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                                                     Vida en Piedra 
A golpes de mar, clastos derrumbados, 
lientos y deshechos, eternos ratos 
de ese mar a hachazos, capas, estratos 
ya rendidos, ya desenterrados.  
 
Rendidos a un tiempo, los derribados 
restos de piedra ven otro destino, 
atrás quedó la vida en el camino, 
atrás los sedimentos devastados. 
 
Morir, tal vez, de nuevo, en las arenas, 
volver  siempre y para siempre al mar, 
o quizás, sólo,  nada entre la nada. 
 
Sólo es eso. Vida en piedra en la piedra 
por siempre condenada a retornar 
a una historia triste y olvidada.      
 

DAGR, Lorca, 1998           
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Chapter 1 

Introduction 

Diversity and history of the Brachiopoda 

Brachiopods are a phylum of exclusively marine invertebrate metazoans with a 

characteristic bivalved shell. They are filter feeders, most are stenohaline, and most have a benthic 

sessile lifestyle (James et al., 1992; Álvarez et al., 2005a; Bitner and Cohen, 2013). About 30.000 

fossil species representing approximately 5.000 genera have been described (Richardson, 1986; 

Lee, 2008; Santagata, 2015), and their temporal distribution spans the Early Cambrian through to 

the present day. Today about 400 species allocated in 118 genera are known (making up only ~ 5% 

of all described genera), which are distributed worldwide (Logan, 2007; Emig et al., 2013).  

 

Brachiopod-dominated Paleozoic world 

Brachiopods are the most diverse and abundant animals preserved in the Paleozoic marine 

fossil record. In terms of sustained familial richness through time, brachiopods rank third among 

marine metazoans of all time (Thayer, 1986). Their dominance of Paleozoic benthic ecosystems in 

terms of taxonomic richness has long been thought to come to an end after the most devastating 

mass extinction of life’s history on Earth, at the end of the Permian, which wiped out > 90% of 

marine skeletonized species (Erwin, 1994). This event was especially dramatic for brachiopods, the 

second largest group having been affected by this biotic crisis (Erwin, 1994; Chen et al., 2005). 

Indeed, the end-Permian mass extinction marked a turnover from the Paleozoic Evolutionary Fauna 

(dominated by rhynchonelliform brachiopods) to the Modern Evolutionary Fauna dominated by 

bivalves and gastropods (Sepkoski, 1981; Clapham et al., 2006).  

 

Brachiopod-Bivalve ecologic switch 

To explain the overall pattern of waning brachiopod diversity coupled with waxing bivalve 
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diversity, early hypotheses (e.g., Simpson, 1953) invoked the “geometric argument” (i.e., one taxon 

decreases in diversity as the other increases because of direct biotic competition for resources) 

(Sepkoski, 1996). Alternative views of this problem, however, suggest that both groups simply 

displayed differential response, in terms of taxononomic losses, to the end-Permian mass extinction. 

The event reset diversities, and each group pursued its characteristic and different history without 

mediation of competition; like ‘ships that pass in the night’ (Gould and Calloway, 1980). Therefore, 

one interpretation for the Triassic brachiopod-bivalve turnover has been posed as a case of pre-

emptive exclusion by incumbent bivalves that took over vacant post-extinction ecospace (Walsh, 

1996; Kowalewski et al., 2002); something sort of like ‘move your feet, lose your seat’. Along these 

lines, it has been pointed out that the life habits displayed by Early Triassic bivalves evolved 

already during the Paleozoic, and the subsequent morphological innovations that fueled the 

Mesozoic bivalve radiation are not deemed to be responsible for the Early Triassic brachiopod-

bivalve ecologic switch (Frasier and Bottjer, 2007). Because traditionally most studies dealing with 

the brachiopod-bivalve problem have  focused on the Early Triassic recovery after the end-Permian 

mass extinction, some recent studies have set the scope at refining the knowledge on brachiopod-

molluscan diversity and ecological trends during the Permian (Clapham and Bottjer, 2007a). These 

studies conclude that the brachiopod-bivalve diversity shift developed stepwise, beginning already 

around the Guadalupian-Lopingian boundary, with a second shift that occurred in the Late Jurassic 

(Clapham and Bottjer, 2007a,b). These results contrast with the tacit assumption of a single 

ecologic shift associated with the end-Permian mass extinction.  Moreover, there is evidence that, 

from the metabolic activity standpoint, dominance of bivalves in Paleozoic ecosystems predates the 

end-Permian mass extinction by 150 m.y., and their increasing metabolic rates during the 

Phanerozoic might have operated by acquisition of new food resources rather than by displacing 

brachiopods (Payne et al., 2014; Hsieh, 2019).  
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Disproportional environmental distribution of brachiopods through the Phanerozoic 

An interesting pattern arises if we consider the whole Phanerozoic: brachiopods have 

colonized a plethora of environments encompassing the intertidal to abyssal (Ager, 1965; Zezina, 

2008; Bitner and Cohen, 2013), including hydrocarbon seeps, hydrothermal vents (e.g., Sandy, 

2010; Peckmann et al., 2011) and seamounts (Vörös, 1986; Ager, 1993; Gischler et al., 2004). The 

Phanerozoic distributional patterns of brachiopods are, however, disproportional (Tomašových, 

2006). During the Paleozoic, brachiopods were diverse and abundant in tropical to subtropical 

shallow-water environments, often in soft-bottom habitats (Tomašových, 2006). On the contrary, 

nowadays brachiopods are abundant in hard substrates of sheltered habitats: shaded fjords (Grange 

et al., 1981; Tunnicliffe and Wilson, 1988; Dawson, 1991; Försterra et al., 2008), sea-lochs (Curry, 

1982), caves (Logan and Zibrowius, 1994; Taddei Ruggiero, 2001; Motchurova-Dekova et al., 

2002; Álvarez et al., 2005b), polar regions from shallow to deep waters (Foster, 1974; Barnes and 

Peck, 1997), and they are relatively rich in pelagic seamounts (Logan, 1998; Gaspard, 2003; Bitner, 

2008). Dense brachiopod-dominated communities occur in the outer platform in the Mediterranean 

Sea (Emig, 1987) and the Pacific coast off California (Pennington et al., 1999), but these are 

temperate regions. The only example of extant abundant brachiopods in tropical shelves is known 

from Brazil (Kowalewski et al., 2002). It is interesting that these assemblages contain one endemic 

genus while the others are cosmopolite, occurring in other climatic settings (Simões et al., 2004). In 

shallow-water tropical regions brachiopods are micromorphic and occupy cryptic, shaded areas in 

crevices and undersides of corals (Jackson et al., 1971; Logan, 1975; Asgaard and Stentoft, 1984; 

Zuschin and Mayrhofer, 2009; Peck and Harper, 2010).  

 

Latitudinal diversity gradient 

A decrease of extant brachiopod diversity toward the tropics was pointed out by Rudwick 

(1970) and Walsh (1996), the latter who suggested that this pattern was already being shaped during 

the Jurassic. This is striking if we consider that taxonomic richness of many clades peaks in the 
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tropics (Roy et al., 2000; Macpherson, 2002; Jablonski et al., 2013). Although four out of nine 

brachiopod orders in the Permian survived the end-Permian mass extinction through to the Jurassic 

(Vörös, 2010), athyridid and spiriferidid brachiopods, severely affected by the end-Triassic 

extinction, went extinct in the Early Toarcian, probably because of the Toarcian global anoxic event 

(Vörös, 2002; Baeza-Carratalá et al., 2015). Diversity of terebratulid and rhynchonellid 

brachiopods, however, conspicuously rebounded during the Triassic and Jurassic (Sepkoski, 1996; 

Lee, 2008; Allroy, 2010; Hsieh, 2019). This suggests that the end-Permian mass extinction alone 

cannot explain this shifting brachiopod distribution toward sheltered habitats either in shallow 

(caves, undersides of boulders or corals) or deeper water (Tomašových, 2006). 

 

Biotic factors: Escalation and Biological Disturbance 

Several lines of evidence point to the appearance of high-metabolism durophagous predators 

(e.g., jawed fishes and malacostracans) in the middle Devonian, evolving through to the 

Carboniferous. The occurrence of these predators is accompanied by a concomitant increase in 

repair marks (from unsuccessful crushing attacks) and drilling predation intensity in brachiopods 

and other shelled organisms (Signor and Brett, 1984; Leighton, 1999; Leighton et al., 2013). These 

authors likewise identify morphological changes to more ornamented shells of brachiopods toward 

the equator, and interpret this trait as an adaptive response to a latitudinal gradient of increasing 

predation pressure (Dietl and Kelley, 2001). It is possible that this trend was disrupted during the 

end-Permian mass extinction (Leighton, 1999), which is consistent with the rebounds of brachiopod 

diversity in the Triassic and Jurassic. There is cogent evidence that predators and 

bioturbating/bulldozing organisms radiated in the Jurassic (Thayer, 1983; Bambach, 2002; Aberhan 

et al., 2006). Grazing and bulldozing have very deleterious effects on the survival of attached 

brachiopod larvae, because once dislodged, they are unable to re-attach to the substrate (Thayer, 

1979; Collins, 1991). In parallel to this predator radiation, brachiopods in shallow-water habitats 

developed stronger ribbed ornamentation, which conforms to the ‘escalation hypothesis’ (e.g., 
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Vermeij, 2013), while coeval brachiopods that were adapted to seamounts remained smooth (Vörös, 

2005), exhibiting morphologies comparable to those of Paleozoic counterparts inhabiting the same 

environments (Gischler et al., 2004).  Eventually, shallow water, strongly ribbed brachiopods gave 

up the ‘arm race’ and gradually disappeared after the mid-Jurassic, retreating toward deeper water 

habitats (Vörös, 2005; 2010) where the predation pressure was presumably lower (Harper and Peck, 

2016). The gradual retreat of brachiopods toward deep water refugia or cryptic oligotrophic habitats 

is consistent with a decrease of their metabolic rate by about 50% during the Phanerozoic (Payne et 

al., 2014), a trait that makes brachiopods fitter to cope with low- or seasonal nutrient input, and low 

levels of oxygen (Tunnicliffe and Wilson, 1988; Peck et al., 2005). Study cases of extant 

brachiopods in shallow-water habitats show that neutral models (Hubbell, 2001) of community 

dynamics alone do not explain variation in community composition (Tomašových, 2008a), and that 

these brachiopods thrive in complex substrates where grazing pressure is lower, being less 

competitive than co-occurring epibyssate bivalves in bare surfaces (Tomašových, 2008b; but see 

Zuschin and Mayrhofer, 2009). Several studies have suggested that brachiopods may be unpalatable 

and not a preferred prey (Thayer, 1985; McClintock et al., 1993; Mahon et al., 2003), but Tyler et 

al. (2013), however, reached the conclusion, based on experimental results and field surveys, that 

this might not be the case. There is a wealth of evidence in the fossil record that brachiopods have 

been preyed upon in the Paleozoic (Kowalewski et al., 2005; Leighton et al., 2013), the Mesozoic 

(Kowalewski et al., 1998; Harper and Warton, 2000), the Cenozoic (Baumiller and Bitner, 2004; 

Baumiller et al., 2006; Schimmel et al., 2012) and the Recent (Delance and Emig, 2004; Taddei 

Ruggiero et al., 2006; Evangelisti et al., 2012).  

 

Abiotic factors 

An array of perturbations of marine communities is, however, related to changing 

environmental parameters associated with sea-level changes (Brett, 1995, 1998; Gahr, 2005). 

Physico-chemical factors (e.g., substrate composition/consistency, oxygen availability, temperature, 
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light irradiance, sedimentation rates, fluctuations in salinity, etc.), have been likewise recognized as 

an important factor in shaping the composition, distribution and abundance of marine benthic 

assemblages (Fürsich, 1995; Fürsich et al., 2001; Gahr, 2005; Reolid, 2005; Pérez-Huerta and 

Sheldon, 2006; Tomašových, 2006) because stressful conditions foster changes in community 

composition (e.g., decrease of diversity, vanishing or replacement of taxa, and dominance of 

opportunistic species) (Abdelhady and Fürsich, 2014).   

 

Temperature and brachiopod distribution 

Overall, for marine invertebrates, the upper and lower thermal tolerance is associated with 

geographical and depth distribution, and metabolic rate (James et al., 1992). The ranges of thermal 

tolerance of most individual species of extant brachiopods are not well known thus far (Rudwick, 

1970; Richardson, 1997; Manceñido and Damborenea, 2008). Nevertheless, a large list of some 

extant species from different latitudes, and the temperature range of the waters where they were 

found, is gathered by Brand et al. (2003). In a number of cases, however, brachiopod species 

display a rather localized distribution, and many tolerate cold water (-1.9º C) (Foster, 1974; 

Manceñido and Damborenea, 2008), and as much as 32ºC (Lee, 2008; Brand et al., 2013). It has 

likewise been pointed out that some organo-phosphatic brachiopods (i.e., Linguliformea) are better 

represented in shallow subtropical to tropical water, whereas calcareous brachiopods (Craniiformea 

and Rhynchonelliformea) occur more commonly in temperate water, and when they are represented 

in lower latitudes, they occur in deeper environments taking advantage of the depth/temperature 

gradient (Rudwick, 1970; Helmcke fide Ziegler, 1975; Manceñido and Damborenea, 2008; Giles, 

2012) or they are micromorphic. Latitudinal taxonomic richness of brachiopods at genus level from 

Cambrian to Recent was calculated by Powell (2009) based on Doescher’s extensive brachiopod 

literature database, concluding that brachiopods did not change their latitudinal distribution during 

the Phanerozoic. James et al. (1992) suggested that brachiopods, in comparison with mollusks, are 

expected to be stenothermal, according to their subtidal and cryptic distribution. James et al. (1992) 
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also mentioned some examples of temperature tolerance of extant brachiopods: a majority of New 

Zealand brachiopods appear to tolerate temperatures ranging from 8º to 18º C (Lee, 1991), while 

intertidal species from New Zealand display tolerance to a temperature range in excess of 15º C 

(6.1º C in winter to 21º C in summer). Paine (1963) observed that the lingulid brachiopod Glottidia 

would not respond to stimuli at 10º C, while its activity is resumed at 12º C (see also Rudwick, 

1970). Peck (1989) also recorded an upper tolerance temperature of 4.5º C for the terebratulidine 

brachiopod Liothyrella uva from Antarctica. Richardson (1997), in an essay on the ecology of 

extant rhynchonelliform brachiopods, argues that temperature and food supply are unlikely to limit 

their distribution, based on the widespread latitudinal and bathymetric distribution of examples such 

as Macandrevia americana and Platidia anomioides. Then Pennington et al. (1999), based on 

laboratory experiments, showed that the proportion of Laqueus erythraeus larvae that successfully 

settled was dependent on temperature range. 

 

Influence of temperature on organisms survival 

There are three main ways for organisms to cope with environmental change: 1) To use the 

physiological capacity to survive; including modification of their behavior or activity; 2) To evolve 

or adapt to the new conditions through selection of mutations which are consistent with survival; 3) 

To migrate to areas which are suitable for continued survival (Peck, 2007).Under normal 

conditions, organisms display a capacity or flexibility to meet biological requirements. The capacity 

not used for essential functions can be regarded as spare capacity available for other requirements, 

or to cope with the environmental variability (e.g., seasonality) in the area where these organisms 

thrive. If the range of environmental variability shifts with time, organisms might survive because 

the environmental shift took place within the range of physiological capacity, at the expense of 

reducing the spare capacity remaining after the shift in environmental conditions. However, if the 

shift in environmental range moves beyond the limits of physiological capacity, survival remains 

time limited (Peck, 2007).  Adaptation of organisms to a shift in environmental range would mean a 
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concomitant shift in the upper and/or lower boundary of capacity limit that would encompass the 

new range of environmental conditions. If the organisms cannot evolve to withstand the change in 

environmental conditions, the only way out is migration to more suitable areas for survival.   

