
cranial bones for the larger size classes and a slight overabundance of postcranial bones for 
the smaller size classes. In the London sites there seems to be a preference for smaller sized 
fish to be processed, i.e. having an overrepresentation of postcranial bones, but as mentioned 
before, there are some methodological concerns regarding these sites.  

2.2.3 Discussion 
As only certain fish families were considered here for methodological reasons, this also avoids 
certain taphonomical issues when comparing different taxa. For example, Salmonidae have 
not been included in this analysis, as the preservation of their bones is subject to debate, as 
their bones might be more prone to chemical dissolution during burial compared with bones 
from other taxa (Orton, pers. comm.). On the other hand, eels have many vertebrae, which 
can skew interpretations of abundance and their relative importance can be overestimated. 
Clupeidae have small bones, which are less easy to uncover and study and therefore might 
be overlooked more easily. Their abundance might have been underestimated in this analysis. 
Further, potential issues with taphonomy and recovery could also impact these results. The 
sites in London, for example, might not have been sieved as in detail as some of the other 
sites, creating a skew in the taxon and element distributions.  
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In the three sites that have both Early Medieval and Late Medieval sites (CAO96, Coppergate, 
Gat in de markt; Blue Bridge Lane not counted here) there seems to be a slight increase in 
the abundance of Pleuronectidae and a preference of larger flatfish in Coppergate in the later 
period, which coincides with the hypothesis that people would rely more on marine species, 
such as adult plaice, than on local freshwater/estuarine sources, which might also include 
small flounder.  
 
Skeletal element distribution shows that the postcranial bones seem more abundant in the 
Early Medieval period in the inland sites than during the High and Late Medieval periods. This 
would suggest that there is a decrease of processed fish, although the taphonomic effect of 
the London sites should not be ignored here, as this might skew the element distribution for 
the Early Medieval period towards more postcranial bones, and therefore perhaps processed 
fish.  
 
We see no difference in element representation between the coastal and inland sites in the 
Late Medieval period, which would indicate that flatfish were brought to all sites as whole fish. 
This matches some historical reports by Coenen in the Visboeck (Coenen, 1577; Bennema & 
Rijnsdorp, 2015) where it is said that in Holland people would buy and eat whole fresh plaice 
and flounder, whereas the processed (i.e. salted and/or dried) was transported to inland 
Germany (e.g., Cologne, Juliche, Kleve), which is much further away from the coastal areas 
than the inland sites included in this study and therefore required processing of fish to arrive 
in time before spoiling.  
 
The increase of average fish size throughout the Medieval period could indicate that people 
shifted from local (riverine, estuarine, near-coastal) exploitation to marine exploitation as the 
larger adult flatfish can usually be found in open marine environments while smaller juveniles 
are mostly found in coastal areas and estuaries.  
 
Coppergate has a high abundance of Pleuronectidae throughout all periods, with a slight 
decrease due to a shift to Gadidae during the High Medieval period which corresponds to the 
marine fish event horizon. There is also a high amount of pike in Coppergate, which is not 
noticed in any of the other sites. These could have been exploited in the local environment. 
There seems to be only a slight overrepresentation of postcranial bones of flatfish in both 
Coppergate and Blue Bridge Lane, which would indicate some level of processing of flatfish, 
but it is likely that most fish were brought to the site as whole fish. In both York sites there 
seems to be a slight increase in the general size of flatfish throughout the Medieval period, 
which would also suggest a more marine oriented exploitation, but this has to be confirmed 
with stable isotope analysis.  
 
In London there seems to be a clear difference between the sites and/or time periods. The 
Saxon/Early Medieval sites SOT89 and SGA89 have a dominance of flatfish and a decent 
amount of freshwater and catadromous taxa, while the High Medieval CAO96 and GSJ06 
have a dominance of Gadidae and some Clupeidae, with CAO96 showing an increase of 
Pleuronectidae again in the High Medieval period, similarly to Coppergate. This matches the 
trend described for the marine fish event horizon (Barrett et al., 2004a). In all periods except 
the Post-Medieval, there is an overrepresentation of postcranial bones of flatfish across all 
four sites, which could indicate some form of processing of flatfish. All flatfish, except those 
during the High and Late Medieval periods in CAO96, are rather small, which are also more 
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represented by postcranial bones compared with the larger specimens. This would suggest a 
preference to process the smaller fish, which are expected to be easier to dry than the larger 
flatfish (Van der Meer et al., 2018), but it could also reflect a methodological artefact.  
 
In Tradescent Lane in Canterbury there is a slight decrease in the proportion of flatfish during 
the Late Medieval period compared to the High Medieval period, while the amount of 
Clupeidae and Gadidae increase, but those Late Medieval flatfish are mostly larger sized, 
indicating that the abbey might have preferred the more marine adult flatfish in this period. 
This site also shows the highest proportion of Soleidae, which is a group associated with more 
elite occupation, but is also simply more abundant in the southernmost part of the North Sea. 
Based on the element representation of flatfish, which is similar to Barreau Saint-George in 
the Early Medieval period, it is thought that the fish were brought to the site as whole fish, 
which is possible in Tradescent Lane due to the closeness to the coast in Canterbury. 
Interestingly, the largest sized fish are mostly represented by cranial bones, which is especially 
the case for those from the Late Medieval period, although the sample size is only 13.  
 
Although there is only High Medieval material present in Barreau Saint-George, it is clear that 
this site had a much larger focus on flatfish exploitation compared to the contemporaneous 
sites. Because of the location of the site and the distribution of the elements, it is thought that 
flatfish were brought as whole fish to the site. The overabundance of very small flatfish would 
indicate that exploitation occurred in nearby estuaries.  
 
As the material of Koksijde Hof ter Hille was not properly analysed, it is difficult to make any 
kind of conclusion about the presence of non-flatfish taxa. Within the site, there is a slight 
increase of postcranial bones and a clear decrease of cranial bones during the High Medieval 
period together with a focus of larger sized flatfish. This switch not only matches with the 
general concept of the marine fish event horizon, it might also be linked to the change in the 
occupation of the site during the High Medieval period.  
 
Although the dating resolution of Zwarte Laag in Gent is more precise than what is discussed 
here, it is clear that there is a decrease in the abundance of freshwater fish and a clear 
increase of marine fish, especially Gadidae and some Pleuronectidae, from the Early Medieval 
period to the High Medieval period. Within flatfish there is a slight increase in postcranial 
elements and a decrease in the smallest size class, which would also suggest a more marine 
oriented fish exploitation with fish being more often processed prior to arriving on the site.  
 
