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Abstract: While it is well established that the shapes and sizes of shells are strongly 

phylogenetically controlled, little is known about the phylogenetic constraints on shell 

thickness. Yet, shell thickness is likely to be sensitive to environmental fluctuations and has 

the potential to illuminate environmental perturbations through deep time. Here we 

systematically quantify the thickness of the anterior brachiopod shell which protects the 

filtration chamber and is thus considered functionally homologous across higher taxa of 

brachiopods. Our data comes from 66 genera and ten different orders and shows well-defined 

upper and lower boundaries of anterior shell thickness. For Ordovician and Silurian 

brachiopods we find significant order-level differences and a trend of increasing shell 

thickness with water depth. Modern (Cenozoic) brachiopods, by comparison, fall into the 
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lower half of observed shell thicknesses. Among Ordovician – Silurian brachiopods, older 

stocks commonly have thicker shells, and thick-shelled taxa contributed more prominently to 

the Great Ordovician Biodiversification, but suffered more severely during the Late 

Ordovician Mass Extinction. Our data point at a significant reduction in maximum and 

minimum shell thickness following the Late Ordovician mass extinction. This points towards 

stronger selection pressure for energy-efficient shell secretion during times of crisis. 

Key words: Ordovician, Silurian, mass extinction, Great Ordovician Biodiversification 

Event, shell thickness, brachiopods. 

BIOMINERALISED shells are key to many body plans as they provide protection from 

predation and the physical environment, and structural constraints on body plan function and 

evolution. Shell shape and size are intricately linked to life style and phylogenetic history and 

form the foundation of taxonomic identification of fossil shells. In contrast to shape and size, 

however, shell thickness is rarely studied in fossils even though it is easily measured and has 

the potential to illuminate evolutionary responses to environmental stresses.  

While shell formation has obvious advantages, it also comes at a metabolic cost (Palmer 

1992; Watson et al. 2012, 2017; Frieder et al. 2017). Estimates of this cost range from up to 

3% and 10% of total energy budget in bivalves and gastropods, respectively (Watson et al. 

2017) and up to 14% for the brachiopod Liothyrella uva (Watson 2009), with the proportional 

metabolic costs peaking in young adults and gradually decrease with increasing shell growth. 

The most significant portion of this energy cost is due to the secretion of the organic 

compounds of the shell (Palmer 1992).  
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Shell thickness studies of extant taxa have so far mainly focused on intertidal bivalves and 

addressed questions of defense against crushing predators (Reimer and Tedengren 1996; 

Leonard et al. 1999; Caro and Castilla 2004), intraspecific competition for space in 

gregarious species (Briones et al. 2014), or protection from destructive wave action (Steffani 

and Branch 2003) or ice (Harper et al. 2012). Some studies have suggested that high latitude 

taxa have thinner shells (Grauss 1974; Watson et al. 2012; Watson et al. 2017), probably 

because of the difficulty of extracting carbonate at lower temperatures and, arguably, the lack 

of durophagous predation, and experimental studies have found a decrease in shell thickness 

at higher pCO2 (Fitzer et al. 2015; Sadler et al. 2018). 

A systematic assessment of thickness in fossil shells is currently lacking. Even case studies 

reporting shell thickness measurements (e.g. Mander et al. 2008; Cross et al. 2018) are rare 

and lack a systematic approach that can be meaningfully applied to a broad spectrum of 

groups. Approaches to shell thickness from studies of extant organisms are rarely applicable 

to fossils as most estimate shell thickness based on weight and shell area (e.g. Reimer and 

Tedengren 1996; Steffani and Branch 2003; Caro and Castillo 2004; Briones et al. 2014). 

Others report averaged values from the umbo, middle, and anterior margin of the shell (e.g. 

Leonard et al. 1999) or only the mid-section (Watson 2009; Watson et al. 2012). 

Despite the absence of quantitative assessments of shell thickness, vague terminology such as 

‘thin-shelled’ and ‘thick-shelled’ is widely used in literature. Particularly various brachiopods 

are often described in these terms, such as the ‘thin-shelled’ Foliomena fauna (e.g. Harper 

1979; Zhan and Jin 2005), or various genera of productides, pentamerides, and 

rhynchonellides that are described as ‘thick-shelled’ in the Treatise (Brunton et al. 2000, 

Carlson et al. 2002, Savage et al. 2002). In conjunction with shell width and length, 

‘thickness’ is also used in the brachiopod literature to refer to the maximum distance 

perpendicular to the commissural plane of conjoined valves (e.g. Fig. 283 in Williams et al. 
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1997), which further obscures clarity on this issue. Here, we systematically assess the 

thickness of the anterior half of individual valves for rhynchonelliform brachiopods with a 

particular focus on Ordovician and Silurian taxa and interpret shell thickness in the context of 

the Great Ordovician Biodiversification Event (GOBE) and Late Ordovician Mass Extinction 

(LOME; Finnegan et al. 2016).  