On one hand, when temperature rises, ectothermic organisms cope with the new conditions 

by raising their metabolic rates, usually through oxygen consumption, to cover the costs of 

increased body temperatures (Pörtner et al., 2007; Peck, 2007).Extant brachiopods are considered to 

have poor abilities to raise their metabolic rates and have poor metabolic scopes (i.e., minimum 

(standard) rate of oxygen consumption minus maximum aerobic metabolic rate) (Peck, 2007). On 

the other hand, when temperature drops between the lower temperature threshold for metabolic 

activity and the survival threshold, the organism is in a state of suspended animation, but can 

resume metabolism once the temperature increases and re-crosses the lower temperature metabolic 

threshold (Clarke et al., 2013), which is consistent with the observations by Paine (1963) on 

Glottidia. However, the survival for sexually reproducing eukaryotes depends on temperature not 

dropping below the metabolic threshold necessary for completion of the life cycle from zygote to 

zygote (Clarke et al., 2013). This means that a climate change involving a drop of temperature 

below the metabolic threshold for reproduction of a species will result in its extinction if it cannot 

migrate to more suitable areas (Monegatti and Raffi, 2001). 

 

Pleistocene cooling as a trigger for the extinction of Terebratulinae? 

The Cenozoic-Quaternary genus Terebratula, like other representatives of the family 

Terebratulinae such as Pliothyrina and Maltaia, thrived in relatively shallow-water environments 

(as shallow as 30 m based on the height of Gilbert-type delta clinoforms (Reolid et al., 2012)). This 

taxon has been found in detritic-bottom habitats of neritic settings in the Paratethys and the 

Mediterranean realms in an era dominated by mollusks and bulldozing marine organisms. Attaining 

a big size (up to 9.5 cm in length for Terebratula scillae) (Taddei Ruggiero, 1994) might have 
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served as a size-refuge strategy (Doherty, 1979; Harper et al., 2009) against the high biotic 

disturbance in these habitats. The genus existed under subtropical to warm-temperate conditions 

during the Miocene and Pliocene (e.g., Brébion et al., 1978; Taviani, 2002; Kroh et al., 2003; Nalin 

et al., 2010) (see also climatic variability for the Neogene in Zachos et al., 2001, Kocsis et al., 2008, 

Juan et al., 2016). Although Terebratula survived the Gelasian cooling (Borghi, 2001; Malz and 

Jellinek, 1984), it went extinct in the Mediterranean region during the Calabrian (Middle 

Pleistocene) (Gaetani and Saccà, 1985; Lee et al., 2001), coinciding with a second cooling climatic 

event (Crippa et al., 2016; 2019). In particular, two species of Terebratula occur in the Pleistocene: 

Terebratula terebratula occurring in the Calabrian deposits of the sections at the Arda and Stirone 

rivers in the Emilia Romagna Region (northern Italy) (Brocchi, 1814; Borghi, 2001; Dominici, 

2001; 2004; Bertolaso et al., 2009; Pervesler et al., 2011; Crippa et al., 2015; 2016). This taxon is 

also recorded in the Gelasian of the Apulia Region (southern Italy) (e.g., Taddei-Ruggiero and Raia, 

2014). The other species, T. scillae (restricted to Sicily, Calabria and Apulia in southern Italy), died 

out also during the Calabrian.  

Bathyal brachiopods associated with cold-water coral assemblages described from the 

Pleistocene of Sicily (Seguenza, 1865; 1871; Gaetani and Saccà, 1984; Borghi et al., 2014) no 

longer exist in the present-day Mediterranean, but some of the same species and some other closely 

related species occur in the Atlantic nowadays. The extinction of these taxa in the Mediterranean is 

thought to have been triggered by progressive uplift of the Gibraltar Sill (Logan, 1979). The 

hypothesis implies that these taxa thrived under psycrospheric conditions (e.g., Gaetani and Saccà, 

1984; Borghi et al., 2014). The warmest periods of the Pleistocene probably annihilated them from 

the Mediterranean realm, and subsequently they were unable to re-enter it due to the onset of 

homothermic conditions (Logan, 1979; Gaetani and Saccà, 1984; Taviani, 2002; Logan et al., 

2004).  

In contrast, the only hypothesis posed for the extinction of the relatively shallow-water 

taxon Terebratula is progressive cooling during the Pleistocene (Lee et al., 2001). This hypothesis 
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implies that Terebratula displayed a metabolic threshold for reproduction incompatible with the 

climatic conditions during the Calabrian between 30º and 45º latitudes.  Members of the family 

Terebratulinae have been reported from the Eastern Atlantic. The genus Pliothyrina persisted up to 

the Pleistocene in the Red Crag Formation of the United Kingdom (Muir-Wood, 1938; Wood et al., 

2009). Dollfus and Cotter (1909) reported terebratulidines (identified as Terebratula ampulla) from 

the Pliocene north of the Tagus river in Portugal. The internal characters of this taxon are not 

known, therefore at present it is difficult to assess whether this taxon belongs either to Terebratula 

or to Pliothyrina.  Toscano et al. (2010) identified Maltaia pajaudi = M. moysae (Mayer-Eymar, 

1898) from the Pliocene of Huelva (SW Spain). González-Álvarez (2013) recently illustrated 

Pliocene specimens of Maltaia moysae from the Gran Canaria Island (identified by the former 

author as Terebratula sinuosa). Bitner and Moissette (2003) reported the taxon Terebratula sp. 

from the Pliocene of Morocco. The extinction of these terebratulidines, evaluating the hypothesis 

that cooling affected deleteriously their metabolic ability for reproduction, implies that some 

ecological barriers prevented their migration toward warmer areas in lower latitudes of the Eastern 

Atlantic (e.g., Monegatti and Raffi, 2001; Taviani, 2002). 

 

Light 

The vertical distribution of extant brachiopods has only been reliably established for about 

200 species (Zezina, 2008). The maximum species richness of extant brachiopods is attained 

between 100 and 150 m depth (Zezina, 2008). The latter author commented that, overall, most 

brachiopod species live below 30-50 m, beyond the limits of the phytal zone or in its lower 

boundaries. James et al. (1992) summarized some studies on brachiopod larval behavior, stressing 

that the analyzed species were positively phototactic during early swimming stages to become 

negatively phototactic just prior to settlement. In the terebratellidine Laqueus erythraeus, however, 

there is no evident response to vertical or horizontally directed lights, and their larvae are probably 

geotactic (Pennington et al., 1999). It appears that larvae of these species display rugophilic, 
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explorative and selective behavior for substrate settlement (James et al., 1992), which would 

explain the observed propensity of some brachiopods to settle on irregular surfaces or crevices in 

very shallow-water environments (James et al., 1992). The influence of biotic and abiotic 

disturbances, such as grazing pressure, substrate failure, selective predation or near-substrate fluid 

dynamics, has been unsufficiently explored (James et al., 1992). In this regard, it is interesting to 

recall the observations described by Savage (1972) from his studies of a sandy rocky platform close 

to Durban, South Africa. In researching the brachiopod Megerlina pisum, Savage (1972) 

commented that only one boulder, out of several dozens surveyed, contained brachiopods and other 

organisms in its underside. The boulder was carefully relocated and, upon new inspection after two 

weeks, the boulder had been moved several meters away by wave action, and the brachiopods torn 

off.  

Relationship with substrate 

As mentioned earlier, brachiopods are sessile epibenthic to semi-endobenthic organisms 

(although there are infaunal inarticulate brachiopods such as the lingulids), which leads to the 

consideration that the importance of the substrate for brachiopod distribution is crucial. Gaspard 

(1997) provided some examples of adaptive solutions displayed by brachiopods to inhabit a range 

of different substrates (rocks, shell fragments, other organisms –including congeners-, and 

exceptionally even unconsolidated pelitic sediments) (e.g., Manceñido & Damborenea, 2008). Lee 

(1978) distinguished between macrosubstrate, which refers to the type of sediment where the 

brachiopod is found, and the microsubstrate, which may coincide with the latter or not, and refers to 

the substrate where the pedicle is actually attached. In this thesis I discuss the macrosubstrate and 

its relationship the brachiopod species considered. In some especial cases it is possible to identify 

the microsubstrate as well (in the study area, I have identified pedicle traces –Podichnus obliquus- 

in congeners of the terebratulidines Terebratula spp. and Maltaia moysae, which suggest that these 

taxa facultatively formed clusters). In the study area, specimens of the inarticulate brachiopod 
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Novocrania anomala have often been found cemented to shells of Terebratula, scallops or oysters 

in the Terebratula biostrome. In the Carboneras and Mazarrón areas (SE Spain), an assemblage 

composed of small gryphine brachiopod species, Megerlia truncata, Terebratulina retusa, 

Lacazella mediterranea and the small terebratulidine Ceramisia meneghiniana have been identified 

associated with octocorals of the genus Keratoisis (Barrier et al., 1991). This latter case suggests 

that these brachiopod assemblages found proper hard substrates for attachment in other organisms 

within this deep-water paleocommunity, which is found associated with very fine-grained deposits, 

which otherwise would seem unsuitable for attachment. Brachiopod species can either be 

generalists or specialists (e.g., Richardson, 1986). The different species can be ascribed to either 

type by analyzing the association with different macrosubstrates where they are found and the 

anatomical features that can be deduced from their morphological traits.  I have likewise observed 

that at the top of a thick and conspicuous Terebratula biostrome of Pliocene age in the study area, 

the onset of coarse siliciclastic sedimentation coincides with a turnover in dominance favoring the 

scallop Aequipecten scabrellus. Abdelhady & Fürsich (2014), in a paleoecological study of Middle 

Jurassic sections, observed that increasing terrigenous input was coincident with an abundance of 

bivalves and dwindling presence of brachiopods. These authors explain that the terrigenous influx 

may turn the substrate soupy, making it unstable for brachiopods to thrive. Conversely, these 

authors observed an abundance of brachiopods associated with carbonate lithologies, an observation 

similar to that reported by Kowalewski et al. (2002) for extant Brazilian shelf brachiopods. In the 

study area, the macrosubstrate for Terebratula is most often made up of mixed-carbonate 

siliciclastic fine-grained sands. 

 

Oxygenation of the bottom 

Brachiopods are often labeled as minimalist organisms (Ghallager, 2003), because their low 

metabolic rates allow them for a low oxygen comsumption (e.g., Peck, 1996; Tunnicliffe & Wilson, 

1988). Consequently, several authors have explained the success and extraordinary abundance of 
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brachiopods in particular environments as the result of their tolerance of low oxygen concentrations, 

conditions which might be rather adverse for organisms with higher metabolic demands, such as 

bivalves (competitors) or possible predators (e.g., Tomašových et al., 2006; Abdelhady & Fürsich, 

2014). However, in the context of understanding this presumable superiority of brachiopods over 

bivalves during biotic crises in the Earth’s history, some studies suggest that bivalves might 

withstand similar levels of hypoxia, or even more than brachiopods (Ballanti et al., 2012).  

 

Paleoproductivity and hydrodynamic conditions 

Alméras & Elmi (1983, 1985) have suggested that primary production along with a well 

established deep ocean circulation, fostering upwelling and downwelling currents, are among the 

main factors controlling brachiopod distribution.  This hypothesis is supported by the observations 

of Emig & García-Carrascosa (1991), who mapped the populations of the terebratulidine Gryphus 

vitreus in the Corsican platform, and found that maximum densities were coincident with the 

highest velocities of bottom-currents which run perpendicular to isobaths, and depend on the 

steepness of the continental platform and its physiography. Reolid et al. (2012) likewise held that 

warm and more saline currents flowing towards the Atlantic through a Miocene seaway, in southern 

Spain, might explain the spectacular abundance of Terebratula in that locality. Kowalewski et al. 

(2002) found that high densities of brachiopods in the Brazilian Ubatuba Bay (outnumbering 

bivalves and gastropods combined) coincide with nutrient rich, well-oxygenated and relatively cold 

(T<20ºC) upwelling currents at a depth of 100-120 m, in the shelf break. The reports of nutrient rich 

environments as suitable for brachiopods might appear to be contradicting the examples where 

brachiopods successfully thrive in remarkably oligotrophic conditions (Peck et al., 2005). Both 

types of observations suggest the hypothesis that while low metabolic rates of brachiopods and their 

versatility to feed on different sources of food makes them successful colonizers of oligotrophic 

habitats, they might not be exclusively limited to nutrient poor environments.  
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Sedimentation rates and sequence stratigraphy 

Sedimentation rates are often invoked as another critical factor controlling brachiopod 

distribution (e.g., Abdelhady & Fürsich, 2014; Alméras & Elmi, 1985; Garcia & Dromart, 1997). It 

can be envisaged that, overall, the sessile character of brachiopods makes them incompatible with 

high sedimentation rates. Three examples from the literature can be put forth to understand the 

effects of high sedimentation rates: Emig (1989) observed that fires started in the Corsica Island 

triggered episodes of high terrigenous influx into the continental platform because unsheltered soils 

were subjected to erosion. The eventual increase in terrigenous particles reaching bathyal depths is 

claimed to be responsible for high mortalities of Gryphus vitreus (up to 90% of individuals).. 

Following the same rationale, He et al. (2007) posed the hypothesis that turbid conditions associated 

with a cycle of marine regression might explain the phenomena of miniaturization in brachiopods 

(Liliput effect). All these three examples are supposed to involve the clogging of the lophophore 

with fine terrigenous particles, which prevents normal feeding and respiration, either leading to 

miniaturization in the long run or to starvation and death if the shift and intensity in sedimentation 

rate is very sharp (Laurin and García Joral, 1990). Thin pavements of Terebratula in the study area, 

associated with fine-grained sediments and displaying very high articulation ratio as well as pristine 

preservation, might be interpreted as obrution deposits triggered by a substantial increase of 

sedimentation rates. The abundance of tubes of the polychaete Ditrupa arietina in these deposits is 

consistent with this interpretation, because this taxon is considered as a proxy for unstable 

substrates and high sedimentation rates (e.g., Sanfilippo, 1999). 

 Conversely, Garcia & Dromart (1997) interpreted brachiopod marker beds of Jurassic age to 

be related to maximum flooding surfaces corresponding to cycles of different orders. These marker 

beds are characterized by being spatially very widespread, and by displaying biofabrics of densely 

packed brachiopod concentrations. Maximum flooding surfaces are characterized by very low 

sedimentation rates because during this stage of the sea level, the accommodation space is maximal.  

There are localities of Cenozoic age reported in the literature which record brachiopod shell beds 
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extending across several kilometers, often associated with glauconitic sands (Feldman, 1977; 

Pedley, 1976). The general features of these shell beds might suit the model proposed by Garcia & 

Dromart (1997) to explain their formation. In the study area, localities recording the early Pliocene 

transgression, over the local metamorphic basement or over older Miocene deposits, are generally 

rich in brachiopods.  