In Vlaardingen, the Gat in de Markt site shows a clear switch from freshwater to marine 
exploitation during the High Medieval period with a sudden increase in Gadidae and slight 
increase in Pleuronectidae. Throughout the Medieval period there is also an increase in the 
proportion of postcranial bones. The Early Medieval period shows a very high abundance of 
cranial bones, indicating that this might have been a processing site, while a more averaged 
abundance of cranial and postcranial bones during the High and Late Medieval periods would 
indicate that people were bringing more whole flatfish to the site at this point. In the Early 
Medieval period the town was much smaller than in the High and Late Medieval periods. It is 
possible that people had a more dedicated fish landing and potentially processing site 
somewhere else in Vlaardingen once the town became more prominent during the High 
Medieval period.  
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Both sites in Leiderdorp show a clear difference in fish bones, with Plantage having a higher 
proportion of Pleuronectidae and postcranial bones and Kastanjelaan more local freshwater 
Cyprinidae and catadromous Anguillidae and very high proportion of cranial bones of flatfish. 
In the Plantage site, remains of houses and sheds have been found, while Kastanjelaan is 
more associated with the riverbanks and only consists of an old trench river. All this might 
suggest that both sites had specific uses, with Plantage being more of a consumer site, 
whereas Kastanje might have been the landing site where fish were processed.  

2.2.4 Conclusion 
In conclusion, it seems that there are small trends throughout the Medieval period that could 
be linked to an increase of marine fish consumption due to the shift in abundance of marine 
fish taxa and the increasing amount of larger flatfish. Some sites diverge from the general 
trends, which is most likely due to specific occupation types (e.g., Tradescent Lane being a 
monastic site, Kastanjelaan being a processing site). Precise exploitation shifts of freshwater 
to marine environments should still be confirmed by applying molecular methods such as 
stable isotope analysis (see chapter 6). Checking the species shifts within flatfish is limited 
due to the lack of diagnostic features on some bones (chapter 3), but with ZooMS this can be 
analysed using a subset of samples for each site (chapter 5). When comparing the results of 
ZooMS and osteology, however, it seems that the osteological identifications are still very 
prone to misinterpretations. Therefore, it was decided not to focus too much on the species 
identifications of these sites using osteology, and only discuss results in the context of family-
level identifications.  
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Chapter 3. Comparative osteology study of North 
Sea flatfishes 
Authors: Katrien Dierickx, Wim Wouters 
 
This is a paper that will be submitted soon. Katrien Dierickx selected the reference specimens, 
completed the analysis and drafted the paper. It has received input from Wim Wouters (Royal 
Belgian Institute of Natural Sciences), who trained Katrien Dierickx in fish bone analysis, 
provided access to museum specimens and helped assessing the diagnostic features of the 
skeletal elements.  
 
The figures showing the morphological features for each element and species have 
sometimes photos or sketches instead of drawings. These photos and sketches are 
placeholders that will be replaced with final drawings for the publication. For the thesis, the 
photos will remain as placeholders as there was not enough time before submission to finish 
these drawings. 
 
Abstract 
The identification of flatfish remains in archaeozoological studies has often been limited to 
higher taxonomic levels or species groups. Bones from disarticulated skeletons of eleven main 
commercial species of flatfish present in the North Sea were compared to define diagnostic 
criteria allowing species identification. Out of the thirty-four studied skeletal elements often 
recovered in archaeological assemblages, ten proved to be very reliable for species 
identification and often allowed the distinction between right-eyed and left-eyed flounder. 
Fourteen elements were found to be less consistent to differentiate species. The other ten 
elements did not possess clear diagnostic features to distinguish the different taxa. The 
diagnostic details of each element are summarised and illustrated, leading to a clear 
identification guide for this particular group of fishes. More precise species identifications can 
provide more insight in the zoogeographical distribution of flatfish and will be useful in 
reconstructing the transition from inshore fisheries to deep water fishing. 
 
Key words: Pleuronectiformes; Scophthalmidae; Pleuronectidae; Soleidae; comparative 
osteology 
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3.1 Introduction 
Flatfishes were and are an important group of fish used as staple food and they had a great 
economic trade value through history, which is reflected by their common occurrence in 
archaeological sites (e.g., Barrett et al., 2004a; Ervynck et al., 2004; Harland et al., 2016; 
Oueslati et al., 2019) and historical records (e.g., Coenen, 1577).  
 
Despite their common occurrence, early reports from archaeological studies on North Sea 
material stated that fish bones of flatfish were difficult to identify to species (e.g., Lepiksaar & 
Heinrich, 1977, Heinrich, 1987). Many skeletal elements remained unidentified or were at best 
only identified to order, family or species complex level. Typically, only 1 to 15% of flatfish 
bones are identified to species level, while the majority of remains are classified as the species 
complex plaice/flounder/dab (Pleuronectes platessa, Platichthys flesus, Limanda limanda) or 
summarised as Pleuronectidae (e.g., Ervynck & Van Neer, 1992; Enghoff, 1999; Nicholson, 
2009; Reynolds, 2015; Harland et al., 2016; Oueslati, 2019). Several zooarchaeological 
reports did identify some flatfish remains, but did not provide any description of their 
morphology (e.g., Lepiksaar & Heinrich, 1977; Enghoff, 1986; Heinrich, 1987; Brinkhuizen, 
1989; Enghoff, 1989; Clavel, 1997). Within the Scophthalmidae also, bones were mostly 
assigned to family level or genus level (e.g., Nicholson, 2009; Harland et al., 2016). The 
identification of flatfish vertebrae is even more difficult than that of cranial bones (e.g. Clavel, 
1997). Bad preservation of archaeological flatfish bones, such as broken or fragmented 
elements, can only partially explain this problem.  
 
Comparative osteology of flatfish species or elements has been rather sporadic and hardly 
well substantiated. Otoliths of flatfish and other North Sea species were described by 
Härkönen (1986). Roselló (1986) described the dentary and articular of six species. Dermal 
denticles were used in some archaeological studies to identify P. flesus and S. maximus 
(Enghoff, 1986, 1999). The pteroticum and sphenoticum of P. flesus can easily be 
distinguished from other flatfish, especially P. platessa and L. limanda, by a nodose-serrated 
margin (Enghoff, 1989). Lepiksaar (1994) illustrated elements from the axial skeleton and two 
os anale bones from flatfish without further comments. Watt et al. (1997) provided details to 
distinguish the premaxillae and vertebrae for 13 species of flatfish from the North Sea. A 
breakthrough was reached on the initiative of Luc Muylaert which resulted in the publication 
of Wouters et al. (2007). Here, 38 skeletal elements from three species, i.e., Pleuronectes 
platessa, Platichthys flesus (right- and left-eyed), and Limanda limanda were systematically 
studied. This study proved that species identification was successful for a number of elements, 
but not always for all the species. It further emphasised the need for a good reference 
collection which remains essential to improve the identification rate. Pure anatomical 
descriptions about flatfishes in general and specifically focussed on certain species are 
available (e.g., Gregory, 1933; Hubbs, 1945; Futch et al., 1972; Cooper & Chapleau, 1998; 
Hoshino, 2001; Chanet, 2003; Díaz de Asterloa, 2005; Yazdani, 2009; Voronina, 2010; Märss 
et al., 2017. Although these studies are intended for anatomical purposes, useful information 
and description needed for comparative osteology is often lacking. 
 