 

 

MATERIALS AND METHODS 

The initial aim of this study was to have a broad taxonomic coverage of Ordovician and Early 

Silurian groups. The majority of specimens were borrowed from various collections housed 

at the Institute of Geology at Tallinn University of Technology, the National Museum of 

Wales (Cardiff), and the Museum of Evolution in Uppsala (Sweden). The vast majority of 

specimens from Anticosti Island (Canada) were provided by JJ. The early Palaeozoic 

specimens were supplemented by extant taxa provided by MC.  

The database of physical specimens was supplemented by digital specimens where good 

quality longitudinal cross sections were pictured in the literature or in online databases (e.g. 

http://fossiilid.info). In total we include 205 measurements of shell thickness coming from 

123 specimens of 57 Ordovician/Silurian and 9 Cenozoic genera (table 1, appendix 1). 

The vast majority of our Palaeozoic specimens comes from tropical to subtropical 

palaeolatitudes. Palaeozoic specimens from temperate settings are the atrypid Tuvaella from 

the early Silurian of Tuva, the pentamerid Yangtzeella from the Early Ordovician of China, 

the strophomenid Ingria and the orthids Ranorthis, Lycophoria, and Cremnorthis from the 

Early to Middle Ordovician of Baltica.  

http://fossiilid.info/
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Physical specimens were impregnated in resin, cut longitudinally along the midline, polished, 

and photographed. As the posterior shell morphology of rhynchonelliform brachiopods 

contains many group-specific modifications that would complicate comparison across a broad 

taxonomic spectrum, we only determined shell thickness for the anterior half of each valve. 

While shell thickness decreases towards the growth direction for most taxa, some (e.g. 

Estlandia and Sowerbyites) have their thickest shells towards the anterior margin. In order to 

account for such variability we measured the entire area of the anterior half of each valve and 

the length of its inner shell margin (il) (Fig. 1).   

Direct measurements of shell thickness in brachiopods are rarely reported in the literature, but 

Watson (2009) provided a dataset for the extant genera Liothyrella and Magellania and 

estimated the metabolic cost of shell secretion for Liothyrella, which provides an important 

reference point for our study. Watson (2009) measured shell thickness as the maximum 

thickness in the mid-section of each dorsal valve. In order to relate these data to our dataset, 

we measured the mid-valve thickness of our Cenozoic specimens and used linear regression 

to estimate the inner length and anterior cross-sectional area of Watson’s (2009) specimens.  

In order to assess links between shell thickness and the physical environment, individual 

specimens were assigned to Boucot’s (1975) benthic assemblages (BAs). BAs are widely 

recognised to reflect water depth (table 2) with BA1 representing very shallow and BA5 

deeper water, and they have been widely used in palaeoecological studies (e.g. Brett et al. 

1993; Finnegan et al. 2016; Jin 2008). While Boucot’s (1975) original work focussed on 

Silurian to Devonian faunas, the concept can be expanded to the Ordovician (e.g. Rasmussen 

and Harper 2011). In addition, independent regional studies were used to assign a range of 

possible water depths to specimens from Anticosti Island following the palaeobathymetric 

model by Long (2007) and the Upper Ordovician of the Cincinnati arch following Brett et al. 

(2015). For taxa from the eastern Baltic, the facies belts of Nestor and Einasto (1997) were 
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used in conjunction with the lithology and location of individual specimens to assign 

appropriate BAs. 

In order to interpret shell thickness at an order-level with order-level diversity patterns, we 

calculated the diversity of the orders Orthida, Strophomenida, Pentamerida, and 

Rhynchonellida for the Ordovician to Lower Devonian using shareholder quorum 

subsampling (SQS; Alroy, 2010) with a quorum of 0.75 on data from the Paleobiology 

Database. The data were downloaded on the 5th of June 2018 and only entries were included 

that were taxonomically resolved at genus level. The data were binned into stratigraphic 

series, apart from the Ludlow and Wenlock, which were merged. 

 

RESULTS  

We assess shell thickness by measuring the cross sectioned area of the anterior half of valves. 

The square root of this area is dependent on the length of the shell with well-defined linear 

upper and lower margins of the data cloud (Fig. 1), with 

𝑙𝑏 =  0.0654 ∗ 𝑖𝑙 + 0.1841 

𝑢𝑏 = 0.3353 ∗  𝑖𝑙 + 0.4438 

where lb and ub are the lower and upper boundaries (respectively the lower blue line and 

upper red line in Fig. 1) of the square root of the cross-sectioned area of the anterior half of 

the shell, and il is the length of the inner boundary of this area (Fig. 1). As the area of the 

cross section is dependent on specimen length, we introduce the length-independent 

brachiopod shell thickness (IBST):  

𝐼𝐵𝑆𝑇 =  
𝑖𝑙 − 𝑙𝑏

𝑢𝑏
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The IBST ranges from 0 to 1 and describes the space between the lower and upper boundary 

that is occupied by each data point with a value of 0 falling on the lower and a value of 1 on 

the upper boundary. As the space between both boundaries is very narrow for smaller 

specimens, we exclude any specimens with an inner anterior shell length of less than 3 mm 

from IBST calculations. 