 

Taxonomic remarks on Terebratulinae from the Pliocene of Águilas  

Large-sized terebratulids from the European Cenozoic have a long and complex 

nomenclatorial and taxonomic history (e.g., Bitner and Martinell, 2001; Lee et al., 2001; Dulai et 

al., 2020), which is still unresolved today. To a great extent, this uncertainty is due to the loss of 

type specimens, lack of topotypical material (or poorly preserved material when topotypes are 

available), and vague original descriptions regarding the type localities (mostly from 19th century 

and earlier works). To justify the taxonomy used in this dissertation, it is necessary to comment on 

the state of the art of the problem. During the preparation of the revised volume of the Treatise on 

Invertebrate Paleontology, part H, chapter 6 (Lee et al., 2006), it was necessary to formally 

designate the type species of the genus Terebratula Müller, 1776 and select a neotype.  This was 

accomplished by Lee and Brunton (1998) and Lee et al. (2001), who designated the species 

Terebratula terebratula (Linnaeus, 1758) as the type of the genus, and erected a neotype to act as 

the name bearer for the Order Terebratulida (Lee et al., 2001). The neotype is a planoplicate (= 

trapezoidal uniplication sensu Nath, 1932 fide Muir-Wood, 1936) coming from the Pliocene of 

Andria (Apulia, Italy). Unfortunately, the insufficient original definitions of species such as T. 

terebratula, Terebratula sinuosa (Brocchi, 1814), Terebratula pedemontana Valenciennes in 

Lamarck, 1819 and Terebratula ampulla (Brocchi, 1814) led to multiple and different 

interpretations of these and other species in the subsequent literature (see review in García-Ramos, 

2006). For example, both Linnaeus (1758) and Brocchi (1814) referred to a strongly folded 

specimen of unknown locality depicted in Colonna (1616) as the reference to their respective 
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species Anomia terebratula and Anomia sinuosa. Although the Pliocene specimens from Andria are 

described as smooth to secondarily and anteriorly folded (unlike the Colonna specimen, which is 

strongly folded since very early ontogentic stages), T. sinuosa was placed into the synonymy of T. 

terebratula by Lee et al. (2001). This action was justified due to an objective synonymy (both 

nominal species had the same type, i.e., the Colonna specimen). As a result, Lee et al. (2001) argued 

that the strong plication depicted in the Colonna illustration was probably an exaggeration of the 

artist, and presumably considered that the less strongly folded taxa Terebratula calabra Seguenza, 

1871 and Terebratula costae Seguenza, 1871 were conspecific with the Andria specimens (the latter 

which are usually planoplicate), and regarded them as synonyms of T. terebratula.  Lee et al. (2001) 

were possibly unaware that other authors, most notably Boni (1933; 1934), Marasti (1973), De 

Porta et al. (1979) and Calzada (1978), had illustrated Miocene specimens very similar to the 

Colonna specimen. Because of the objective synonymy of  T. terebratula and T. sinuosa pointed out 

by Lee et al. (2001),  García-Ramos (2006) proposed the binomen Terebratula maugerii Boni, 1933 

(a junior synonym of T. sinuosa) to accommodate the Miocene strongly folded specimens, which 

were clearly non-conspecific with the Andria taxon. Recently, Taddei Ruggiero et al. (2019) 

proposed to revalidate the name T. sinuosa for the strongly folded taxon by invoking the long –

albeit confusing– history of the binomen in the literature. This revalidation was also proposed 

because the concept of T. terebratula had changed forever following the 2001 designation of a 

neotype from Andria; thereby the Colonna specimen was no longer representative of the concept of 

T. terebratula.  

After studying population samples from many Miocene and Pliocene outcrops in southern 

Spain, García-Ramos (2006) concluded that the anteriorly folded specimens from the Pliocene were 

attributable to T. calabra, rejecting a synonymy with T. terebratula from Andria as proposed by 

Lee et al. (2001) and subsequent authors. This sulciplicate taxon with folding restricted to the 

anterior half of the shell is best represented in classical localities from Piedmont, Calabria and 

south-east Spain. In Piedmont the species is abundant in the Asti area (e.g., Valle Botto, Capriglio 
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and Montafia), and was illustrated under different names by Sacco (1902), Caretto (1963), Taddei 

Ruggiero (1983), Pavia and Zunino (2008), Taddei Ruggiero et al. (2008) and Taddei Ruggiero and 

Raia (2008). This taxon from Asti has usually been confused with T. ampulla (see subsequent 

discussion about this species). T. calabra was defined from Calabria in southern Italy (Nasiti and 

Terreti). Illustrations of specimens from this area are included in Seguenza (1871), Taddei Ruggiero 

(1983) and Gaetani and Saccà (1985), whereas the stratigraphy and the paleoenviroments were 

studied in detail by Barrier et al. (1987) based on the Pavigliana section, which is located relatively 

close to the type locality. T. calabra is also abundant in southern Spain, and it was illustrated under 

different names by Pajaud (1976; 1977), Bitner and Martinell (2001), and García-Ramos (2004; 

2006). It should be noted that the specimens from Terreti are, on average, somewhat smaller than 

those from the Asti and Águilas areas (Gaetani and Saccà, 1985). This difference in size can 

probably be understood in the context of the slightly different ages of the different populations. On 

the contrary, I have seen a few specimens from Montafia, and these are indistinguishable from those 

of Águilas. 

The attribution of the late Zanclean Asti specimens to T. ampulla goes back to Sacco (1902), 

as far as I am aware. The Asti area is not included in the original localities referred to by Brocchi 

(1814) for T. ampulla. Brocchi (1814) cited “Fossile nel Piacentino, a San Geminiano, e a Lajatico 

nella Toscana, e nella Calabria”. It seems clear that Brocchi had in mind a planoplicate taxon, at 

best weakly biplicate, for T. ampulla. This is evidenced, besides his description, by his reference to 

the terebratula illustrated by Scilla (1670, Tav. ‘XIIII’) as an example of T. ampulla. The Scilla 

specimen most probably corresponds with Terebratula scillae Seguenza, 1871, which is another 

mainly planoplicate taxon. Besides, Brocchi (1814, p. 467) described a variety of T. ampulla from 

Crete Senesi south of Siena, in Tuscany, as “prominently folded and with a sinuous inferior 

margin”. This “variety” from Tuscany highlights that Brocchi (1814) did not consider the typical T. 

ampulla as a notably biplicate taxon. The variety from Tuscany, instead, seems to agree with the 

features of T. calabra. Brocchi (1814), however, was more explicit about a locality for T. ampulla 
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in page 467 of his work: “Nelle colline di Castell'Arquato presso Piacenza trovasi sepolta questa 

anomia in una marna bigia che ne riempie la cavità interna…” A detailed taxonomic revision of the 

terebratulids from the Arda and Stirone rivers was conducted by Borghi (2001). This author 

described the Castell’Arquatto and Stirone terebratulas as mainly uniplicate (also E. Borghi, 

personal communication, 2005; and personal observation at the Geological Museum of 

Castell’Arquatto, 2018). The typical specimens from these localities fit closely the description of T. 

ampulla by Brocchi (1814). Hence, if we accept Castell’Arquatto as the type locality of T. ampulla, 

then this latter binomen would be a junior synonym of T. terebratula, because the specimens from 

the Arda River (Calabrian in age) are hardly distinguishable from the specimens coming from 

Andria and other localities of the Gravina Calcarenites (García-Ramos, 2006; Bertolaso et al., 

2009). 

 Also in relation to the Asti terebratulas I should discuss the species T. pedemontana. This 

species was insufficiently described (without illustration) by Valenciennes in Lamarck (1819). It 

was described as a biplicate species, and the only indication about is provenance or age was 

“Fossile de Turin”. Davidson (1850, 1870) traced the original specimen housed at the museum of 

the Garden of Plants in Paris, and illustrated it for the first time, but only in dorsal view, hampering 

its comparison with other biplicate species such as T. sinuosa. Davidson (1850, 1870) further 

mentioned that it was collected by Sig. Bonelli in the “tertiary beds near Turin, Italy”. 

Subsequently, Sacco (1902) reinterpreted the species as a “variety” (a morphotype) of T. sinuosa, 

and stated that it is frequent in the Miocene of Turin (Colli Torinesi).  On December the 18th, 2009 I 

received a message from Jean Michel Pacaud, from the Muséum National d’Histoire Naturelle, 

Paris, mentioning that the syntype of T. pedemontana was housed in said institution.  This specimen 

is curated with register number MNHN.F. A32406 coll. Bonelli, and it is said to be of Miocene age 

(Pacaud, 2015).  Recently available online photographs of such syntype1 show a terebratulid very 

                                                 
1 http://coldb.mnhn.fr/catalognumber/mnhn/f/a32406 

http://coldb.mnhn.fr/catalognumber/mnhn/f/a32406
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similar to the Pliocene specimens from the Asti area mentioned above, which occur as close as 27 

km away from Turin (e.g., Capriglio). It is, therefore, feasible that T. calabra might be a junior 

synonym of T. pedemontana, the latter probably coming from the Pliocene of the Asti area.  The 

uncertainty about the exact provenance and the geological horizon of the syntype, along with the 

lack of further syntypes, however, complicates further assessments about the synonymy of T. 

calabra with T. pedemontana. For this reason, I have opted here to attribute the Águilas specimens 

to T. calabra, as I did in my former review (García-Ramos, 2006), awaiting further clarification 

about T. pedemontana. 

 

Systematics 

Phylum Brachiopoda Duméril, 1806 
Subphyllum Rhynchonelliformea Williams, Carlson, Brunton, Holmer y Popov, 1996 

Class Rhynchonellata Williams, Carlson, Brunton, Holmer y Popov, 1996 
Order Terebratulida Waagen, 1883 

Suborder Terebratulidina Waagen, 1883 
Superfamily Terebratuloidea Gray, 1840 

Family Terebratulidae Gray, 1840 
Subfamily Terebratulinae Gray, 1840 

Genus Terebratula Müller, 1776 
Type species: Terebratula terebratula (Linnaeus, 1758) 

 
Terebratula calabra Seguenza, 1871 

FIG.TEXT 1 
? 1814 Anomia ampulla.Var. (plicis ementioribus, margine inferne sinuoso). Brocchi, p.467. 
? 1819 Terebratula pedemontana. Valenciennes in Lamarck, p. 252. (*) 
? 1850 Terebratula pedemontana Val. in Lamk. Davidson, p. 440, pl. 14, fig.34. 

Pars 1864 Terebratula sinuosa (Brocchi, 1814). Davidson, p.6, pl. 1, figs. 1,2 
 1865 Terebratula sinuosa. Seguenza, p. 36, pl.4, figs.2-3. 

? 1870 Terebratula pedemontana (Lamarck). Davidson, p. 365, pl. 18, fig. 5. 
 1871 Terebratula philippii Seg. Seguenza, p. 128, pl. 4, figs.6-11. 

* 1871 Terebratula calabra Seguenza. Seguenza,  p. 138, pl. 5, figs.5-8. 
 1902 Terebratula ampulla var. complanata Sacc. Sacco, p. 12, pl.2, figs. 9-11. (juveniles) 
Pars 1902 Terebratula ampulla var. plicata Sacc. Sacco,  p. 13, pl.2, figs.22-24. 
 1902 Terebratula ampulla var. plicatolata Sacc. Sacco,  p. 14, pl.2., fig. 26. 
 1902 Terebratula ampulla var. perstricta Sacc. Sacco,  p.14, pl.3, figs. 1-2. 
 1963 Terebratula ampulla var. plicatolata Sacco. Caretto, pl. 4, figs. 1a-b. 
 1976 Terebratula terebratula (Linné, 1758). Pajaud,  p. 100, pl. 3, figs. A-C. 

 1977 Terebratula terebratula (Linné). Pajaud,  p. 6, pl. II, figs. C-E. 
 1983 Terebratula ampulla. Taddei Ruggiero,  p.178, pl.1, figs. 4a-d. 
 1983 Terebratula sinuosa. Taddei Ruggiero,  p.178, pl.1, figs. 5a-c. 
 1983 Terebratula sinuosa Brocchi. Cooper, pl. 4, figs. 17-19. 
 1985 Terebratula calabra Seguenza 1871. Gaetani and Saccà, p. 7, fig. 5 (text), pl. 1, figs. 7-
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12. 
 1988 Terebratula terebratula (Linné). Gómez-Alba, p. 142, fig. 7. 
 1994 Terebratula calabra Seguenza, 1871. Taddei Ruggiero, p. 206, pl. 1, figs. 3-5. 
 1999 Terebratula terebratula (Linné, 1758). Iñesta, p. 22, pl.5, fig.2. 
 2001 Terebratula terebratula (Linnaeus, 1758). Bitner and Martinell, p. 181, fig.3 M-T. 
 2004 Terebratula ampulla. Rico-García, p. 254, pl. 5, figs. D-E. 

v 2004 Terebratula terebratula (Linnaeus, 1758). García-Ramos, p. 25, figs.4-6 (text); pl.5, 
figs.3-10; pl.6, figs.1-3; pl.7, figs. 2, 8, 10. 

v 2006 Terebratula calabra Seguenza, 1871. García-Ramos, pl.2, figs. 1-7; pl.7, figs. 7-8, 10; 
pl.8, figs. 11-29. 

 2008 Terebratula ampulla (Brocchi). Taddei Ruggiero and Raia, p.322, fig. 2 A-I. 
 2008 Terebratula ampulla. Taddei Ruggiero et al., p.211,  fig. 1H-M. 
 2012 Terebratula terebratula. Reolid et al., p. 10, fig.7a-b. 

? 2016 Terebratula ampulla (Brocchi, 1814). Dulai, p. 83, figs. 19-21. 
 2018 Terebratula cf. calabra Seguenza. Giannetti et al., p. 24, fig. 6.11a-c. 

 
*Muséum national d’Histoire naturelle, Paris (France), Collection: Paleontology (F), Fossil 
specimen MNHN.F.A32406 
 
Diagnosis. Terebratula of medium to large size; oval to rounded subpentagonal outline; maximum 

width somewhat displaced anteriorly from midvalve; adults usually sulciplicate, with dorsal folds 

developing at- or more usually anterior to midvalve; antero-ventral region smooth or with short, 

gently developed ventral fold. Juveniles with a tendency to be subrhomboidal in outline; with the 

maximum width often displaced posteriorly (‘high-shouldered’ sensu Middlemiss, 1976), plano-

convex to concavo-convex and slightly sulcate. 

 

 

FIGURE 1. 1, 2, Specimens of Terebratula calabra from the biostrome in the Águilas Basin 
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(modified from García-Ramos, 2006). 1a-d, specimen showing dorsal, ventral, lateral and frontal 

views. 2, brachidium of another specimen, displaying long terminal points. 3, original specimens of 

T. calabra from Nasiti (Calabria) (modified from Seguenza, 1871). 

 

Remarks.  The specimens from Santa Pola (Alicante, Spain) and from Cuatro Calas (Águilas 

Basin, Spain) illustrated by Pajaud (1976; 1977) were attributed to T. terebratula when the concept 

of the species was that of a relatively strongly folded taxon as interpreted by Buckman (1907).The 

latter author was based on a notably plicated, but deformed, specimen from the Pleistocene deposits 

of Monte Mario (near Rome, Italy).  This specimen was also reproduced by Thomson (1927) and by 

Muir-Wood in Moore (1965). As shown by Cooper (1983), the Monte Mario specimens (which he 

identified as T. ampulla) can be planoplicate. It seems that the Buckman specimen was an extreme 

morphotype, untypical for the population. The Monte Mario specimens are most probably 

conspecific with the Andria specimens (and with specimens from other Apulian localities from the 

Gravina Calcarenites Fm), and are, therefore, attributable to T. terebratula.  T. calabra differs from 

T. terebratula overall in being less elongate in outline, smaller, and in the tendency of adults to be 

sulciplicate; displaying better defined folds on the dorsal valve. T. terebratula can be rectimarginate 

to sulciplicate but the typical morphotype is planoplicate in adulthood.  In the Paratethys there are 

taxa that resemble T. calabra. These were identified under different names, such as Terebratula 

grandis (Blumenbach, 1803) or Terebratula styriaca Dreger, 1889 (Kudrin, 1961; Barczyk and 

Popiel-Barczyk, 1977). Their internal features are poorly known but the Polish and Ukranian 

specimens can probably be referred to as “Terebratula” makridini  Kudrin, 1958. This latter taxon 

can at best be considered a heterochronous homeomorph of T. calabra. The attribution of the Polish 

specimens to T. styriaca is unlikely, since the topotypical material of “T.” styriaca from 

Kleinhöflein near Eisenstadt (Austria) that I have seen are notably smaller and more strongly 

plicated, as faithfully illustrated in the original publication of Dreger (1889). T. calabra is easily 

distinguishable from T. sinuosa (in the sense of Marasti, 1973 and Taddei Ruggiero et al., 2019) or 
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from “Terebratula” hoernesi Suess, 1866 because the latter two are very strongly folded, with a 

ventral fold developed from the posterior to the anterior margins of the shell. The Tortonian (late 

Miocene) specimens identified by Calzada (1978; 1984) as T. ampulla, from Ceutí (Spain), are 

larger than T. calabra, and tend to be planoplicate, but there are also specimens with well-

developed sulciplication. The folding patterns in this taxon, also identified by García-Ramos (2006) 

in Barranco de Cavila, near Caravaca (Spain), start to develop posterior to midvalve, when 

compared with either T. calabra or T. terebratula. These latter Miocene specimens are similar to T. 

sinuosa var. pseudoscillae Sacco, 1902 from the Miocene of Monte Vallassa (Italy), which García-

Ramos (2006) considered to be a valid species. In late Miocene outcrops there are anteriorly 

plicated specimens which are difficult to distinguish from T. calabra. They are known from Malta 

(Cooper, 1983, who identified them as T. sinuosa), from the late Tortonian of the Guadix Basin, 

Spain (García-Ramos, 2006; Reolid et al., 2012; Giannetti et al., 2018) and from the late Tortonian-

early Messinian of the Sorbas Basin, Spain (Videt, 2003; García-Ramos, 2006; Puga-Bernabéu et 

al., 2008). 