At least 18 species of flatfish, or Pleuronectiformes, have been reported from the North Sea 
area in modern times (table 3.1). They belong to 4 families: Bothidae, Scophthalmidae, 
Pleuronectidae and Soleidae (Nielsen, 1986; Heessen et al., 2015). Occasional reports also 
mention the presence of Cynoglossidae and Citharidae and other Soleidae and 
Scophthalmidae (Nijssen, 1966; Nijssen & De Groot, 1974; Nielsen, 1986; Heessen et al., 
2015; Froese & Pauly, 2021). 
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Table 3.1. All flatfish species commonly found in the North Sea and their maximum recorded 
total length (Heessen et al., 2015). 

Family Species Author Common name Sizemax 

Scophthalmidae Lepidorhombus whiffiagonis (Walbaum 1792) megrim 61 cm 

Scophthalmidae Scophthalmus maximus (Linnaeus 1758) turbot 100 cm 

Scophthalmidae Scophthalmus rhombus (Linnaeus 1758) brill 61 cm 

Scophthalmidae Zeugopterus norvegicus (Günther 1862) Norwegian topknot 12 cm 

Scophthalmidae Zeugopterus punctatus (Bloch 1787) common topknot 25 cm 

Scophthalmidae Zeugopterus regius (Bonnaterre 1788) Ekström's topknot 20 cm 

Bothidae Arnoglossus laterna (Walbaum 1792) scaldfish 19 cm  

Pleuronectidae Glyptocephalus cynoglossus (Linnaeus 1758) witch 60 cm  

Pleuronectidae Hippoglossoides platessoides (Fabricius 1780) long-rough dab 48 cm 

Pleuronectidae Hippoglossus hippoglossus (Linnaeus 1758) halibut 254 cm 

Pleuronectidae Limanda limanda  (Linnaeus 1758) dab 42 cm 

Pleuronectidae Microstomus kitt (Walbaum 1792) lemon sole 66 cm 

Pleuronectidae Platichthys flesus (Linnaeus 1758) flounder 51 cm 

Pleuronectidae Pleuronectes platessa Linnaeus 1758 plaice 91 cm 

Soleidae Buglossidium luteum (Risso 1810) solenette 15 cm 

Soleidae Microchirus variegatus (Donovan 1808) thickback sole 33 cm 

Soleidae Pegusa lascaris (Risso 1810)  sand sole 40 cm 

Soleidae Solea solea (Linnaeus 1758) sole 70 cm 

 
Pleuronectiformes species are usually left- or right-eyed, but occasionally an individual can 
show the opposite sidedness. Platichthys flesus is especially known to have a variable 
proportion of left- versus right-eyed fishes. Distinguishing between these two forms could 
reveal more about the populations and ecology of exploited P. flesus, as the abundance of 
left-eyed P. flesus is geographically dependent and could impact the ecology of the individual 
fish (Fornbacke et al., 2002; Russo et al., 2012). Only several left-eyed P. flesus have been 
recorded from the archaeological record so far (e.g., Enghoff, 1994; Fornbacke et al., 2002) 
Other flatfish species are less prone to this feature. Cunningham (1907) described a whole 
small reversed specimen of S. maximus. Gudger (1935) listed all reversed specimens 
described in older literature. His list included one Scophthalmidae (S. maximus), four 
Pleuronectidae (P. platessa, L. limanda, P. flesus, H. hippoglossus), and one Soleidae (S. 
solea). Bruno and Fraser (1988) mentioned a very rare reversed L. limanda. Macdonald (2013) 
mentioned the single find of a reversed L. whiffiagonis. Recently, a reversed specimen of brill 
(Scophthalmus rhombus) and three reversed Solea solea were found by a fishmonger in 
Leuven, Belgium (Wim Wouters, unpublished data). Archaeological traces of reversed species 
other than P. flesus, however, are unknown so far. Remains of a reversed left-eyed P. flesus 
were identified for the first time by Enghoff (1984).  
 
The aim of this study is to provide additional osteological diagnostic criteria for species and 
skeletal elements that were not previously described, which can improve the identification rate 
of genera and species of flatfishes found in the North Sea. This will allow more in-depth 
analysis of the flatfish bones found in archaeological contexts in this region which may lead to 
new insights about the abundance of these fishes through time. Improved identification rates 
may illustrate the historical development of fishing techniques as some species are known to 
live in estuaries and rivers, while others prefer the sea (Froese & Pauly, 2021). Another, often 
neglected, aspect is the side-effect that more material for other kinds of analytical research 
like isotope studies becomes available with better osteological identification. Such techniques 
can further provide insight into the historical exploitation of flatfish.  
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from the species studied here. In case elements differ strongly from the species described 
here, it is wise to check these other species too. 
 
The osteology of P. platessa, P. flesus and L. limanda is already extensively described in 
Wouters et al. (2007). These are retained here and compared with the other species for 
consistency in the descriptions of the characteristics. Both right-eyed and left-eyed Platichthys 
flesus are analysed and compared (Table 3.2).  
 
The final selection of elements was based on the proportion of all elements which reached the 
highest abundance over several sites in Flanders. These elements often collectively constitute 
1 to 10% of all flatfish bones found in sites: premaxilla, maxilla, dentary, articular, 
metapterygium, ectopterygoid, palatine, quadrate, hyomandibula, operculum, preoperculum, 
interoperculum, posttemporal, cleithrum, supracleithrum, urohyal, vomer, parasphenoid, 
basioccipital, os anale, coracoid, basipterygium, basihyal, ceratohyal, epihyal, upper and 
lower hypohyal, pharyngeals II, III, IV, and V, first vertebra, first caudal vertebra and ultimate 
vertebra. Although vertebrae, fin rays and most of the branchial elements are more commonly 
found, their morphology does not allow adequate species identification, so they were not 
retained. Several head elements, used to distinguish P. platessa, P. flesus and L. limanda in 
Wouters et al. (2007) were not studied here: nasal, alisphenoid, praefrontal, frontal, 
pteroticum, sphenoticum, and supraoccipital. In the archaeological material of the other 
species treated here, these bones are rarely found. Only in the case of S. solea are they often 
abundant, but fortunately they are very characteristic and unique in shape (see Futch et al., 
1972).  
 
Diagnostic characteristics are based on the presence/absence of certain morphologies as well 
as proportions and differences in overall shape. When describing the observed differences, 
the terminology of Lepiksaar (1994), complemented by Wouters et al. (2007), was used as 
much as possible. Illustrations are provided that show the observed differences. For paired 
elements, it is always the left bone that is illustrated, unless there are clear morphological 
differences between the left and right sides; then a drawing of the right bone is also included. 

3.3 Results 
The differentiation of all skeletal elements are summarised for each species, based on the 
comparison of complete bones. Only the most essential diagnostic criteria are mentioned in 
the text and main figures (3.1-35). When identifying fragmented bones, the additional tables 
(B1-45) and figures (B1-18) provide details about diagnostic criteria for specific characteristics 
of each bone part. Good diagnostic bone parts are indicated in bold in the tables in the 
appendix which allows the user to quickly find other criteria to check the identification. Some 
criteria are so diagnostic that such extra check is not necessary but for most of the bones, a 
combination of criteria is recommended. Elements are arranged according to their diagnostic 
ability with first the elements that allow clear and easy differentiation of all genera or species 
(more than half of species is easily identified), secondly elements that allow clear 
differentiation between families and some species (species can be identified but less 
straightforward), and thirdly the elements without diagnostic differences.  
 