Genus Maltaia Cooper, 1983 
 

Type species: Maltaia maltensis Cooper, 1983 
 

Maltaia moysae (Mayer-Eymar, 1898) 
FIG.TEXT 2 

 1865 Terebratula pedemontana. Lamk. Seguenza,  1865, p.39, pl. 4, fig. 5. 
* 1898 Terebratula moysae. Mayer-Eymar,  p. 72, pl.12, figs. 20 a, b. 

 1898 Terebratula biplicata (Brocchi, 1814). Almera and Bofill,  p.167-168, pl. 6, figs. 2a-2b. 
 1898 Terebratula biplicata var. lata. Almera and Bofill, p.168, pl. 6, fig.3. 
 1902 Terebratula ampulla var. plicatoparva Sacc. Sacco, p., pl. 2, fig. 13. 

 1902 Terebratula ampulla var. incavata Sacc. Sacco,  pl.2. fig. 25. 
 1988 Terebratula sinuosa (Brocchi, 1814). Gómez Alba, pl. 71, fig. 9. 

 1988 Terebratula terebratula. Calzada, p. 248, fig. 225 
 1989 Terebratula calabra Seguenza, 1871. Spano,  p. 160, pl. 9, figs. 2-4. 

v,pars 2004 Terebratula sinuosa (Brocchi, 1814). García-Ramos,  p.23,  figs. 2, 3 (text); pl. 4, figs.1-
8; pl. 6, figs. 5-7,11, 13. 

v 2006 Maltaia pajaudi. García-Ramos, 2006, p. 61, fig. 19.1a-g (text); pl.6, figs. 1-13; pl.8, 
figs.1-10. 

v 2010 Maltaia pajaudi García-Ramos, 2006. Toscano et al., 2010,  p. 257, figs. 3 e-h. 
 2011 Terebratula sinuosa Brocchi 1814. Betancort,  p. 90, pl. 5, figs. 1-4. 
 2013 Terebratula sinuosa (Brocchi, 1814). González-Álvarez, p. 14, fig. 1a-b. 
   

Diagnosis. Provided in García-Ramos (2006). 
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Remarks. This taxon is very abundant in some Mediterranean localities but has drawn the attention 

of a few authors only. I erected the species Maltaia pajaudi in 2006 without having a copy of the 

works of Mayer-Eymar (1898) and Almera and Bofill (1898), both of whom described and 

illustrated the same species. I now consider M. pajaudi to be a junior synonym of M. moysae. This 

species is characterized by being remarkably smaller than other Mediterranean species, by a strong 

subpentagonal to subrhomboidal outline, and by the presence in most specimens of well-developed 

dorsal folds located anterior to midvalve. Some specimens display a conspicuous pedicle collar. The 

most characteristic feature of the species, however, is a ventral sulcus. This is displayed by many 

specimens from population samples coming from many different localities. Other rare specimens 

can display a smooth antero-ventral region or develop an inconspicuous ventral fold. The loop of 

adults of this species (with very short terminal points, and a low-arched, rounded transverse band) is 

like that of juveniles of different species of Terebratula. These morphological features can be 

considered, therefore, as paedomorphic traits. That was the reason why I argued (García-Ramos, 

2006) that the species can be included in Maltaia Cooper, 1983.  Different species of Terebratula 

display much longer terminal points and usually a high-arched, trapezoidal transverse band. The 

trapezoidal shape in frontal view is produced by a narrow bridge (sensu Arcelin and Roché, 1936) 

on the ventral side of the transverse band of Terebratula. The species M. moysae was first defined 

from Egypt (Mayer-Eymar, 1898) and is cited from there in a few works (e.g., Sandford and Arkell, 

1933; Little, 1936) without illustrations. It is also described from Egypt by Hamza (1972 non vidi). 

The brachiopods mentioned by Aigner (1983) from the Pliocene cliff-line near the Giza pyramid 

plateau likely refer to the same species. I have found M. moysae in several similar outcrops from 

southern Spain.  Elsewhere, the species is described from Italy, under different names, by Sacco 

(1902) (notably T. ampulla var. incavata). Enrico Borghi has shown me pictures of this species 

from Ciuciano (Tuscany). Seguenza (1865) identified a possibly conspecific specimen from San 

Filippo inferiore (Messina, Sicily) as T. pedemontana, whereas Spano (1989) illustrated a most 

likely conspecific specimen from the lower Pliocene of Capo di San Marco in Sardinia. 
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FIGURE 2. Specimens of Maltaia moysae (Mayer-Eymar, 1898). 1-3, Specimens in dorsal, ventral, 

lateral and frontal view. They come from the lower Pliocene of Bolnuevo (1), Cabo Cope (2) and 

Playa de Piedra Mala (3); all in the Province of Murcia. 4, original illustrations of “T. moysae”, 

modified from Mayer-Eymar (1898). 5, original illustrations of Terebratula biplicata var. lata, 

modified from Almera and Bofill (1898).  

 

In Spain I have found M. moysae in many localities in the provinces of Almería, Murcia and 

Alicante, always in Zanclean sediments. It certainly occurs also in Málaga (Guillermo Díaz-

Medina, personal communication, 2019) and in the Guadalquivir Basin (Toscano et al., 2010). It 

was described and illustrated from some localities in Catalonia by Almera and Bofill (1898) either 

as Terebratula biplicata or T. biplicata var. lata. Later authors attributed specimens from 

Vilacolum to T. terebratula (Calzada, 1988; Encinas, 1992 non vidi). It has recently been 

illustrated, under the name T. sinuosa, from Gran Canaria (Canary Islands) by Betancort (2011) and 

by González Álvarez (2013). The ventral sulcus of the Pliocene specimens enables an easy 

distinction from relatively similar forms such as Maltaia aff. costae (sensu García-Ramos, 2006), 

“T.” styriaca, “Terebratula” kemenczeiensis Majer, 1915 and M. maltensis. The latter four taxa are 
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probably heterochronous quasi-homeomorphs. 

 

Thesis aims 

Terebratulide brachiopods are considered the “supreme survivors” of all brachiopod clades, 

since nowadays they are the dominant brachiopod clade in modern oceans in terms of abundance, 

diversity and biomass (95% of brachiopod biomass), when compared with rhynchonellide and 

thecideide brachiopods (Lee, 2008). The genus Terebratula is a good example of success as 

reflected in Neogene sediments in terms of species richness and abundance (e.g., Pedley, 1976; 

Reolid et al. 2012). The genus, however, strikingly went extinct in the Calabrian.  The aim of this 

dissertation is to help constrain the optimal ecological niche of Terebratula and analyze the 

environmental conditions that once drove its success, because these questions have been 

insufficiently explored, and because improving our knowledge on this specific question can 

contribute to better understanding the dramatic demise of other examples of once successful 

organisms. 

In this thesis I address the above question by discussing how the distribution of Terebratula 

was influenced by a number of environmental variables associated with depth-related gradients, 

such as the type of macrosubstrate, oxygenation of the bottom, productivity, sedimentation rates, 

hydrodynamic conditions, and light. All these paleobiological analyses are integrated in a 

framework of detailed sedimentological and sequence stratigraphic models.  
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SUPPORTING INFORMATION 

 

 

 
 

Fig. S1. Photomosaic of the base of the Terreros section, showing the cyclically bedded synthem 

SP0 (Zanclean, MPl1–MPl2 biozones) and the overlying calcirudites of SP1 (MPl3 biozone fide 

Montenat et al.,1978) on top, resting on an erosion surface (SP0–SP1 unconformity).  
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Fig. S2. Some examples of allochthonous elements in FA4 and FA3.  
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The environmental factors limiting the distribution of shallow-

water terebratulid brachiopods 
 

Diego A. García-Ramos, Stjepan Ćorić, Michael M. Joachimski, and Martin Zuschin 

 

Abstract.—The Cenozoic genus Terebratula seems to be an exception to the post-Permian trend in 

brachiopod retreat to offshore habitats, because it was species rich and numerically abundant in 

warm-temperate shallow-water environments in the Mediterranean and the Paratethys realms. This 

was so despite the general dominance of bivalves and the pervasive bioturbation and predation 

pressure during the Neogene. Terebratula, however, went extinct in the Calabrian (Pleistocene). 

The optimal environmental conditions for Terebratula during its prime are poorly known. The 

Águilas Basin (SE Spain) is an ideal study area to investigate the habitat of Terebratula, because 

shell beds of this brachiopod occur there cyclically in early Pliocene deposits. We evaluate the 

paleoecological boundary conditions controlling the distribution of Terebratula by estimating its 

environmental tolerances using benthic and planktic foraminiferal and nannoplanktic assemblages 

and oxygen isotopes of the secondary layer brachiopod calcite. Our results suggest that Terebratula 

in the Águilas Basin favored oligotrophic to mesotrophic, well-oxygenated environments at water 

depths of 60–90 m. Planktic foraminiferal assemblages and oxygen isotopes point to sea-surface 

temperatures between ~16°C and 22°C, and bottom-water temperatures between 17°C and 24°C. 

The analyzed proxies indicate that Terebratula tolerated local variations in water depth, bottom 

temperature, oxygenation, productivity, and organic enrichment. Terebratula was probably 

excluded by grazing pressure from well-lit environments and preferentially occupied sediment-

starved, current-swept upper offshore habitats where coralline red algae were absent. Narrow 

temperature ranges of Terebratula species might have been a disadvantage during the high-

amplitude seawater temperature fluctuations that started about 1 Ma, when the genus went extinct. 
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Introduction 

Brachiopods were the most successful benthic marine animals during the Paleozoic (Thayer 

1986), with about 400 species remaining today (Emig et al. 2013). In Recent seas, terebratulids are 

by far the most successful of all brachiopod clades (Lee 2008). Like other representatives of the 

subfamily Terebratulinae, such as Pliothyrina and Maltaia, some species of “Terebratula” appear to 

stand as an exception to the general progressive trend of brachiopod retreat to deep and/or cryptic 

habitats after the Permian–Triassic mass extinction (Tomašových 2006). This is because 

Terebratulinae were numerically abundant above the storm-weather wave base (Kroh et al. 2003; 

Gramigna et al. 2008; Pervesler et al. 2011), much like other Terebratulida can dominate in present-

day, shallow-water hard-bottom environments (Logan and Noble 1971; Richardson 1981; Försterra 

et al. 2008; Tomašových 2008). European Terebratulinae, however, went extinct in the Calabrian 

(approximately during or shortly after the Jaramillo Subchron), not surviving beyond the Sicilian 

(D’Alessandro et al. 2004; Taddei Ruggiero and Taddei 2006; La Perna and Vazzana 2016; Crippa 

et al. 2019), with the last species being Terebratula terebratula and Terebratula scillae. Although 

Neogene and Pleistocene Terebratula had to cope with specialized predators, niche competitors 

(bivalves), and bulldozing and grazing marine organisms (Thayer 1983), it thrived mainly in warm-

temperate shallow-water detritic-bottom habitats in the Paratethys and the Mediterranean realms 

mailto:garcia.ramosda@univie.ac.at
mailto:martin.zuschin@univie.ac.at
mailto:stjepan.coric@geologie.ac.at
mailto:michael.joachimski@fau.de
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(Pedley 1976; Bitner and Pisera 2000; Reolid et al. 2012). There are also reports from subtropical 

environments, where species of Terebratula infilled cavities in Porites–Tarbellastraea reefs during 

the Tortonian (Barbera et al. 1995) or were present on the distal slope of Porites fringing reefs 

during the lower Messinian (Llompart and Calzada 1982; Obrador et al. 1983; Videt 2003). Little is 

known, however, about the paleoecology of Terebratula (Benigni and Robba 1990; Pavia and 

Zunino 2008). Narrowing down the factors that led European Terebratulinae to extinction calls for 

improving our knowledge about the habitats and the ecological niche occupied by these 

terebratulids in their prime. This study is designed to help fill this gap by evaluating the 

environmental conditions in the subenvironments where the Terebratula populations were at their 

optimum in the Pliocene outcrops of the Águilas Basin (SE Spain), as well as the paleoecological 

boundary conditions onshore and offshore of this optimum. More specifically, we estimate 

environmental tolerances of this brachiopod with respect to water depth, bottom oxygenation, 

bottom temperature, productivity, and organic enrichment. This study area is among the most 

suitable for this purpose, because abundant and almost monospecific shell beds of Terebratula 

occur here cyclically in a mixed temperate carbonate–siliciclastic system (García-Ramos and 

Zuschin 2019). 

Study Area and Paleoenvironmental Setting 

The Águilas Basin (SE Spain) is located in the southwestern inner sector of the tectonic 

Águilas Arc (Fig. 1A,B), in the Internal Betic Zone (Coppier et al. 1989). The Águilas Basin was a 

small embayment (about 14 km wide) during the early Pliocene (Fig. 1C) (García-Ramos and 

Zuschin 2019).  

The studied brachiopods belong to a sequence of late Zanclean age (MPl3 planktic 

foraminiferal biozone of the Mediterranean Pliocene; for the biozonation, see Iaccarino et al. [2007] 

and Corbí and Soria [2016]). The present study also yielded scarce specimens of the nannoplankton 

species Reticulofenestra cf. cisnerosi at the base of the sequence. This occurrence, together with the 

absence of Discoaster tamalis and the association with Globorotalia puncticulata and Globorotalia 
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margaritae, constrains the age of the base of the sequence to the older part of Subchron C3n.1r 

(between 4.52 and 4.42 Ma), according to the biostratigraphic scheme of Lancis et al. (2015). 

 

 

FIGURE 1. A, Location of the Águilas Arc in southeast Spain (adapted from Bardají et al. 2001). B, 

Location of the Cabezo Alto–Cañada Brusca area in the Águilas Basin. C, Paleogeographic map of 

the Águilas Basin during the Zanclean (adapted from García-Ramos and Zuschin 2019). 

 

The studied strata define originally inclined units that were deposited on a slope (termed 

“clinobeds”), which were interpreted to reflect high-frequency and low-amplitude relative sea-level 

changes (García-Ramos and Zuschin 2019). Sedimentologically, these clinobedded units are 

consistent with sand-prone subaqueous delta-scale clinoforms (sensu Patruno et al. 2015), which 

developed entirely below sea level. The most proximal deposits are bioturbated coarse sands, 

followed distally by rhodolith-rich finer-grained sediments (rhodalgal facies). Both facies 

correspond to the topset of the clinoforms (Fig. 2A). Following a biological benthic zonation (i.e., 

Gili et al. 2014), these environments were interpreted as mediolittoral to infralittoral (foreshore to 

upper shoreface) and lower infralittoral to upper circalittoral (lower shoreface) (García-Ramos and 

Zuschin 2019). The rhodolith debris disappears gradually toward the basin, giving way to fine-

grained sands rich in the polychaete Ditrupa arietina along with benthic and planktic foraminifera. 