An overview of the identifiable elements is provided in table 3.3. Elements with clear diagnostic 
features and thus admitting fast and precise identification are indicated with E (easy). 
Elements without such straightforward criteria and thus showing minor diagnostic differences 
or differences that are difficult to interpret between a few species are indicated with D (difficult) 
for those species. Also elements that can only be identified after very careful comparison with 
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an extensive reference collection are marked with a D (difficult). Elements that cannot be used 
to identify a species are indicated with a N (not possible). 

3.3.1 Elements that allow easy differentiation of all genera  

3.3.1.1 Premaxilla 

The premaxilla is the only tooth-carrying part of the upper jaw. The teeth are implanted on the 
ventral side. Anteriorly on the corpus is the processus anterior with right behind it the 
processus articularis. In general, the premaxilla has an L-shape, although proportions vary 
between Pleuronectiformes species. The corpus is often curved ventrally and medially. The 
left and right premaxilla meet at the symphysis. When viewed laterally, the processus anterior 
is on the left side in the left premaxilla, and on the right side in the right premaxilla. 
 
The lateral view of the left premaxilla is given in figure 3.1. Additionally, the medial and ventral 
view can be found in the appendix together with the detailed analysis for each species (table 
B2; figure B1). This bone allows easy identification to all the genera. Solea solea differs from 
all other species by having a strongly curved corpus (1) and a very broad and parabola shaped 
tooth area (2). Microstomus kitt has a very high and short corpus, that is as long as the 
processus anterior (3), and no indent between both processus. In the other Pleuronectidae 
and Scophthalmidae, the corpus is (slightly) longer than the processus anterior and a clear 
indent (4) between both processus is present. In Scophthalmidae there are 3 or more tooth 
rows (2) on the anterior part of the corpus, while in Pleuronectidae there are only 1 or 2 tooth 
rows. Hippoglossus hippoglossus differs from all other Pleuronectidae by having large teeth 
that are placed irregularly, and by having a large and broad symphysis (5). The corpus is very 
long, the teeth somewhat irregularly implanted, and the medial top of the processus anterior 
protrudes anteriorly in H. platessoides, while the corpus is not as long, the teeth implanted 
regularly, and the medial tip does not protrude anteriorly in P. flesus, P. platessa, L. limanda, 
and G. cynoglossus. Left-eyed P. flesus can easily be distinguished from other Pleuronectidae 
by not having a protruding symphysis and teeth on the posterior part of the corpus. Limanda 
limanda has a broader tip of the processus anterior and a posteriorly protruding angulus of the 
processus articularis (6), which is not the case in right-eyed P. flesus, P. platessa, and G. 
cynoglossus. The indent (4) between the processus anterior and the processus articularis is 
usually deep in right-eyed P. flesus and shallow in P. platessa and G. cynoglossus. The latter 
two species can be distinguished by the relative corpus length (short in P. platessa, long in G. 
cynoglossus) and the absence (G. cynoglossus) or presence (P. platessa) of the medial 
processus (7) at the base of the processus anterior. Lepidorhombus whiffiagonis can be 
identified from the Scophthalmus sp. by the bulb (8) of the processus articularis, which is 
higher than or the same height as the crista (9) in L. whiffiagonis and (barely) lower than the 
crista in Scophthalmus species. No criteria were found that allow distinction of both 
Scophthalmus species. 
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Figure 3.1. Lateral view of the left premaxilla of all twelve species. The black bar under each 
species represents 1 cm.  
 
The lateral view of the right premaxilla is given in figure 3.2. Additionally, the medial and ventral 
view can be found in the appendix together with the detailed analysis for every species (table 
B3; figure B2). This bone allows easy identification to all the genera. Microstomus kitt and 
Solea solea have characteristic shape and no teeth that differs strongly from the other taxa. 
Scophthalmidae differ from Pleuronectidae by having 3 or more tooth rows (2) on the anterior 
part of the corpus, while the Pleuronectidae have (0)1-2(3) tooth rows. Hippoglossus 
hippoglossus has very large alveoli placed irregularly with large gaps in between and broad 
processus anterior (3). Pleuronectes platessa has only 3-6 teeth till halfway the corpus, while 
in G. cynoglossus, H. platessoides, L. limanda and P. flesus there are more than 6 teeth that 
reach further than halfway the corpus (1). Hippoglossoides platessoides has a very long 
corpus compared with other Pleuronectidae. Left-eyed P. flesus is easily distinguishable by its 
protruding symphysis (5). The corpus is about as long as the processus anterior in G. 
cynoglossus, while it is longer than the processus in right-eyed P. flesus and L. limanda. 
Limanda limanda is characterised by having a thin and slenderer corpus with small tooth 
alveoli, while right-eyed P. flesus has a thick and longer corpus with large alveoli. 
Lepidorhombus whiffiagonis can be identified from the Scophthalmus sp. by the bulb (8) of the 
processus articularis, which is higher than or the same height as the crista (9) in L. whiffiagonis 
and (barely) lower than the crista in Scophthalmus species. No criteria were found that allow 
distinction of both Scophthalmus species.  
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while in the lower half in other Pleuronectidae. Hippoglossoides platessoides has an upward 
oriented spina on the processus internus, while the other Pleuronectidae have an anteriorly 
oriented spina. Left-eyed P. flesus has a forward bend caput, while right-eyed Pleuronectidae 
has a non-bend caput. In P. platessa the spina barely reaches more anterior than the ventral 
tip of the processus internus (6) and the pars caudalis is strongly broadened, while in right-
eyed P. flesus and L. limanda the spina often reaches (a bit) further than the ventral tip of the 
processus internus and the pars caudalis broadening is less clear. Limanda limanda has a 
slenderer corpus (7) compared with right-eyed P. flesus and a caput that has no posterior 
spina. Right-eyed P. flesus sometimes has a slightly overhanging caput. 
 

 
Figure 3.3. Lateral (top) and medial (bottom) view of the left maxilla of all twelve species. The 
black bar under each species represents 1 cm. 
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the other species. The processus externus in G. cynoglossus is longer than the processus 
internus and the notch is weakly delineated. The corpus (7) is very long and slender and the 
caput high and slender in H. platessoides. Left-eyed P. flesus does not have a laterally 
protruding ventral part of the processus externus, while that is present in the other 
Pleuronectidae. The corpus is thin and slender and the pars caudalis slightly curved around 
its axis in L. limanda, while in right-eyed P. flesus and P. platessa the corpus is thick and the 
pars is strongly curved around its axis. Right-eyed P. flesus has a slenderer appearance and 
a relatively longer corpus for maxilla with the same caput width compared with P. platessa.  