The disappearance of the rhodoliths distally can be interpreted as a transition zone from the upper 

circalittoral to the lower circalittoral (Basso 1998; Cameron and Askew 2011; Gili et al. 2014). This 
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facies transition between rhodalgal and Ditrupa-rich deposits was also interpreted as the offshore  

 

 

FIGURE 2. A, Depositional setting of the late Zanclean sediments in the study area and the 

paleoenvironmental distribution of Terebratula across the depositional profile. Included are a 

biological benthic zonation slightly modified from Gili et al. (2014) and a sedimentological 

zonation based on Pomar and Tropeano (2001) and García-Ramos and Zuschin (2019). The 

depositional profile is adapted from Pomar et al. (2015). B, Field photo of subaqueous delta-scale 

clinoforms, with outcrop photos of biofacies along a proximal–distal gradient: Schizoretepora-

rhodolith debris, Schizoterepora and Terebratula biofacies (adapted from García-Ramos and 

Zuschin 2019). 
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transition zone (OTZ) based on sedimentological evidence; it coincides with the topset–foreset 

transition (i.e., upper rollover) of the clinoforms (García-Ramos and Zuschin 2019). The Ditrupa 

facies in this transition zone to the lower circalittoral corresponds to the foreset of the clinoforms 

(Fig. 2A). The most distal facies in our area is fine-grained muddy sands with the characteristic 

pectinid Costellamussiopecten cristatum occurring as dispersed, disarticulated shells (Fig. 2A, 

bottomset of the clinoforms). These deposits can be interpreted as formed in upper offshore 

environments, also within the transition zone to the lower circalittoral.  

In the above facies, 5- to 20-cm-thick monospecific pavements of Terebratula calabra 

(Figs. 2B and 3A,B) are interspersed cyclically (Fig. 2A). Locally the pavements also yield rare 

specimens of the rhynchonellid Aphelesia bipartita. As a rule, the greatest Terebratula 

concentrations occur in the transition between the foreset and the bottomset (the lower rollover 

zone) (Fig. 2A,B), where the Terebratula pavements show loosely to densely packed biofabrics 

(Figs. 2B and 3B). The density of Terebratula decreases toward more proximal (foreset) and more 

distal positions (bottomset) (Figs. 2A and 3C) in the depositional profile. The rhodalgal facies 

(lower shoreface) also contains rare, isolated specimens of Terebratula (Fig. 3D,E). The shells in 

the pavements are mostly complete, articulated, and minimally encrusted by epizoans or bioeroded 

(recording rare traces of Podichnus obliquus produced by conspecifics). These concentrations were 

interpreted as parautochthonous assemblages in relatively shallow-water but offshore (circalittoral) 

environments during stages of reduced sedimentation rates (for details, see García-Ramos and 

Zuschin 2019). A recognizable 1.5- to 2-m-thick bed dominated by Terebratula in the study area 

shows loose to densely packed biofabrics (Fig. 3F–J). The taxonomic richness in this bed is 

distinctly higher than in the pavements. In this bed, the “Terebratula biostrome,” highly altered 

shells occur admixed with clusters of well-preserved terebratulids, some of which can be interpreted 

as biological clumps (sensu Kidwell et al. 1986). This suggests that the terebratulids were 

autochthonous (García-Ramos and Zuschin 2019). Many shells in the biostrome are bioeroded by  
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FIGURE 3. Paleoenvironmental features of Terebratula calabra outcrops in the Águilas Basin. A, An 

articulated specimen of T. calabra. B, Densely packed pavement TP1 at the toeset subenvironment. 

C, Loosely packed biofabrics on a plane bed at the bottomset. D, E, isolated Terebratula specimens 

in the rhodolithic hybrid floatstone facies. The arrows in D pinpoint typical shoreface taxa: 

Gigantopecten latissimus, Spondylus crassicosta, and Aequipecten opercularis, while the circle in 

D highlights a Terebratula specimen. F–J, Densely packed biofabrics from the “Terebratula 

biostrome.” K–R, Macrobioerosion traces on specimens from the biostrome: Entobia isp. (K), 

Gnathichnus pentax (L), Caulostrepsis taeniola (M), Renichnus arcuatus (N), Podichnus obliquus 
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(O), same ichnospecies with abrasion marks from the foramen rims (P), Centrichnus 

eccentricus(Q), Anellusichnus isp. and Oichnus simplex indicated by arrows (R), specimens of 

Novocrania anomala from the biostrome (S). 

 

clionaid sponges (Fig. 3K), although other traces also occur in low abundance (Fig. 3L–R). The 

rasping trace Gnathichnus pentax (Fig. 3L) is represented, whereas the rasping trace Radulichnus 

isp. is absent (García-Ramos and Zuschin 2019). Molinu et al. (2013), who studied microbioerosion 

traces affecting Terebratula specimens from the biostrome at the Cañada Brusca E-2 section, 

reported that the traces produced by fungi were dominant, although the microendolith trace 

Rhopalia clavigera (the product of chlorophytes) is also represented. The “Terebratula biostrome,” 

compared with the pavements, yields additional brachiopod taxa: the craniid Novocrania anomala 

(Fig. 3S), often encrusting disarticulated shells of Terebratula, is relatively common. In contrast, 

Megathiris detruncata, Megerlia truncata, Terebratulina retusa, A. bipartita, and Maltaia moysae 

are rare or very rare. 

From a morpho-sedimentary viewpoint, these clinoform systems have also been referred to 

as “infralittoral prograding wedges” (Hernández-Molina et al. 2000; Pomar and Tropeano 2001). 

Assuming the latter genetic model, the transition between the topset and the foreset of the 

clinoforms (i.e., the upper rollover) is coincident with the storm-weather wave base (lower 

shoreface–offshore transition) (Fig. 2A). A minimum water depth for this environment was 

probably about 25–30 m, in line with data from Recent examples from the Western Mediterranean 

(Hernández-Molina et al. 2000; Betzler et al. 2011) and the coralline algal assemblage (García-

Ramos and Zuschin 2019). The vertical distance between the lower and upper rollover in the 

clinoform between clinothems 5 and 6 (García-Ramos and Zuschin 2019) is 29 m (Fig. 2B). This 

suggests a water depth of 54–59 m for the foreset–bottomset transition of the clinoforms (i.e., the 

lower rollover), without considering lithostatic compaction. During stages of low-amplitude (~15–

20 m) relative sea-level rise pulses (García-Ramos and Zuschin 2019), the water depth of the lower 
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rollover and bottomset was an estimated 70–80 m (Fig. 2A). 

 

 

FIGURE 4. Synthetic sections from the Cabezo Alto, Cañada Brusca, and Cañada Blanca areas 

(adapted from García-Ramos and Zuschin 2019). The Cabezo Alto section, the focus of this study, 

is also indicated as CA.1. The studied Terebratula samples are indicated with black stars. fs = fine 

sand; ms = medium sand; cs  = coarse sand; g  = gravel. 

 

Material and Methods 

Brachiopod assemblages are well represented, and crop out cyclically, in the Águilas Basin 

(SE Spain) (Fig. 1A,B). To evaluate the range of paleoenvironmental conditions, we studied the 

micropaleontological content of 26 bulk samples of friable sediment from the Cabezo Alto (CA) 

section (Fig. 4). The CA section was chosen because it records a vertical succession continuously 
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exposing the main facies in the study area (including two Terebratula pavements: samples CA10 

and CA15) (Fig. 4). The CA section is a suitable template for comparison with other Terebratula 

outcrops from the same stratigraphic sequence (three additional samples from Terebratula 

pavements [TP1, TP2, and TP3] and one from the “Terebratula biostrome” [sample TB]). 

Comparison between CA and other outcrops helps assess the variability of the environmental 

conditions associated with the presence and absence of Terebratula in the studied localities. 

The samples were screened to study benthic and planktic foraminifera and calcareous 

nannoplankton. Each of the three taxonomic groups was studied and analyzed as separate data sets. 

For each sample, >200 specimens of benthic foraminifera (>100 in the case of planktics) in the 

125–500 μm fraction (Weinkauf and Milker 2018) were identified to species level whenever 

possible and counted. Only tests >50% complete, which included diagnostic features, were 

considered. For calcareous nannoplankton, smear slides were prepared using standard procedures 

and examined under the light microscope (cross and parallel nicols) at 1000× magnification. The 

occurrence of ascidian spicules was noted. Quantitative data were obtained by counting at least 300 

specimens from each smear slide. A further 100 view squares were checked for important species to 

interpret the biostratigraphy and paleoecology of the calcareous nannoplankton. Among 

reticulofenestrids, we followed the general distinction based on size (Young 1998): Reticulofenestra 

minuta (<3 µm), Reticulofenestra haqii (3–5 µm), Reticulofenestra pseudoumbilica (5–7 µm), and 

R. pseudoumbilica (>7 µm).  

Before subsequent analyses, differences in sample size were accounted for by rarefying the 

Q × R matrix with count abundance data of benthic foraminifera so that each sample contained 200 

specimens (100 specimens in the planktic foraminiferal data set). This was accomplished using the 

function rrarefy of the package vegan (Oksanen et al. 2018). All subsequent analyses were 

conducted in the R statistical environment, v. 3.5 (R Development Core Team 2018). The 

resampling process was repeated 100 times, and the mean data set was used for further analysis. For 

benthic foraminifera, species with relative abundances below 3% were discarded. The variability of 
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the environmental parameters is shown in box plots by comparing samples where Terebratula was 

abundant, rare, or formed the biostrome. Samples lacking Terebratula were segregated between 

bottomset and foreset subenvironments (both in the transition zone from upper to lower 

circalittoral) (Fig. 2A) based on facies analysis conducted by García-Ramos and Zuschin (2019). 

Benthic Foraminiferal Assemblages and Bathymetry  

We used a Q-mode nonmetrical multidimensional scaling (NMDS) as an ordination method 

to visualize in the Bray-Curtis multivariate space the position of the samples containing Terebratula 

along the environmental gradient encompassing bottomset and foreset subenvironments at the CA 

section. Differences in the composition of benthic foraminiferal assemblages among bottomset, 

foreset, and Terebratula samples were additionally evaluated with a test of permutational 

multivariate analysis of variance (PERMANOVA, function adonis in package vegan). The variation 

in composition of such assemblages was examined with a permutational analysis of multivariate 

dispersions (PERMDISP, function betadisper in package vegan). Facies occurring in shallower 

environments (e.g., the rhodalgal facies) were excluded from the analysis, because this facies 

consists of hardened rock that hampers the extraction of foraminiferal tests. The composition of 

benthic foraminifera in the samples containing Terebratula is shown in bar plots. The composition 

of the remaining samples can be checked in a two-way cluster analysis (Supplementary Fig. 1). 

Additionally, we provide estimates for bathymetry using the transfer function proposed by 

Báldi and Hohenegger (2008). This approach was applied using benthic foraminiferal species with 

both non-overlapping and overlapping depth ranges. The depth ranges of benthic foraminifera were 

mainly compiled from Sgarrella and Moncharmont Zei (1993), Altenbach et al. (2003), Hohenegger 

(2005), Rasmussen (2005), Spezzaferri and Tamburini (2007), Sen Gupta et al. (2009), Phipps et al. 

(2010), and Milker and Schmiedl (2012). The same transfer function, weighted by the mean, was 

applied on the vertical distribution range of planktic foraminiferal species to estimate minimum 

water-column depth. The depth ranges of planktic foraminifera were compiled from Rebotim et al. 

(2017). For comparison, we also computed depth estimates based on the plankton/benthic ratio 
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(P/B) using the regression function by Van der Zwaan et al. (1990). 

 

Ecological Groups of Benthic Foraminifera as Proxies for Oxygenation and Organic Enrichment 

Changes in organic matter content are often coupled with reduced oxygen concentrations at 

the seafloor (Jorissen et al. 1995; Koho et al. 2008). An increase in organic matter is evaluated by 

analyzing changes in the proportional abundance of foraminiferal species assigned to five 

ecological groups (EG1 to EG5). These groups were proposed based on different degrees of 

opportunistic species’ response to varying levels of organic matter enrichment (Alve et al. 2016; 

Jorissen et al. 2018). We used only species whose proportional abundance was >3%, because 

ecological information on rare species is often not available. For visualization in box plots, 

percentages were recalculated after discarding rare species (Dominici et al. 2008). For some 

quantitatively important species (e.g., Planulina ariminensis) not listed by Alve et al. (2016) and 

Jorissen et al. (2018), a tentative attribution to a category of EG was attempted based on literature 

evidence (e.g., Rasmussen 2005). In this study, for each EG, we report the proportion of taxa, 

including unlisted species that were tentatively attributed to a corresponding group. We denoted this 

as the “aggregated ecological group” (AEG). To visualize the results, we used the conceptual 

TROX model (Jorissen et al. 1995), representing the Terebratula samples in a scheme adapted from 

Koho et al. (2008) by incorporating the main benthic foraminiferal species found in our samples.  

 

Productivity and Water Temperature 

The ecological and environmental distribution of extant species of planktic foraminifera is 

associated with levels of primary productivity and temperature (roughly warm-oligotrophic vs. 

cold-eutrophic species) (Hemleben et al. 1989; Sierro et al. 2003). The taxonomy generally follows 

the concepts of Kennett and Srinivasan (1983) with consideration of other sources (e.g., Poore and 

Berggren 1975; Malgrem and Kennett 1977; Darling et al. 2006; Schiebel and Hemleben 2017). 

Productivity based on planktic foraminiferal assemblages was assessed by comparing samples 



 Chapter 3: Shallow-water Terebratulid Brachiopods 
   

107 
 

containing Terebratula with those where it was absent. The attribution of the planktic species to a 

category (warm-oligotrophic vs. cold-eutrophic) was based on information provided by Spezzaferri 

et al. (2002), Sierro et al. (2003), and Incarbona et al. (2013). We performed a modern analogue 

technique (MAT) with the packages analogue and analogueExtra (Simpson 2007) to estimate sea-

surface temperature (SST) from the Águilas Zanclean samples. As a training data set, we used the 

modern North Atlantic planktic foraminiferal data set from Kucera et al. (2005), available at the 

Pangaea repository. The fossil species were standardized with the closest extant relatives using the 

morphogroups proposed by Serrano et al. (2007). The exception was that we included Globorotalia 

hirsuta as a proxy for G. margaritae (e.g., Globoturborotalita rubescens was taken as a proxy for 

Globoturborotalita gr. apertura; Globorotalia inflata for G. puncticulata; Globigerinoides ruber 

[lumping pink and white types] for Globigerinoides obliquus and Globigerinoides extremus). We 

computed an NMDS ordination of the modern data set and the Águilas samples, and we 

superimposed the calculated SST isotherms on the ordination plot using the function ordisurf from 

vegan. The variance of the Kucera et al. (2005) data set explained by SST was calculated with 

canonical correspondence analysis (CCA). 

To evaluate bottom-water temperatures, we selected 12 specimens of Terebratula calabra 

collected from different stratigraphic intervals and shell beds from the Águilas Basin for oxygen 

isotope analysis. The specimens were embedded in resin and cut along a longitudinal axis to 

produce thin sections, which were subsequently screened for diagenetic alteration with the 

cathodoluminescence microscope Technosyn 8200 MK II at the GeoZentrum Nordbayern, 

University Erlangen–Nuremberg. Selected samples of nonluminescent Terebratula shells were 

polished, etched in 5% HCl solution for 15 seconds (Crippa et al. 2016), sputtered with gold, and 

photographed under a scanning electron microscope (Jeol JSM 6400) at the University of Vienna. 

Carbonate powders extracted with a microdrill from the secondary layer somewhat posterior to the 

middle part of the shell were reacted with 100% phosphoric acid at 70°C using a Gasbench II 

connected to a Thermo Fisher Delta V Plus mass spectrometer at the GeoZentrum Nordbayern, 
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University Erlangen–Nuremberg. All values are reported in per mil relative to VPDB. 

Reproducibility and accuracy were monitored by replicate analysis of laboratory standards 

calibrated by assigning δ13C values of +1.95‰ to NBS19 and −47.3‰ to IAEA-CO9 and δ18O 

values of −2.20‰ to NBS19 and −23.2‰ to NBS18. Reproducibility for δ13C and δ18O was ±0.09 

and ±0.08 (1 SD), respectively. To estimate temperatures from oxygen isotopes, we used the 

equation from O’Neil et al. (1969). We assumed a seawater δ18Osw  = +1.5‰ VSMOW for the 

western Mediterranean in the late Zanclean, based on Recent seawater composition in the eastern 

Mediterranean (Schmidt 1999; Rohling 2013). Sample S104 was identified as an outlier and was 

excluded from analysis. 