3.3.1.3 Dentary 

The dentary is the only tooth-carrying part of the lower jaw. The teeth are implanted on the 
dorsal side. Posteriorly there are two processus, the superior and inferior, that are implanted 
on the corpus. There is often a slight medial curve of the processus superior. The left and right 
dentary meet at the symphysis. On the lateral side are often some foramina from the lateral 
line system on the corpus and processus inferior. Other foramina are possible too. When 
viewed laterally, the symphysis is on the left side in the left dentary and on the right side in the 
right dentary. 
 
The lateral view of the left dentary is given in figure 3.5. Additionally, the medial and ventral 
view can be found in the appendix together with the detailed analysis for every species (table 
B6; figure B3). This bone allows easy identification to all the genera. Solea solea and M. kitt 
are easily distinguished from all other flatfish species by their unique and short shape. The 
large size of the lateral foramen (1) on the processus inferior (2) distinguishes G. cynoglossus 
very easily from the other species. Scophthalmidae differ from Pleuronectidae by having 3 or 
more tooth rows (3) at the anterior part, while Pleuronectidae only have 1 or 2 rows. 
Hippoglossus hippoglossus differs from all other Pleuronectidae by having large teeth that are 
placed irregularly. Left-eyed P. flesus can easily be distinguished from the other 
Pleuronectidae by having teeth only till the split of the processus (4) and a high symphysis (5). 
Hippoglossoides platessoides is characterised by having a very long, much longer than high, 
dentary with at least 30 teeth. In Pleuronectes platessa the teeth are very tidely implanted, 
while rather tidy or slightly chaotically implanted in right-eyed P. flesus and L. limanda. The 
former species also has a straight symphysis and a strongly laterally curved processus 
superior (6), while the latter two species have an inclined symphysis and only a slightly laterally 
curved processus superior. The processus inferior is as long as the processus superior in L. 
limanda, while longer than the processus superior in right-eyed P. flesus. The ventral indent 
(7) is long in L. limanda, and short in right-eyed P. flesus. The dorsal border of L. whiffiagonis 
is curved while the elements of both Scophthalmus have a straight board. Moreover, the 
depression halfway the element (8) is very large and always open in L. whiffiagonis. When 
this depression is open, it is most likely S. rhombus. When this depression is closed, it is most 
likely S. maximus. If these last criteria are less clearly visible, it is advised to restrict 
identification to Scophthalmus sp. 
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Figure 3.5. Lateral view of the left dentary of all twelve species. The black bar under each 
species represents 1 cm. 
 
The lateral view of the left dentary is given in figure 3.6. Additionally, the medial and ventral 
view can be found in the appendix together with the detailed analysis for every species (table 
B7; figure B4). This bone allows easy identification to all the genera. The shape is 
characteristic for M. kitt. The dorsal edge and shape of the right dentary of S. solea is also 
very characteristic. The large size of the lateral foramen (1) on the processus inferior (2) 
distinguishes G. cynoglossus very easily from the other species. In Scophthalmidae, the 
processus inferior is much longer than the processus superior (6) and the processus superior 
has no upward pointed posterior tip. In Pleuronectidae, the processus superior has a clearly 
upward pointed tip. Left-eyed P. flesus can easily be distinguished from the other 
Pleuronectidae by having a processus superior that is much longer than the processus inferior 
and has a strong lateral curve. Hippoglossus hippoglossus differs from all other 
Pleuronectidae by having large teeth (3) that are placed irregularly. Hippoglossoides 
platessoides is characterised by having a convex dorsal margin of the processus superior and 
irregularly implanted teeth. Pleuronectes platessa has only 4-8 teeth at the most anterior part 
of the dentary, while in L. limanda and right-eyed P. flesus there are more than 10 teeth that 
reach till the split of the corpus (4). Limanda limanda differs from right-eyed P. flesus by having 
a deep ventral indentation (7) usually and a long ventral protrusion of the symphysis (5), while 
right-eyed P. flesus has a shallow ventral indentation and a short ventral protrusion of the 
symphysis. The dorsal border of L. whiffiagonis is curved while the elements of both 
Scophthalmus have a straight board. Moreover, the depression halfway the element (8) is very 
large and always open in L. whiffiagonis. When this depression is open, it is most likely S. 
rhombus. When this depression is closed, it is most likely S. maximus. If these last criteria are 
less clearly visible, it is advised to restrict identification to Scophthalmus sp. Usually the crista 
at the split of the processus (9) is not visible laterally in S. rhombus, while it is visible usually 
in S. maximus. 
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Figure 3.6. Lateral view of the right dentary of all twelve species. The black bar under each 
species represents 1 cm. 

3.3.1.4 Articular  

The articular lies posteriorly of the dentary. The processus coronoides is the dorsally oriented 
processus from the corpus, the processus anterior the anteriorly oriented, and the processus 
ventralis the ventral oriented processus. The processus ventralis often shows the anterior tube 
of a lateral line channel. The posterior tube of this channel can be seen on the posterior side. 
At the posterior base of the processus coronoides lies the facies articularis quadrati, of which 
the posterior edge can look like a spina. When viewed laterally, the processus anterior is 
pointed left in the left articular, and right in the right articular. 
 
The lateral view of the left articular is given in figure 3.7. Additionally, the medial view can be 
found in the appendix together with the detailed analysis for every species (table B8; figure 
B5). This bone allows easy identification to all the species. Solea solea is characterised by 
having no clear processus anterior (1). Microstomus kitt has a ventrally oriented processus 
ventralis (2). Enlarged tubes of the channel (3) are typical for G. cynoglossus. Scophthalmidae 
can be distinguished by having a posterior edge (4) of the processus ventralis that is higher 
than the anterior tip (5), while it is lower in the Pleuronectidae. Lepidorhombus whiffiagonis 
has a long and thin bone compared with Scophthalmus sp., and a slight concave ventral 
margin of the processus ventralis, while it is slightly convex in Scophthalmus sp. In S. maximus 
the spina (6) is much higher than in S. rhombus. Both Scophthalmus sp. also differ in the angle 
of the processus coronoides (7) with the processus anterior (1), with S. maximus having a 
larger angle than S. rhombus. In H. hippoglossus and H. platessoides the spina is higher than 
the anterior edge of the facies (8), while it is lower or similar in height in L. limanda, P. platessa, 
and P. flesus. In H. hippoglossus, the tip of the processus coronoideus lies in front of the 
angulus ventralis while in H. platessoides these two are at the same level. Pleuronectes 
platessa has a low posterior margin (9) and slightly protruding processus ventralis, while L. 
limanda and P. flesus have a high posterior margin and strongly protruding processus 
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ventralis. In L. limanda often and left-eyed P. flesus, the tip of the processus coronoideus lies 
in front of the angulus ventralis, while in right-eyed P. flesus these two are at the same level. 
L. limanda never has a second spina on the posterior edge and a more angular lower posterior 
corner (4), while there are often two spina and a more irregular or rounded lower posterior 
corner in right-eyed P. flesus. 
 

 
Figure 3.7. Lateral view of the left articular of all twelve species. The black bar under each 
species represents 1 cm. 
 