 

Results 

Benthic Foraminiferal Assemblages and Bathymetry of the Terebratula Samples 

The Q-mode NMDS ordination plot (Fig. 5A) shows that the samples with Terebratula 

occupy a transitional position between Terebratula-barren bottomset and foreset samples, as was 

already observed from lateral facies variations in the field (Fig. 2B). The exceptions are CA10 (a 

bottomset sample with rare Terebratula) and TB (“Terebratula biostrome”), which shows affinity  

 

 

FIGURE 5. A, Q-mode nonmetrical multidimensional scaling (NMDS) ordination. Samples 
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containing Terebratula mostly occur at the transition from foreset to bottomset. B, Box plots of 

depth estimates using the transfer function from Báldi and Hohenegger (2008) and the regression 

equation for planktic/benthic ratio from van der Zwaan et al. (1990). BF stands for Benthic 

Foraminifera and PF stands for Planktic Foraminifera. 

 

with the samples at the base of the CA section. PERMANOVA finds a significant difference among 

bottomset, foreset, and Terebratula samples, but only ~19% of the total variance is explained by 

these groups. Permutation tests applied on PERMDISP find a significant although moderate 

compositional variation between the bottomset and foreset samples (permutest: F  = 4.77, df  = 2, p  

= 0.022), whereas a post hoc Tukey’s honest significant difference test for multiple comparisons 

among groups indicates a significant compositional difference only between bottomset and foreset 

samples (p = 0.013). The benthic foraminiferal composition of the samples containing Terebratula 

is characterized, in general, by the dominance of Bolivina gr. dilatata and Cassidulina carinata,  

 

FIGURE 6. Relative abundane of benthic foraminiferal species in the Terebratula samples with 95% 

confidence intervals (percentile method). Only species with relative abundance higher than ~3% are 
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shown. CA, Cabezo Alto; TP, Terebratula pavement. 

 

followed by cibicidids and asterigerinids (Fig. 6). The TB sample is dominated by cibicidids. The 

equation of Báldi and Hohenegger (2008) yielded depth estimates of ~50 to 90 m for the 

Terebratula samples when including non-overlapping shallow-water species and the vertical 

distribution range of planktic foraminifera (Fig. 5B). These values are consistent with estimates 

based on sedimentological models. Removing non-overlapping shallow-water species yielded 

bathymetric estimates of ~90 to 125 m. The regression function by Van der Zwaan et al. (1990) 

returned unrealistic depth estimates for the Terebratula samples (50–200 m), most probably 

because of onshore transportation of planktic foraminifera by currents (Murray 1976). 

 

Organic Carbon Enrichment and Oxygenation 

The box plots show that samples with Terebratula contain a slightly higher proportion of 

benthic foraminifera belonging to the EG of “sensitive species” (AEG1) compared with samples 

where Terebratula is absent (Fig. 7). The Terebratula-containing samples vary between ~35% to 

~60% of AEG1 (in the TB sample), the latter being the maximum value in the data set. All these 

samples fall within the range shown by samples devoid of Terebratula with regard to the proportion 

of benthic species belonging to the EGs of “indifferent species” (AEG2), “tolerant” (AEG3), and 

“second-order opportunists” (EG4). Most Terebratula samples, however, display low proportions 

(~10%) of benthic species of EG4 (Fig. 7). The exception is sample CA10, a bottomset sample, 

which contains ~20% of EG4 species and rare Terebratula. In the whole data set, “first-order 

opportunists” (EG5) were absent. 

 

Productivity 

The Terebratula samples fall within the ranges of cold-eutrophic and warm-oligotrophic 

species contained in the Terebratula-barren samples (Fig. 8A). Sample CA10 displays the 
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maximum proportion of cold-eutrophic species (~60%), whereas TB yields a relatively low 

proportion (~30%) (Fig. 8A). Overall, the Terebratula samples are dominated by warm-oligotrophic 

species, except for sample CA10 (Fig. 8A). The NMDS ordination of the nannoplankton (Fig. 8B) 

shows that the sample with rare Terebratula is associated with a Calcidiscus leptoporus–

Coccolithus pelagicus assemblage, whereas the sample with abundant Terebratula is included in the 

Reticulofenestra small assemblage. In six additional Terebratula outcrops, nannoplankton were rare 

in four samples and absent in the other two. The samples with rare nannoplankton, however, contain 

the Calcidiscus leptoporus–Coccolithus pelagicus assemblage. 

 

Seawater Temperature 

The MAT analysis using data from Kucera et al. (2005) shows that SST ranges from ~16°C 

(for sample CA10) to ~22°C (samples TP1, TP3, and Terebratula biostrome) (Fig. 9). The  

 

 

FIGURE 7. Relative abundance of aggregate ecological groups (AEG) of benthic foraminifera, 

partitioned into Terebratula-barren bottomset and foreset samples and those samples with rare, 

abundant, or biostrome-forming Terebratula. The conceptual scheme regarding the faunal response 

of benthic foraminiferal ecological groups (EG) to organic enrichment is based on Alve et al. (2016) 

and Jorissen et al. (2018). 
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FIGURE 8. A, Relative abundance of cold-eutrophic and warm-oligotrophic species of planktonic 

foraminifera, partitioned into Terebratula-barren bottomset and foreset samples and those samples 

with rare, abundant, or biostrome-forming Terebratula. B, Q-mode nonmetric multidimensional 

scaling (NMDS) of the Cabezo Alto (CA) section nannoplankton samples.  

 

Terebratula samples CA15 and TP2 fall within the range of 17°C to 19°C. CCA estimates that SST 

explains 39% of the variance (permutation test: F = 540.46, df = 1, p = 0.001) in the Kucera et al. 

(2005) data set. 

 

FIGURE 9. Nonmetric multidimensional scaling (NMDS) of planktonic foraminifera performed on 
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the standardized Pliocene samples from the Águilas Basin (squares, diamonds, and triangles) and 

the Kucera et al. (2005) extant data set (circles). The calculated sea-surface temperature (SST) for 

the Pliocene samples is based on the modern analogue technique. SST isotherms are superimposed 

on the NMDS plot with the ordisurf function in R. Black line: the range of SST covered by the 

Pliocene samples. 

 

 

FIGURE 10. A–C, Scanning electron microscope (SEM) images of ultrastructural details of 

Terebratula from the study area. The shells display good preservation of the fibers in the secondary 

layer. D–F, Nonluminescent shells of Terebratula, although some of the punctae are luminescent. 

 

Table 1. Oxygen isotope values from the secondary layer of Terebratula specimens from the study area, with estimation 
of the temperature.S104 is an outlier and not considered for the interpretation. 
 

Sample Outcrop δ18Ocalc  
(‰ V-PDB) 

δ18Ow 
(‰ 
VSMOW) 
(Rohling, 
2013) 

Tcalc ºC 
(O’Neil et al., 1969) 

δ18Ow 
(‰VSMOW) 

Tcalc ºC 
(O’Neil 
et al., 
1969) 

S74 CBl.Tereb.Biost. 1.16 1.5 17.1 0 10.7 
S75 CBl.Tereb.Biost. 0.83 1.5 18.6 0 12.1 
S77 TP2 0.97 1.5 17.9 0 11.5 
S78 CBrE1.Tere.Biost. 0.43 1.5 20.4 0 13.8 
S79 Tere.pav.Balsa 1.16 1.5 17.1 0 10.7 
S80 TP1 0.92 1.5 18.2 0 11.7 
S81 CA.28 0.71 1.5 19.1 0 12.6 
S83 Ter.pav.Balsa 0.91 1.5 18.2 0 11.7 
S85 TP3 0.53 1.5 19.9 0 13.3 
S86 TP2 0.36 1.5 20.7 0 14.1 
S87 CA.15 0.84 1.5 18.5 0 12 
S88 CBl.Tereb.Biost -0.32 1.5 23.8 0 17 
S102 CA.28 0.91 1.5 18.2 0 11.7 
S103 CA.28 0.57 1.5 19.7 0 13.2 
S104 CA.28 -1.91 1.5 31.6 0 24.3 
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Regarding the oxygen isotopes, the Terebratula samples displayed a good preservation of 

the secondary layer fibers (Fig. 10A–C). The exception is sample S86, which shows cracks in the 

fibers. All analyzed Terebratula samples were nonluminescent, except for the punctae in some 

specimens (Fig. 10D–F). The volume of nonluminescent shell material is far greater than that of the  

sediment infilling the punctae. We therefore assume that the oxygen isotopic signal represents 

primary, diagenetically unaltered values. The δ18Ocalc of the 12 Terebratula samples varies between 

−0.32 and 1.16, with a mean value of 0.71 (Table 1). Assuming that the seawater δ18O in the 

Águilas Basin during the late Zanclean was +1.5‰ by analogy with the warmer Recent eastern 

Mediterranean (Schmidt 1999; Rohling 2013), then the δ18Ocalc values translate into temperatures 

between 17.1°C and 23.8°C (mean: 19.1°C). Three measurements, done along the posterior–

anterior axis of an isolated Terebratula shell from the foreset facies (sample CA28) (measurements 

S81, S102, S103), yield δ18Ocalc values of 0.71, 0.91, and 0.57 VPDB. The calculated temperatures 

are 19.1°C, 18.2°C, and 19.7°C, respectively. A fourth measurement from the anterior part of the 

shell (S104) is considered to be an outlier (Table 1). 

 

Discussion 

Bathymetric Distribution 

Terebratula calabra in the studied sequence of the Águilas Basin is very rare or absent in 

the rhodalgal facies (lower shoreface; ~25–30 m depth) (Figs. 2A and 4D,E) and in the deepest fine-

grained sandy facies (offshore) (Figs. 2A, 4C, and 5). The maximum population density occurs 

close to (but notably below) the shoreface–offshore transition in fine-grained sands at estimated 

paleodepths of about 60 to 90 m (Figs. 2A,B, 4B, and 5B). The benthic foraminiferal assemblage of 

the Terebratula samples (Fig. 6) characterizes an offshore environment (e.g., Sgarrella and 

Moncharmont Zei 1993; Rasmussen 2005; Milker et al. 2009; Frezza et al. 2010; Mojtahid et al. 

2010). 
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Substrate 

Modern Terebratulida bathymetrically equivalent to Terebratula mostly occur in shallow 

rocky habitats in bays and fjords (Supplementary Table 1). Terebratula species, instead, were 

abundant in soft sediments: coarse to muddy sands (e.g., Gaetani 1986; Barrier et al. 1987; 

Dominici 2001; Gramigna et al. 2008). Terebratula, like certain other brachiopods (Rudwick 1961; 

Richardson 1981; Llompart and Calzada 1982), was potentially attached to ascidians, whose 

spicules are pervasive in section CA. We did not quantify the percentage of Terebratula shells 

affected by pedicle attachment traces (P. obliquus), but this trace is rare. This matches previous 

reports on several species of Terebratula, in which 1% or less were affected by P. obliquus (Taddei 

Ruggiero and Bitner 2008). Other members of Terebratulinae are known to facultatively form 

clusters, such as Pliothyrina (Bell and Bell 1872; Rudwick 1961) and Liothyrella (Foster 1974; 

Richardson 1981; Peck et al. 1997). A cluster of Terebratula calabra from the Águilas Basin was 

illustrated by García-Ramos and Zuschin (2019). 

 

Oxygenation, Organic Enrichment, and Productivity 

Among the dominant benthic foraminifera in the Terebratula samples, a first group of 

species (B. gr. dilatata, Bulimina aculeata, C. carinata) suggests that Terebratula in this basin was 

subject to seasonal inputs of labile organic matter, possibly associated with episodes of dysoxia at 

the seafloor (Barmawidjaja et al. 1992; Fontanier et al. 2003; Langezaal et al. 2006; Abu-Zied et al. 

2008; Mendes et al. 2012). This interpretation is reinforced by the presence of the Calcidiscus 

leptoporus–Coccolithus pelagicus nannoplankton assemblage in several Terebratula samples, 

suggesting productivity pulses triggered by coastal upwelling (Silva et al. 2009; Auer et al. 2014). 

In contrast, the “Reticulofenestra small” nannoplankton assemblage in sample CA15 points to an 

opportunistic response to increased eutrophic levels, environmental disturbance, or water 

stratification related to continental runoff or riverine input (Wade and Bown, 2006; Ćorić and 
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Hohenegger 2008; Auer et al. 2014). This latter assemblage correlates with warmer-water SST  

 

 

FIGURE 11. TROX model (adapted from Koho et al. 2008) conceptually representing the range of 

conditions interpreted for the Terebratula samples, marked by an inset. CA, Cabezo Alto; TP, 

Terebratula pavement. 

 

 indicated by planktic foraminiferal assemblages (Supplementary Fig. 2). A second group of benthic 

foraminifera (Heterolepa dutemplei, P. ariminensis, Ccibicides gr. refulgens, Discorbinella 

bertheloti, Cibicidoides gr. pachyderma, Biasterigerina planorbis, and Cibicidoides lobatulus) 

suggests oligotrophic, well-oxygenated background conditions under the influence of strong bottom 

currents (Donnici and Barbero 2002; Schönfeld 2002; Szarek et al. 2006; Fontanier et al. 2008; 

Koho et al. 2008; Schweizer et al. 2009; Frezza et al. 2010; Buosi et al. 2012). Background 

oligotrophism and high oxygen levels are suggested by the proportional dominance of the 

“sensitive” and “indifferent” EGs of benthic foraminifera (Fig. 7) and warm-oligotrophic planktic 

foraminifera (Fig. 8A). Note here that the sample from the Terebratula biostrome (TB), however, is 

mostly characterized by oxiphylic species such as C. gr. pachyderma and C. gr. refulgens, which are 
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suspension-feeding epizoans (Koho et al. 2008; Schweizer et al. 2009). Our data from the Águilas 

Basin suggest, overall, that Terebratula preferred oligotrophic and well-oxygenated habitats, under 

moderate to strong currents, but tolerated mesotrophic conditions and fluctuating concentrations of 

oxygen levels at the seafloor (Fig. 11). 

 

 

FIGURE 12. A, Monthly sea-surface temperatures (SST) off Águilas for the period 1981–2010 (data 

from Guijarro et al. 2015). B, Comparison between SST estimated from modern analogue technique 

using the Kucera et al. (2005) data set of planktonic foraminifera and bottom temperatures from 

oxygen isotopes of Terebratula shells from the Águilas Basin. Terebratula oxygen isotopes from 

Styria, Guadix, and Gallina and Pliothyrina from the Coralline Crag are included for comparison. 

The data were taken from Bojar et al. (2004), Clark et al. (2016), Rollion-Bard et al. (2016), and 

Vignols et al. (2018). All temperatures were calculated using the equation given by O’Neil et al. 

(1969). δ18Osw was assumed based on the values proposed by Lear et al. (2000) for the Styria and 

Guadix samples. For the Pliothyrina samples, δ18Osw was assumed as 0‰ VSMOW. 

 

Seawater Temperature 

Modern (1981–2010) water temperatures off Águilas (SE Spain) range from 13.5°C to 

28°C (range = 14.5°C). The monthly averages are between 17°C and 22°C, and the annual mean is 
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19.4°C (Guijarro et al. 2015) (Fig. 12A). The temperatures calculated from the oxygen isotope 

ratios (min = 17.1°C; max = 23.8°C; mean = 19.1°C; Table 1), as well as MAT (min = 16.3°C; 

max = 21.9°C; mean = 19.7°C), are consistent with the modern average temperatures. The MAT 

results are similar for the Terebratula-barren and Terebratula-bearing samples (Fig. 12B). This 

suggests that temperature alone does not explain the presence/absence distribution patterns of 

Terebratula during the Zanclean. Given that Terebratula lived in offshore environments, the 

temperatures derived from oxygen isotope ratios would not be representative of sea-surface 

conditions. The assumption is that, for the Zanclean, Mediterranean SST was higher than today 

(Templado 2014; Tindall and Haywood 2015). In the Águilas Basin, during the late Zanclean, 

other paleoclimatic proxies are the species Clypeaster cf. aegyptiacus, Echinolampas spp., 

Hyotissa sp., Talochlamys ercolaniana, Hinnites crispus, Spondylus crassicosta, and 

Gigantopecten latissimus (García-Ramos and Zuschin 2019). These species are considered to be 

warm-temperate to subtropical taxa (Brébion et al. 1978; Ávila et al. 2015). For these species, 

Monegatti and Raffi (2001) proposed monthly average SST of 24°C–25°C for at least five to six 

months. The relatively narrow range of temperatures obtained from oxygen isotopes (6.7°C; 3.6 °C 

without the 23.8 outlier; Fig. 12B) suggests that Terebratula either preferentially lived below the 

thermocline (cf. Houpert et al. [2015] for the seasonal thermoclines in the modern Mediterranean) 

or grew during particular seasons of the year. “Terebratula” sp. from Styria (Langhian, Austria), T. 

cf. calabra from Guadix (Tortonian, Spain), and T. scillae from Gallina (Calabrian, Italy) (Bojar et 

al. 2004; Clark et al. 2016; Rollion-Bard et al. 2016) also display relatively narrow temperature 

ranges: 4.9°C, 3.9°C, and 2.4°C, respectively. An exception is Pliothyrina maxima, another 

member of Terebratulinae, from the Coralline Crag (Zanclean, UK), showing a large range of 

11.1°C (Vignols et al. 2018). Importantly, however, the data in those studies are derived from a 

sclerochronological approach on one or two specimens, sometimes mixing signals from the 

primary and secondary brachiopod shell layers. Oxygen isotope ratios measured on the primary 

shell layer and posterior and anterior parts of the shell should be interpreted with caution, because 
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they are likely affected by nonequilibrium isotope fractionation (e.g., Romanin et al. 2018). The 

similar brachiopod species Liothyrella uva from Antarctic waters is subject to temperature ranges 

of only 2°C–3°C, not surviving above 4.5 °C (Peck 2005). In contrast, the cool-temperate 

Liothyrella neozelanica experiences values between 8°C and 18°C (Lee 1991). The relatively 

narrow temperature ranges of different Terebratula species should be further investigated as a 

possible cause for their extinction during the dramatic climate changes of the late Pleistocene, 

which would have left  them insufficient time to adapt (Peck 2007). Note also that Terebratula not 

surviving beyond the Jaramillo Subchron coincides with the onset of the strongest glacial–

interglacial shifts during the Pleistocene (e.g., Rohling et al. 2014). 

 

Environmental Factors Limiting the Distribution of Terebratula in the Águilas Basin 

Terebratula had an optimum close to the OTZ, but why was the genus rare or absent in the 

shoreface and basinward beyond the OTZ? Our data suggest that oxygenation levels, food 

availability, or temperature—which have been invoked to explain the distribution of some 

brachiopod species (e.g., Tunnicliffe and Wilson 1988; Kowalewski et al. 2002; Tomašových et al. 

2006; Peck 2007)—might not have acted as limiting factors in the Águilas Basin. This is because 

Terebratula appeared to be fairly tolerant to local variations in these parameters. 

 

Preferred Habitat of Terebratula: Upper Offshore.—The consistent pattern in the Águilas 

Basin is the peak abundance of Terebratula in sediments devoid of coralline algae. Accordingly, 

light penetration might have exerted an important influence on the distribution of Terebratula in 

relation to grazing pressure (Noble et al. 1976; Witman and Cooper 1983; Asgaard and Stenthoft 

1984; Asgaard and Bromley 1991; Tomašových 2008; Zuschin and Mayrhofer 2009; Radley 2010). 

The bioerosion assemblages in the Terebratula biostrome are interesting because they display 

affinity with the Gnathichnus ichnofacies (Bromley and Asgaard 1993; De Gibert et al. 2007). 

Bromley and Asgaard (1993) proposed the Entobia ichnofacies for deep tier–dwelling borings in 
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littoral rocky substrates subject to long exposure. The Gnathichnus ichnofacies, instead, 

characterizes shallow-tier structures on briefly exposed substrates (i.e., shells) in deeper water (De 

Gibert et al. 2007). The outcrop from the Pliocene Roussillon Basin (De Gibert et al. 2007), for 

example, was a shoreface environment whose shell beds are mostly composed of ostreids and 

pectinids. There, the dominant traces are G. pentax (rasping traces produced by regular echinoids 

feeding on algae) and Radulichnus inopinatus (produced by the radular grazing activity of 

gastropods or polyplacophorans) (De Gibert et al. 2007). In contrast, the dominant macrobioerosion 

trace in the Terebratula biostrome is Entobia isp., whereas other traces such as G. pentax (Fig. 4L) 

are rare (Molinu et al. 2013). García-Ramos and Zuschin (2019) argued that the rare occurrence of 

the bioerosion trace Gnathichnus on Terebratula shells, coupled with the absence of Radulichnus, 

may indicate dim light or aphotic conditions, in line with interpretations elsewhere (Bromley 2005). 

This interpretation is consistent with the microendolith assemblages reported by Molinu et al. 

(2013) from the Terebratula biostrome. That assemblage is dominated by fungal traces 

(Saccomorpha clava, Orthogonum lineare, Flagrichnus isp.), whose producers are more common in 

relatively deep aphotic environments (e.g., Glaub 2004; Wisshak 2012). The microendolith trace R. 

clavigera is also present in the Terebratula biostrome. The producer of this trace characterizes the 

euphotic zone (Golubić and Radtke 2008), but can also be common in deep euphotic habitats 

(Wisshak 2012). Overall, the microendolith assemblages suggest irradiances around 0.01% or less 

(Wisshak 2012), which classifies the habitat from the Terebratula biostrome as a transition from 

upper to lower circalittoral (Cameron and Askew 2011). Such microendolith ichnoassemblages 

pointing to dim light are consistent with the absence of coralline algae in the Terebratula samples. 

The dysphotic zone (1–0.01% irradiance) can occur at depths between 40 and 120 m in some 

Mediterranean localities (Ballesteros 2006). Recent shells of the brachiopod Gryphus vitreus are 

affected by the endolithic green alga Ostreobium queketti (which is adapted to extremely low light 

conditions) to a depth of 130–135 m off Corsica (Emig 2018). Similar benthic foraminiferal 

assemblages as in the “Terebratula biostrome” (Fig. 6) occur at 70–80 m depth in the Strait of 
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Bonifaccio (Buosi et al. 2012), which supports the above interpretation based on microendolith 

ichnoassemblages.  

 

Exclusion of Terebratula Offshore: The Upper Foreset.—The rarity or absence of 

Terebratula in shoreface environments was discussed earlier, but in the Águilas Basin the 

distribution of this brachiopod in upper offshore (circalittoral) environments is not homogeneous 

(Fig. 2A). The peak density occurs in the foreset–bottomset transition (i.e., the lower rollover of the 

clinoforms). Why was Terebratula rare or absent in the upper foreset? The rhodalgal facies 

disappears basinward beyond the OTZ (coincident with the topset–foreset transition; i.e., upper 

rollover zone) (Fig. 2A). This suggests that the upper foreset was already under poorly lit conditions 

or other excluding environmental factors for coralline algae were present. Terebratula could have 

potentially colonized this habitat, which was safe from high grazing pressure, but it was absent. 

This pattern can be explained by peak sedimentation rates at the upper foreset (upper offshore, 

circalittoral) due to its proximity to the upper rollover, which is a threshold between high and low 

hydrodynamic conditions (from sediment advection and bypass at the topset to sedimentation at the 

foreset) (Driscoll and Karner 1999; Cattaneo et al. 2007; Mitchell 2012). Thus, the environmental 

conditions at the upper foreset likely surpassed the physiological capacity of Terebratula to cope 

with sedimentation (Williams et al. 2018). Sedimentation rates decrease gradually down the foreset 

(Mitchell 2012). Accordingly, the facies belt at the foreset–bottomset transition marks the threshold 

of sedimentation rates tolerated by Terebratula. 

 

Exclusion of Terebratula Offshore: Beyond the Lower Rollover.—Terebratula density 

rapidly decreases beyond the lower rollover basinward (Figs. 2A and 3C). This is coincident with 

Gaetani (1986) and Barrier et al. (1987), who report T. calabra as being restricted to proximal 

circalittoral environments, whereas other Terebratulidina such as T. scillae, G. vitreus, and 

Stenosarina sphenoidea display a deeper optimum in the lower circalittoral and bathyal (Gaetani 
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and Saccà 1985). A common pattern of subaqueous delta-scale clinoform systems is the 

association with offshore currents running parallel to the shoreline along the foreset–bottomset 

transition (e.g., Pomar et al. 2002; Cattaneo et al. 2007; Patruno and Helland-Hansen 2018). The 

occurrence of aggrading sandwave fields migrating basinward at the localities of Terreros and La 

Carolina (García-Ramos and Zuschin 2019) demonstrates the sustained development of cyclonic 

current systems during the late Zanclean in the Águilas Basin (Fig. 1C). This interpretation is 

supported by the dominance in the benthic foraminiferal assemblages of suspension-feeding 

species that favor vigorous currents and by the abundance in the Terebratula biostrome of clionaid 

sponges, which cannot cope with high levels of turbidity (Carballo et al. 1994; Taylor et al. 2003). 

This pattern does not seem unique to the Águilas Basin, because records of Terebratula at the 

lower rollover and adjacent bottomset of delta-scale clinoforms are described elsewhere (e.g., 

Llompart and Calzada 1982; Pomar and Tropeano 2001; Soria et al. 2003; Videt 2003; Gramigna 

et al. 2012; Massari and D’Alessandro 2012; Reolid et al. 2012). As brachiopods are facultatively 

active suspension feeders (La Barbera 1977; Wildish and Kristmanson 1997), the attenuation or 

disappearance of the along-slope currents basinward possibly affected the Terebratula 

paleocommunity; this reflects the physiological cost of shifting from passive to permanently active 

suspension feeding (La Barbera 1977; James et al. 1992). An analogous case of offshore and 

onshore decrease in population density as a function of bottom current velocity has been described 

for extant communities of the terebratulidine G. vitreus (Emig 1989; Emig and García-Carrascosa 

1991). 

 

Environmental Distribution of Terebratulinae in Other Studies 

Cenozoic to Quaternary Terebratulinae have often been found in relatively shallow-water 

environments, from boulders at the toe of beach cliffs (Aigner 1983; Dixon 2011; Betancort et al. 

2014) to intertidal and very shallow subtidal gravelly bottoms (Diedrich 2012). They often occur 

adjacent to sandwave fields where tidal or other types of currents are present but attenuated (Barrier 
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et al. 1987; Roetzel et al. 1999; Pomar and Tropeano 2001; Courville and Crônier 2003; Kroh et al. 

2003; Bosselaers et al. 2004; Calvo et al. 2012; Reolid et al. 2012). Such conditions prevent burial 

of the brachiopod paleocommunity by migrating subaqueous sandwaves. These brachiopods have 

also been found close to submarine hard-bottom structures that they possibly colonized, including 

shallow-water submarine cliffs (Kroh et al. 2003; Pervesler et al. 2011). Smaller species, such as 

Maltaia maltensis and “Terebratula” styriaca, were able to inhabit crevices and sheltered 

microenvironments in coralline algal buildups (e.g., Bianucci et al. 2011; M. Harzhauser personal 

communication, 2019), cavities in coral reefs (Barbera et al. 1995), or in parareefal environments 

(Conesa et al. 2007). In the Pleistocene, some species colonized dykes in seamounts and walls on 

paleocliffs at bathyal depths (Ietto and Bernasconi 2005; Titschack et al. 2005). Other species have 

also been reported from muddy bottoms at bathyal depths (Thomsen et al. 2005; Rögl et al. 2008), 

but it remains to be determined whether these assemblages were transported. Most occurrences, 

however, are associated with environments close to the lower shoreface–offshore transition and 

upper offshore settings, often co-occurring with bryozoans and/or acorn barnacles (De Porta et al. 

1979; D’Alessandro and Iannone 1982; Gaetani 1986; Studencki 1988; Taddei Ruggiero 1996; 

Bitner and Pisera 2000; Montenat et al. 2000; Gramigna et al. 2008; Pavia and Zunino 2008; Puga-

Bernabéu et al. 2008; Di Stefano and Longhitano 2009; Messina et al. 2009; Long and Zalasiewicz 

2011; Giannetti et al. 2018; 2019; Crippa et al. 2019). Terebratulid colonization of the photic zone 

and their co-occurrence with coralline algae have sometimes been explained by the onset of 

eutrophic conditions triggered by upwelling, which can be deleterious for phototrophic and 

mixotrophic organisms (Brandano et al. 2016). Other authors interpreted that Terebratula, which is 

often typical of monospecific to paucispecific assemblages, was an opportunist able to colonize 

environments subject to disturbance associated with mesotrophic conditions (Massari and 

D’Alessandro 2012). Overall, the available evidence points to Terebratula preferring habitats where 

grazing disturbance was reduced because of poorly lit environments (e.g., Pedley and Grasso 2002; 

Brandano et al. 2015). 
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Conclusions 

The late Zanclean deposits of the Águilas Basin record cycles of Terebratula 

paleocommunities that developed offshore (circalittoral) on fine-grained sediments deposited at the 

foreset–bottomset transition of subaqueous delta-scale clinoforms. These deposits therefore provide 

a good scenario to understand the paleoenvironmental distribution of this taxon in space and time. 

The analysis of benthic and planktic foraminiferal and nannoplankton assemblages suggests that, 

overall, Terebratula thrived in relatively warm, oligotrophic to mesotrophic, well-oxygenated 

environments influenced by strong bottom currents. The oxygen isotopes showed that Terebratula 

in this basin lived in a relatively narrow range of temperatures (6.7°C). Such narrow ranges have 

also been reported for other species, potentially helping explain their extinction during the abrupt 

climate changes of the late Pleistocene: these brachiopods may have been unable to adapt quickly 

enough to such high-amplitude seawater temperature fluctuations after the Jaramillo Subchron. The 

consistent occurrence of terebratulids in sediments devoid of coralline red algae, combined with the 

bioerosion assemblages in the Terebratula biostrome, suggest that the limiting factor affecting the 

onshore distribution of Terebratula was light penetration and the associated high grazing pressure. 

This would explain the virtual absence of Terebratula in shoreface environments. Higher 

sedimentation rates at the shoreface–offshore transition also excluded the Terebratula 

paleocommunity in the upper foreset. In contrast, further offshore beyond the foreset–bottomset 

transition, we conclude that the attenuation or disappearance of along-slope currents was 

responsible for the lack of Terebratula populations. 
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SUPPORTING INFORMATION 

 

SUPPLEMENTARY FIGURE 1. Two-way (Q-mode, R-mode) Paired Group Average (UPGMA) 

cluster analysis. The samples associated with Terebratula are indicated by thick white vertical lines. 
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SUPPLEMENTARY FIGURE 2. Distribution of the main planktonic foraminifera (first two rows) 

and calcareous nannoplankton (last row) taxa in the Cabezo Alto section. The red and blue bands 

represent warm and cold periods identified with transfer functions of planktonic foraminifera. 

Globigerinoides gr. ruber includes G. ruber, G. obliquus and G. extremus. 
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SUPPLEMENTARY TABLE 1. Habitats features of modern Terebratulida bathymetrically 

equivalent to Terebratula. 

 

Species Bathymetry Environment Type of substrate Reference 
Terebratalia  
transversa 

Shallow (intertidal 
 down to 110 m; 
 optimum >20 m) 

Small bays and 
marine channels 

Rocky habitats  Tomašových (2008) 

Terebratulina 
 septentrionalis 

Mainly shallow  
(0-750;  
optimum 35 m) 

Bay Rocks or boulders; 
rarely shell fragments 

Logan and Noble (1971) 

Magellania 
 venosa 

Shallow  
(2 – 35 m; 
 optimum 15-20 m) 

Fjord Solitary or clustered; 
 Mainly rocky (overhangs 
 at 2 m depth); rarely soft 
 sediments (attached 
 to coarse sand grains) 

Försterra et al. (2008) 

Liothyrella  
neozelanica 

Mainly shallow  
(predominantly 
 between 10 to 40 m, 
 but recorded  
down to 805 m) 

Fjord Solitary and 
 clustered; Rocky habitats 
 and sessile animals  
on the substrate  
(also conspecifics) 

Foster (1974); Richardson (1981) 

Calloria  
inconspicua 

Shallow 
 (intertidal to 
 subtidal) 

Fjord Solitary and clustered;  
Rock to soft bottoms 
 (mud to shell-gravel;  
attached to molluscan, 
 worm, brachiopod shells 
 and crustose algae).  