The lateral view of the right articular is given in figure 3.8. Additionally, the medial view can be 
found in the appendix together with the detailed analysis for every species (table B9; figure 
B6). This bone allows easy identification to all the species. Solea solea has a processus 
coronoides (7) that is oriented posteriorly, which is characteristic for this species. Microstomus 
kitt has a ventrally oriented processus ventralis (2). Scophthalmidae can be distinguished by 
having a posterior edge (4) of the processus ventralis that is higher than the anterior tip (5), 
while it is lower in the Pleuronectidae. Lepidorhombus whiffiagonis has a long and thin bone 
compared with Scophthalmus sp., and a slight concave ventral margin of the processus 
ventralis, while it is slightly convex in Scophthalmus sp. In S. maximus the spina (6) is much 
higher than in S. rhombus. Both Scophthalmus sp. also differ in the angle of the processus 
coronoides (7) with the processus anterior (1), with S. maximus having a larger angle than S. 
rhombus. In H. hippoglossus and H. platessoides the spina is higher than the anterior edge of 
the facies (8), while it is lower or similar in height in G. cynoglossus, L. limanda, P. platessa, 
and P. flesus. In H. hippoglossus, the tip of the processus coronoideus lies in front of the 
angulus ventralis while in H. platessoides these two are at the same level. Pleuronectes 
platessa has a low posterior margin (9) and slightly protruding processus ventralis, while G. 
cynoglossus, L. limanda and P. flesus have a high posterior margin and strongly protruding 
processus ventralis. In left-eyed P. flesus, the tip of the processus coronoideus at the same 
level as the angulus ventralis, while in front in P. platessa, L. limanda, G. cynoglossus and 
right-eyed P. flesus. Pleuronectes platessa has a low posterior margin and slightly protruding 
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processus ventralis, while the other Pleuronectidae have a high posterior margin and strongly 
protruding processus ventralis. Glyptocephalus cynoglossus has a relatively shorter right 
articular compared with L. limanda and right-eyed P. flesus, with a much shorter processus 
anterior. Limanda limanda never has a second spina on the posterior edge and a more angular 
lower posterior corner, while there are often two spina and a more irregular or rounded lower 
posterior corner in right-eyed P. flesus.  
 

 
Figure 3.8. Lateral view of the right articular of all twelve species. The black bar under each 
species represents 1 cm. 

3.3.1.5 Hyomandibula  

The hyomandibula is situated behind the eye at the neurocranium and supports the jaw system 
as well as the articulation of the operculum. The hyomandibula has a caput dorsally with three 
processus: pr. articularis sphenoticus anteriorly, pr. articularis pteroticus dorsally, and pr. 
articularis opercularis posteriorly. On the ventral side there is a long processus inferior. 
Laterally along the length of the hyomandibula there is a crista preopercularis. On the anterior 
side, the crista anterior is implanted below the pr. a. sphenoticus. Foramen are possible on 
the hyomandibula on the posterior and medial sides, as part of the canalis hyomandibularis. 
When viewed laterally, the crista anterior is on the left side in the left hyomandibula and on 
the right side in the right hyomandibula. 
 
The lateral view of the left hyomandibula is given in figure 3.9. The right hyomandibula (figure 
3.10) shows similar criteria to distinguish species as the left, although relative proportions 
differ. Additionally, the medial view can be found in the appendix together with the detailed 
analysis for every species for the left hyomandibula (table B10; figure B7) and the right 
hyomandibula (table B11; figure B8). This bone allows easy identification to all genera. 
Microstomus kitt differs from all other species by having a concave processus articularis (pr. 
a.) pteroticum (1) and a very short and wide processus articularis opercularum (2). The 
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Figure 3.10. Lateral view of the right hyomandibula of all twelve species. The black bar under 
each species represents 1 cm. 

3.3.1.6 Palatine  

The palatine lies at the anterior part of the neurocranium above the upper jaw. It has no teeth 
in Pleuronectiformes. It has a caput and collum anteriorly, that can show processus and 
tubercles and make up the processus maxilaris. The elongated ventral part of the palatine is 
the processus inferior, which is connected to the ectopterygoid. The broad thin crista at the 
posterior side is the pars hypopterygoidea. The left and right palatine differ strongly in shape. 
When viewed dorsally the caput is curved to the right in the left palatine and to the left in the 
right palatine. 
 
The lateral view of the left palatine is given in figure 3.11. Additionally, the medial view can be 
found in the appendix together with the detailed analysis for every species for the left palatine 
(table B12; figure B9). This bone allows easy identification to all the species. The left palatine 
of S. solea is very distinct and easily recognizable. Left-eyed P. flesus also has a distinct left 
palatine, which resembles the right palatine of the right-eyed P. flesus, but in mirror-image. 
Scophthalmidae have a dorsal transverse ridge (1) on the collum (2), which is absent in 
Pleuronectidae. The pars hypopterygoidea (3) is longer and slenderer in L. whiffiagonis 
compared to Scophthalmus sp. The dorsal transverse ridge is stronger in medial view in S. 
maximus than in S. rhombus. The pars hypopterygoidea is very short and the processus 
maxillaris (4) is relatively long and curved in M. kitt. The pars hypopterygoidae is very broad 
and short in G. cynoglossus. There is a slight indent (5) between the pars hypopterygoidea 
and the processus inferior (6) in P. platessa and H. platessoides, which is not the case in the 
other Pleuronectidae. The left palatine is broader in P. platessa than in H. platessoides. Right-
eyed P. flesus has a long collum compared with L. limanda and H. hippoglossus. The caput 
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(7) of the processus maxillaris is clearly broader than the collum in L. limanda, while barely 
and more gradually broader in H. hippoglossus.  

 
Figure 3.11. Lateral view of the left palatine of all twelve species. The black bar under each 
species represents 1 cm. 
 
The lateral view of the right palatine is given in figure 3.12. Additionally, the medial view can 
be found in the appendix together with the detailed analysis for every species for the right 
palatine (table B13; figure B10). This bone allows easy identification to all the genera. The 
right palatine of S. solea and left-eyed P. flesus are unique in shape and cannot be confused 
with the other flatfish. Left-eyed P. flesus has a distinct right palatine, which resembles the left 
palatine of the right-eyed P. flesus, but in mirror-image. Scophthalmidae are characterised by 
having a clear dorsal transverse ridge (1) on the collum (2). The pars hypopterygoidea (3) is 
very long and slender in L. whiffiagonis, while shorter and broader in Scophthalmus sp. 
Scophthalmus sp. can barely be distinguished from each other. The right palatine of M. kitt 
has a very long collum and short processus inferior (6) and pars hypopterygoidea. 
Glyptocephalus cynoglossus has a thin palatine with a large foramen in the processus inferior. 
Hippoglossus hippoglossus differs from H. platessoides, P. platessa, L. limanda and right-
eyed P. flesus by having a shorter and broader right palatine. Hippoglossoides platessoides 
differs from the latter three by the larger and higher pars hypopterygoidea, while this structure 
is low and not protruding much in the latter three species. The processus maxillaris (4) is rather 
straight and the tip (7) is rather broad in P. platessa, while it is more curved and the tip is 
slenderer in L. limanda and right-eyed P. flesus. The collum is broader in right-eyed P. flesus 
than it is in L. limanda.  
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Figure 3.12. Lateral view of the right palatine of all twelve species. The black bar under each 
species represents 1 cm. 

3.3.1.7 Vomer  

The vomer is the most anterior part of the neurocranium. It can have teeth in 
Pleuronectiformes. The dorsal part consists of two ventral bulbs with lateral/caudal wings or 
partes ethomoidales and are connected anteriorly. The bulbs usually have clear edges on the 
lateral and ventral sides. The caudal apophysis posterior connects the vomer to the 
neurocranium. 
 
The ventral and sinistral lateral view of the vomer is given in figure 3.13. Additionally, the 
dorsal and dextral lateral view can be found in the appendix together with the detailed analysis 
for every species (table B14; figure B11. This bone allows easy identification to all the species. 
Solea solea has a characteristically very slender vomer with high ventral bulbs (1) and 
ventrally oriented partes ethmoidales (2). Scophthalmidae and Pleuronectidae have caudally 
oriented partes ethmoidales. A few alveoli (3) for teeth, visible in ventral view just under the 
top of the apical part (4), characterise the Scophthalmidae. Scophthalmus sp. have a higher 
right bulb and stockier apophysis posterior (5), while in L. whiffiagonis the bulbs are 
symmetrical and the apophysis posterior long and thin. Both Scophthalmus sp. can be 
distinguished by the dorsal structure (6) of the apical part in the dorsal view. Scophthalmus 
maximus has a strong ridge which ends in a clearly marked hook while in S. rhombus both 
are less expressive. Left-eyed P. flesus differs from all other Pleuronectidae by having the 
right bulb and pars ethmoidalis as the longest, instead of the left one. Microstomus kitt is 
distinct from the others through the unique shape with small partes ethmoidales (2), which 
extend in lateral direction, and pars praefrontalis (7). The partes ethmoidales and pars 
praefrontalis are very large in H. platessoides compared to the thin apophysis posterior (5). 
When looking from the front, H. hippoglossus has a wider than high vomer. The right bulb (8) 
is protruding laterally in G. cynoglossus, while in P. platessa, right-eyed P. flesus and L. 
limanda the bulb only protrudes slightly and more caudally. Limanda limanda has a much 
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slenderer apex (4) compared to the width of the partes ethmoidales, than right-eyed P. flesus 
and P. platessa. The right bulb is more caudally oriented in right-eyed P. flesus than in P. 
platessa in which the left bulb (9) has a more anteriorly positioned frontal surface. 
 

 
Figure 3.13. Ventral (left) and sinistral lateral (right) view of the vomer of all twelve species. 
The black bar under each species represents 1 cm. 

3.3.1.8 Posttemporal  

The posttemporal has three processus. Dorsally the processus superior is often long, rather 
flattened and sometimes curved. On the medial side in the middle of the corpus there are the 
processus medialis and processus inferior, which are implanted on the anterior side. On the 
lateral side, the canalis lineae lateralis is visible as two tubes. The caput is the most ventral 
part of the corpus. When viewed medially, the processus medialis is oriented right in the left 
posttemporal, and left in the right posttemporal. 
 
The lateral view of the left posttemporal is given in figure 3.14. Additionally, the medial view 
can be found in the appendix together with the detailed analysis for every species (table B15; 
figure B12). This bone allows easy identification to all the species. A long processus medialis 
(1) is detached from the slender, straight corpus in Solea solea. Two large foramina (2) on the 
lateral side distinguish Glyptocephalus cynoglossus from all other species. Since the foramen 
are only separated by a small ridge, however, the bone might be less identifiable when the 
ridge is broken off, as could be the case in archaeologically preserved bones. Microstomus 
kitt has a straight posttemporal with a round processus superior (3) and without a processus 
inferior (4) nor a processus medialis. Lepidorhombus whiffiagonis has a characteristically 
round, broad and barely protruding processus superior. Scophthalmus sp. have a very flat and 
broad posttemporal with a heavily striated lateral side. Both Scophthalmus sp. can only be 
distinguished comparing bones of the same size. The processus medialis is always longer 
and thinner in S. rhombus than in S. maximus. Since this difference is difficult to assess and 
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shows some variation, confident identification of these species is rarely possible. Platichthys 
flesus shows tubercles (5) along the lateral surface, which can be unclear in archaeological 
samples. Similar structures are present on other neurocranial bones in this species, which 
allows easy species identification (also see Enghoff, 1989). The tube incision (6) of the 
processus inferior on the lateral side is deep in H. platessoides and shallow in H. hippoglossus, 
L. limanda and P. platessa. The processus superior is slightly curved anteriorly and the 
incision (7) between the processus inferior and the corpus is very short in H. hippoglossus, 
while in P. platessa and L. limanda the processus superior is straight and the incision short 
and as deep as the processus inferior is long. The posttemporal is much slenderer in L. 
limanda than in P. platessa and also the processus superior is broader in P. platessa than in 
L. limanda. 
 

 
Figure 3.14. Lateral view of the left posttemporal of all twelve species. The black bar under 
each species represents 1 cm. 
 
The lateral view of the right posttemporal is given in figure 3.15. Additionally, the medial view 
can be found in the appendix together with the detailed analysis for every species (table B16; 
figure B13). This bone allows easy identification to all the species. The characteristics to 
identify the species are similar as the ones for the left posttemporal, except for H. 
hippoglossus, P. platessa and L. limanda. The right posttemporal of P. platessa has a large 
bump (9) on the lateral side along the channel (8) on the right posttemporal, which is unique 
to this species; it is not present in the left posttemporal. The posttemporal is much slenderer 
in L. limanda than in H. hippoglossus and also the processus superior is broader and the 
incision between the processus inferior and the corpus shorter H. hippoglossus than in L. 
limanda. 
 
Right- and left-eyed P. flesus cannot be distinguished, but there are subtle differences that 
show some overlap: in the left posttemporal the processus superior is slightly curved (the 
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anterior side more medially oriented) in right-eyed P. flesus and straight in left-eyed P. flesus; 
in the right posttemporal, the opposite is found.  

 
Figure 3.15. Lateral view of the right posttemporal of all twelve species. The black bar under 
each species represents 1 cm. 

3.3.1.9 Urohyal  

The urohyal is an unpaired bone that can be L- or U- shaped around the incisura collis. The 
urohyal has two angulus, angulus inferior and processus hypohyalis, that both can have a 
thicker edge and a crista. The posterior caput is usually flat laterally but can have lateral cristae 
(crista lateralis). 
 