Richardson (1981) 

Magasella  
sanguinea 

Shallow 
(subtidal) 

Fjord Solitary; rock surfaces  
to soft bottoms (mud to  
shell gravel; attached 
 to molluscan, worm, 
 brachiopod shells  
and crustose algae).  

Richardson (1981) 
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Collective Conclusion 

In southern Spain, and elsewhere in the Mediterranean, there are numerous outcrops from 

relatively shallow-water environments that record Terebratula concentrations in the form of 

pavements. An interesting observation is that these pavements occur embedded in facies which, to 

the base or the top of the same unit, appear the same but otherwise lack brachiopods. Therefore at 

close-up outcrop scale, facies of brachiopod-bearing units, per se, offer insufficient information to 

explain the presence-absence patterns of this brachiopod. This dissertation presents the results of the 

detailed studies on the important lower Pliocene outcrops in the Águilas Basin (SE Spain). The aim 

was to elucidate the habitat and the paleoenvironmental factors that shaped the distribution of T. 

calabra in different facies belts along a proximal-distal gradient.  

Chapter 2 gathers integrative stratigraphic, sedimentological and paleontological features of 

the SP1 informal stratigraphic sequence of the Águilas Basin (SE Spain), which is exposed in the 

Cabezo Alto – Cañada Brusca – Cañada Blanca landscapes. Vertical and lateral continuity of 

different outcrops in the study area, close inspection of stratigraphic surfaces and stacking patterns 

of different stratigraphic units enabled the interpretation of subaqueous delta-scale clinoforms 

separating clinothems. Four main facies associations were found. Proximal deposits are 

characterized by bioturbated coarse friable sands which grade distally into mixed carbonate-

siliciclastic finer-grained deposits rich in coralline red algae. These first two facies occur at the 

topset of the clinoforms. Further distally, red algae disappear and sediments become finer-grained, 

strikingly characterized by the dominance of polychaete tubes of Ditrupa arietina. This latter facies 

corresponds with the foreset of the clinoforms. Finally, the Ditrupa facies gradually disappears and 

gives way to a fine-grained facies characterized by dispersed C. cristatum. These latter materials are 

the most distal facies belt recognized in the study area, and correspond with the lower rollover and 

bottomset of the clinoforms. The Terebratula pavements occur interspersed in the C. cristatum 

facies. A first obvious conclusion from this inhomogeneous presence-absence pattern of 

Terebratula is that, whatever the environmental conditions conducive to the formation of the 
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pavements, these were changing cyclically. The stratigraphic intervals immediately associated with 

the Terebratula pavements contain K-poor glaucony which suggests that the pavements formed 

sometime during periods when that particular environment was subject to low sedimentation rates. 

The stages of low sedimentation rates were, however, not long enough as to allow maturation of 

glaucony. This suggests that the Terebratula pavements were linked to high-frequency cycles of 

decreased sedimentation rates. In outcrops recording shallower facies belts, it is possible to 

recognize regressive surfaces of marine erosion, which conform with an overall falling stage 

systems tracts. These shallower deposits, however, also record ravinement surfaces overlain by 

shell-clast lags interpretable as transgressive surfaces. It can be concluded that despite an overall 

regressive trend, the basin was punctuated by high-frequency pulses of relative sea-level rise. The 

Terebratula paleocommunities were likely favored by the low sedimentation rates derived from 

these pulses, when accomodation space was created further onshore and the bottomset of the 

clinoforms periodically became sediment starved. 

Low sedimentation rates alone, however, do not explain why the peak abundance of 

Terebratula specimens was attained at the lower rollover of the clinoforms, because the 

transgressive lags at the topset facies contain rare and disperse, or absent Terebratula. The 

following step, attained in Chapter 3, tackled the analysis of seafloor oxygenation, nutrient 

availability, temperature and light as possible factors influencing the distribution patterns of 

Terebratula. These parameters were assessed in samples both containing and lacking Terebratula, 

based on the integrative study of benthic and planktic foraminiferal, and nannoplankton 

assemblages, and oxygen isotopes of the secondary layer of brachiopod calcite. 

 Results from microfossil assemblages show that the differences between Terebratula-barren 

and Terebratula-abundant samples are not striking . It can be concluded that Terebratula in the 

Águilas Basin lived under background conditions of oxic seafloors and oligotrophism, although this 

brachiopod was tolerant to seasonal variations of increased nutrient inputs and the associated 

possible decrease in oxygen levels at the seafloor. Local temperature variations inferred from 
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planktic foraminiferal assemblages did not likely affect the presence-absence patterns of 

Terebratula in the study area.  

 The most obvious distributional pattern of Terebratula in the analyzed outcrops was its 

abundance in sediments invariably lacking coralline red algae, which might indicate dim or aphotic 

conditions or other environmental factors deleterious for coralline red algae. Previous studies on the 

microbioerosion ichnoassemblages recorded in Terebratula shells from the biostrome, together with 

the record of rare Gnathichnus and absence of Radulichnus macrobioerosion traces, also suggest 

dim light or aphotic conditions, pointing to light irradiances of 0.01% or less. Turbid conditions as 

an explanation for the low light levels are unlikely because the abundance of clionaid sponges, as 

evidenced by their bioerosion traces on disarticulated Terebratula shells, indicates otherwise. It is 

concluded that Terebratula was likely excluded from well-lit shoreface environments by grazing 

pressure. Benthic foraminiferal assemblages in the Terebratula-containing samples are richer in 

suspension feeding, current-loving species, compared with Terebratula-barren samples. The peak 

density of Terebratula at the lower rollover of the clinoforms is interesting because there is cogent 

evidence from recent and fossil examples of prograding wedges where the lower rollover is swept 

by offshore along-slope currents. This distribution pattern has been recorded in some other outcrops 

elsewhere in Spain and the Mediterranean region. 

 Oxygen isotope ratios from twelve samples of Terebratula shells from the study area show a 

temperature range of about 7ºC. This narrow range fits the findings for other species, which 

suggests that Terebratula was probably vulnerable to sudden and dramatic temperature drops during 

glaciations. The extinction of Terebratula coinciding approximately with the Jaramillo Subchron 

supports the hypothesis of a glaciation-mediated extinction mechanism, because the onset of the 

strongest streak of temperature drops during the Pleistocene started approximately after the 

Jaramillo Subchron. The conclusion from the research presented in this dissertation is that the main 

limiting factors for the distribution of Terebratula calabra were low sedimentation rates, dim light 

or aphotic conditions (leading to little or no grazing pressure) and the presence of vigorous offshore 



 Collective conclusion
   

152 
 

currents which favoured suspension feeding with minimal energetic costs.   
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Abstract 

The brachiopod genera Terebratula, Pliothyrina and Maltaia, belonging to the subfamily 

Terebratulinae, were species-rich and numerically abundant from the Oligocene to the Pleistocene 

in relatively shallow-water environments in Europe: the pre-North Sea Basin, the Paratethys, the 

Mediterranean, and some localities of Portugal, SW Spain, Morocco and the Canary Islands.  

Despite their success in cool-temperate to subtropical environments during the Cenozoic, 

overcoming competition and disturbance from mollusks, predators, grazers, bulldozing and 

bioturbating organisms, the last representatives of the subfamily went extinct in the Pleistocene 

(Calabrian). The optimal environmental conditions for Terebratula and its preferred habitat are 

currently poorly known. The present dissertation presents the results about the investigation of the 

stratigraphic and paleoenvironmental distribution of the terebratulidine brachiopod Terebratula 

calabra from the lower Pliocene deposits in the Águilas Basin (south-east Spain). This is an ideal 

area to investigate the paleoecology of Terebratula because 1) outcrops are widespread and often 

continuous vertically and horizontally, enabling the study of the variability of facies belts, the 

recognition of important stratigraphic surfaces and the associated stacking patterns of the 

stratigraphic units; 2) Terebratula skeletal concentrations are numerous and occur cyclically, 

forming disperse to thin, densely packed pavements, and a biostrome (a 2-m-thick densely packed 

Terebratula-dominated concentration cropping out along 850 m in the study area). The second 

chapter of this dissertation presents sequence stratigraphic and sedimentological models of the 

lower Pliocene sequence in the study area. The small-scale stratigraphic units were identified as 

clinothems bounded by subaqueous delta-scale clinoforms. Regressive surfaces of marine erosion 

coupled with downstepping stacking patterns point to a general trend of relative sea-level fall. It is 

concluded that Terebratula paleocommunities thrived cyclically as a response to high-frequency 

pulses of relative sea-level rise, due to an increase in accommodation space associated with an 

onshore expansion of the coastal facies belts and the concomitant sediment starvation in offshore 

environments occupied by the Terebratula paleocommunities. The third chapter of this
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dissertation focuses on paleoecological factors (bottom oxygenation, productivity, temperature and 

light irradiance) as explanatory variables for the success of Terebratula along a proximal-distal 

gradient. These factors were assessed by investigating the benthic and planktic foraminiferal, and 

calcareous nannoplankton assemblages, and oxygen isotope ratios from the secondary layer of 

Terebratula shell calcite. It is concluded that Terebratula was versatile, preferring well-oxygenated, 

oligotrophic environmental regimes, but was able to tolerate fluctuating pulses of increased organic 

matter input and the associated reduced oxygen levels at the seafloor. Paleotemperature derived 

from planktic foraminiferal assemblages suggests that this parameter was not important at the local 

scale for the success of Terebratula.  Terebratula was rare or absent in shoreface environments. 

Peak abundances of Terebratula were consistently found close to, but below, the offshore transition 

zone where coralline red algae were absent. Previous investigations on microbioerosion 

ichnoassemblages recorded in Terebratula shells, together with rare echinoid rasping trace 

Gnathichnus pentax and the absence of shallower Radulichnus, suggest that Terebratula thrived in 

dim light or aphotic conditions, probably excluded from shallower, better lit environments by 

grazing disturbance. The disproportional distribution of Terebratula in offshore environments can 

be explained by a combination of sedimentation rate gradients and offshore shore-parallel current 

systems. The narrow range of paleotemperatures exhibited by different species of Terebratulinae, 

derived from oxygen isotope ratios, suggests that the last members of the subfamily could not 

survive the conspicuous temperature drops that occurred approximately during or after the Jaramillo 

Subchron.  
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Zusammenfassung 

Die zur Unterfamilie Terebratulinae gehörenden Brachiopodengattungen Terebratula, Pliothyrina 

und Maltaia waren artenreich und vom Oligozän bis zum Pleistozän im relativ flachen 

Meeresbereich in Europa häufig: das Paläo-Nordseebecken, die Paratethys, das Mittelmeer, und 

einige Orte in Portugal, Südwestspanien, Marokko und den Kanarischen Inseln. Trotz ihres Erfolgs 

in kühl-gemäßigten bis subtropischen Umgebungen während des Känozoikums, der Überwindung 

der Konkurrenz und der Beeinträchtigung durch Mollusken, Räuber, Weidegänger, Bulldozer und 

bioturbierende Organismen, starben die letzten Vertreter der Unterfamilie im Pleistozän 

(Kalabrium) aus. Die optimalen Umweltbedingungen für Terebratula und seinen bevorzugten 

Lebensraum sind derzeit kaum bekannt. Die vorliegende Dissertation präsentiert die Ergebnisse zur 

Untersuchung der stratigraphischen und paläoökologischen Verteilung des Terebratuliden 

Brachiopodenart Terebratula calabra aus den unteren Pliozänsedimenten im Águilas-Becken 

(Südostspanien). Dies ist ein idealer Bereich, um die Paläoökologie von Terebratula zu 

untersuchen, da 1) Aufschlüsse weit verbreitet und häufig vertikal und horizontal verfolgbar sind, 

was die Charakterisierung und Variabilität von Faziesgürteln ermöglicht; das Erkennen wichtiger 

stratigraphischer Oberflächen und der damit verbundenen Stapelmuster der stratigraphischen 

Einheiten; 2) Die Terebratula-Schalenkonzentrationen sind zahlreich, treten zyklisch auf und bilden 

dispergierte, dünne, dicht gepackte Pflaster und ein Biostrom (eine 2 m dicke, dicht gepackte 

Terebratula-dominierte Konzentration, die über 850 m im Untersuchungsgebiet verfolgbar ist). Das 

zweite Kapitel dieser Dissertation präsentiert sequenzstratigraphische und sedimentologische 

Modelle der unteren Pliozänsequenz im Untersuchungsgebiet. Die kleinen stratigraphischen 

Einheiten wurden als Klinotheme identifiziert, die durch subaquatische Klinoformen im Delta-

Maßstab begrenzt sind. Regressive Oberflächen der Meereserosion in Verbindung mit absteigenden 

Stapelmustern deuten auf einen allgemeinen Trend des relativen Meeresspiegelabfalls hin. Es wird 

der Schluss gezogen, dass die Paläocommunities von Terebratula als Reaktion auf hochfrequente 

Impulse desrelativen Anstieg des Meeresspiegels zyklisch erfolgte, da der Akkomodationsraum im 
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Zusammenhang mit der Ausdehnung der Küstenfaziesgürtel zumLand hin und dem damit 

einhergehenden Sedimentmangel in den von den Terebratula-Paläocommunities besetzten 

Offshore-Umgebungen zunahm. Das dritte Kapitel dieser Dissertation befasst sich mit 

paläoökologischen Faktoren (Sauerstoffanreicherung des Bodens, Produktivität, Temperatur und 

Lichtintensität) als erklärende Variablen für den Erfolg von Terebratula entlang eines proximal-

distalen Gradienten. Diese Faktoren wurden durch Untersuchung der benthischen und planktischen 

Foraminiferen- und kalkigen Nannoplankton-Vergesellschaftungen sowie der 

Sauerstoffisotopenverhältnisse aus der sekundären Schalenlage von Terebratula-Schalenkalzit 

bewertet. Es wird der Schluss gezogen, dass Terebratula vielseitig war und sauerstreiche, 

oligotrophe Umweltbedingungen bevorzugte, jedoch schwankende Impulse mit erhöhtem Eintrag 

organischer Stoffe und den damit verbundenen verringerten Sauerstoffwerten am Meeresboden 

tolerieren konnte. Die aus planktischen Foraminiferen-Vergesellschaftungenabgeleitete 

Paläotemperatur legt nahe, dass dieser Parameter auf lokaler Ebene für den Erfolg von Terebratula 

nicht wichtig war. Terebratula war in Küstengebieten selten oder nicht vorhanden. 

Spitzenhäufigkeiten von Terebratula wurden konsistent in der Nähe, jedoch unterhalb der Offshore-

Übergangszone gefunden, in der keine korallinen Rotalgen vorhanden waren. Frühere 

Untersuchungen zurIchnovergesellschaftung von Mikrobioerodierern, die in Terebratula-Schalen 

gefundenwurden, zusammen mit der seltenen Seeigel-Raspelspur Gnathichnus pentax und dem 

Fehlen von flacherem Radulichnus, legen nahe, dass Terebratula in schwachem Licht oder 

aphotischen Bedingungen gedieh, wahrscheinlich ausgeschlossen von flacheren, besser 

durchlichtetenUmgebungen durch Weidedruck. Die überproportionale Verteilung von Terebratula 

in küstenfernenUmgebungen kann durch eine Kombination von Sedimentationsratengradienten und 

küstenparallelen Strömungen erklärt werden. Der enge Bereich der Paläotemperaturen 

verschiedener Arten von Terebratulinae, abgeleitet von Sauerstoffisotopenverhältnissen, legt nahe, 

dass die letzten Mitglieder der Unterfamilie die auffälligen Temperaturabfälle, die um den Jaramillo 

Subchron auftreten, nicht überleben konnten. 
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