The lateral view of the urohyal is given in figure 3.16. Additional descriptions can be found in 
the appendix (table B17). This bone allows easy identification to all the genera although there 
is no distinction possible between right-eyed and left-eyed P. flesus. Solea solea has a distinct 
L-shape with slender angulus inferior (1) while L. whiffiagonis is distinct from other flatfish 
through the lack of a clear and deep incisura collis (2). Scophthalmus sp. and M. kitt can also 
easily be differentiated from Pleuronectidae and Soleidae by the parallel position of processus 
hypohyalis (3) and the angulus inferior (1). In M. kitt, the length of the incisura collis (2) is equal 
to the height of the bone while in both Scophthalmus sp. it is very elongated. The distinction 
between these two species is difficult to make. Glyptocephalus cynoglossus can be 
distinguished from other Pleuronectidae by the long length of the caput (4). Hippoglossus 
hippoglossus and H. platessoides have processus hypohyalis (3) that are twice as long as the 
width of the crista angulus inferior (5), while P. platessa, P. flesus and L. limanda all have a 
processus hypohyalis that is about as long as or slightly longer than the crista angulus inferior. 
Compared with H. hippoglossus, H. platessoides is much thinner, and can have a slightly 
ventrally curved angulus inferior (1). The angulus inferior and processus hypohyalis are almost 
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parallel in L. limanda. The tip of the angulus inferior is curved ventrally in P. flesus, while it is 
straight or slightly posterior in P. platessa.  

 
Figure 3.16. Dextral lateral view of the urohyal of all twelve species. The black bar under each 
species represents 1 cm. 

3.3.1.10 First precaudal vertebra  

The first vertebra connects the spine to the neurocranium. The center has two anterior condyli 
on its dorsal side that connect to the basioccipital. There is a neural arch that can have 
zygapophyses protruding from it. 
 
The anterior and lateral view of the first precaudal vertebra is given in figure 3.17. Additional 
descriptions of the first precaudal vertebra are summed up in the appendix (table B18). This 
bone allows easy identification to species but differentiation between right-eyed and left-eyed 
P. flesus is not possible. Solea solea is easily distinguished by the lack of a complete neural 
arch (1), which should not be confused with broken neural arches in other species when 
dealing with archaeological material, and of pre-(2) and post-(3) zygapophyses on the neural 
arch. In Scophthalmus sp. the condyli (4) protrude dorsally and lie against each other 
diagonally, while in Pleuronectidae and L. whiffiagonis there is usually a clear or a slight 
distance between the rather horizontally or slightly diagonally condyli. The length of the corpus 
(5) in lateral view is much larger in S. rhombus compared to S. maximus. The edge of the 
condyli protrude dorsally in H. platessoides, but not in the other Pleuronectidae. Microstomus 
kitt has a horizontally flat dorsal edge of the center (6), while this is curved in other flatfish. 
Hippoglossus hippoglossus can be distinguished by having condyli that are sometimes 
shaped like an 8 with the lateral lobes being broader than the medial lobes and a very broad 
neural arch. Lepidorhombus whiffiagonis has an anteriorly curved neural arch. Glyptocephalus 
cynoglossus has laterally strongly protruding condyli. Pleuronectes platessa, L. limanda and 
P. flesus differ from each other by the implantation of the neural zygapophyses and the shape 
of the neural arch and condyli as mentioned in Wouters et al. (2007).  
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Figure 3.17. Anterior (left) and sinistral lateral (right) view of the first precaudal vertebra of all 
twelve species. The black bar under each species represents 1 cm. 

3.3.2 Elements that allow clear differentiation of families and some 
species 
The following elements can be used to identify families and several species, although some 
species can not be confidently distinguished from others without using a reference collection 
or careful consideration of the diagnostic criteria.  
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3.3.2.1 Metapterygium  

The metapterygium is a thin bone situated between the hyomandibula, the quadrate and the 
eye. It has a rather square or round shape. It has an articulation tube on the anterior side to 
the quadrate. The posterior side sometimes has a protruding processus ventralis, while on the 
dorsal side a processus dorsalis can be seen as a broad or slender and pointed protrusion. 
The corpus sometimes has slightly thicker bone that can have a slight ridge on the lateral side. 
In lateral view, the articulation is on the left side in the left metapterygium and on the right side 
in the right metapterygium, although siding can be very difficult due to the subtle or lack of 
clear differences between the medial and lateral sides. Often the lateral side is slightly more 
convex and the medial side more concave. 

 
Figure 3.18. Lateral view of the metapterygium of all twelve species. The black bar under each 
species represents 1 cm. 
 
The lateral view of the left metapterygium is given in figure 3.18. Additional descriptions can 
be found in the appendix (table B19). This bone allows easy identification to all the species. 
Left and right metapterygium are similar and show the same diagnostic features, so only the 
left element is illustrated. Because the metapterygium is very thin and fragile, however, 
recovering this bone might be problematic. Metapterygia of small fishes cannot be identified 
to species, because they lack clear details in the bone. The metapterygium from S. solea has 
a triangular shape thanks to the pointed processus dorsalis (1) and the semi-circular margo 
inferior (2), which articulates with the quadrate. Microstomus kitt has a slender margo inferior 
and a strongly ossified appearance. In Scophthalmus species the processus dorsalis 
protrudes strongly, while it is protruding only slightly or barely in Pleuronectidae and L. 
whiffiagonis. Scophthalmus species can be distinguished due to the proportionally more 
ossified texture of the corpus (3) in S. maximum compared to S. rhombus, although this 
characteristic is prone to subjective interpretation. The metapterygium of Lepidorhombus 
whiffiagonis is very transparent and only the dorsal border of the tube (4) is a bit more ossified 
than the corpus. The posterior margo (5) is semi-circular in shape and lower than the anterior 
part. The posterior part is usually higher than the anterior part in Pleuronectidae, except in H. 
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Figure 3.19. Ventral (top), sinistral lateral (middle), and posterior (bottom) view of the 
basioccipital of all twelve species. The black bar under each species represents 1 cm. 

3.3.2.3 Cleithrum  

The cleithrum is a large bone that is part of the pectoral girdle. On the dorsal part of the bone 
is a processus dorsalis implanted on the angulus superior. The anterior part of the cleithrum 
is the angulus anterior. The dorsal and medial parts of the angulus anterior are, respectively 
the lamina dorsalis and lamina medialis, that are joined dorsally but have separate margo 
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Figure 3.20. Lateral (left) and ventral (right) view of the left cleithrum of all twelve species. The 
black bar under each species represents 1 cm. 
 
The lateral and caudal view of the right cleithrum is given in figure 3.21. Additionally, the medial 
view can be found in the appendix together with the detailed analysis for every species (table 
B22; figure B15). This bone distinguishes most of the species. The criteria described for the 
left preopercular are similar for the right in the following species: P. platessa, S. solea, L. 
whiffiagonis, S. maximus, S. rhombus, M. kitt, H. hippoglossus, H. hippoglossoides, and L. 
limanda. Platichthys flesus differs from the other remaining Pleuronectidae by having a broad 
bone and often an indent at the corner, while the others have no or only a slight indent and a 
usually slender corner. Convincing arguments to distinguish between right- and left-eyed P. 
flesus were not found. Glyptocephalus cynoglossus can, however, have a rather broad corner 
and differs from H. platessoides and L. limanda by having a lamina medialis that reaches the 
tip of the angulus anterior, while the latter two species have a slender corner and a lamina 
medialis that does not reach the tip.  












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