The main orders included in this study, orthides, strophomenides, pentamerides, and 

rhynchonellides, reveal striking differences in anterior shell thickness. Of these orders, 

orthides generally have the thickest shells with many specimens clustering along the upper 

boundary of the data cloud (Fig. 2). None of the 16 studied orthid genera plot close to the 

lower boundary of the data distribution. Strophomenides are the only other order with 

specimens close to the upper boundary, but also include thinner-shelled specimens. By 

contrast, pentamerides have the thinnest anterior shells with Equirostra being the only genus 

plotting above the midline of all data (Fig. 2). Specimens from other rhynchonellate orders 

generally plot slightly below the overall average of all data. The striking order-level 

difference in shell thickness is further illustrated by their IBST (Fig. 3) showing that Orthida 

and Strophomenata, groups that dominated the Ordovician, have significantly thicker shells 

than orders that became more prominent during the Silurian. Cenozoic and extant taxa 

generally plot below average with estimates for Watson’s (2009) data plotting very close to 

slightly below the lower boundary of our data (Fig. 4).   

IBST broadly increases with water depth for Ordovician and Silurian taxa (Fig. 5). This 

bathymetric trend is particularly apparent in orthides, but data from strophomenides and 

rhynchonellides is also consistent with this pattern, while pentamerides do not appear to 

follow this trend. An increasing IBST with water depth is also observed independently from 

BAs for specimens from Anticosti using Long’s (2007) palaeobathymetric model for the 

Ordovician/Silurian of Anticosti Island (Fig. 6). It is notable that the thickest shells (top 25% 
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of IBST in the lower two panels of Fig. 5) are lacking from the shallowest environments in 

our data (BA2) and the thinnest shells (bottom 25% IBST) are lacking from the deepest 

Ordovician (BA4) and Silurian (BA5) environments in our dataset. By contrast, the full range 

of shell thicknesses is found at BA3 for the Ordovician and at the deeper BA4 for the Silurian 

subsets. 

When plotting all Ordovician–Silurian data stratigraphically, a pattern emerges of an overall 

decrease in shell thickness through the Ordovician with a pronounced drop after the second 

extinction pulse of the LOME and followed by a prominent increase in maximum shell 

thickness throughout the Llandovery (Fig. 7). Minimum IBST values, by contrast, remain 

very low throughout the Silurian, but this might be an artefact of the stratigraphic distribution 

of the pentamerid specimens that were included (Fig. 8). Of the major groups that we 

included in our study, only specimens of orthids have sufficient data throughout the 

Ordovician and Silurian to describe a coherent stratigraphic pattern (Fig. 8). Although the 

available data pre-empt generalisation, all other groups show a drop in average shell 

thickness across the Ordovician – Silurian boundary, whereas orthids continue along a 

trajectory of increased shell thickness.      

 

DISCUSSION 

Shells are an integral part of the brachiopod body plan and fundamental for protection from 

predation and other physical damage. Clearly, shell formation is a critical aspect of 

brachiopod life that has been under selection pressure throughout evolutionary history. While 

the overall shell is a protective structure, different parts of the shell serve additional functions 

that can vary between groups and result in different selection pressures on shell thickness. 

Particularly the posterior part of the brachiopod shell contains adaptations for shell 
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attachment to the substrate, structures to facilitate the opening and closing of shells, and 

structures to support the lophophore. Furthermore, various groups that either lack pedicle 

attachment or in which the pedicle atrophies through ontogeny thicken their shells posteriorly 

to stabilise their position on the substrate (Rudwick 1970; Bassett 1984, Richardson 1997).  

The main function of the anterior part of the rhynchonelliform brachiopod shell, by contrast, 

is protecting the filtration chamber across all taxa. As it is independent of the nature of 

attachment and mechanics of valve movement, anterior shell thickness should mainly reflect 

on the environmental and physiological controls of shell secretion. But how thick does a shell 

need to be to provide sufficient protection? When converted to average anterior shell 

thickness, our data show that the lower and upper boundaries of anterior shell thickness 

differs by a factor of 26. Valves of 1 cm length thus range in average anterior shell thickness 

from 21–562 µm.  

A 26-fold range in shell thickness is substantial, particularly when viewed in the context of 

metabolic cost. Watson (2009) estimated the metabolic cost of shell secretion for Liothyrella 

uva to range between 3-14% of the total metabolic budget of individuals, which peaks during 

the early 1-3 years of life and then gradually decreases with increasing size. Considering that 

extant brachiopods cluster in the lower half of shell thickness range (Fig. 4), the 3-14% 

estimate by Watson (2009) is possibly conservative compared with some thicker shelled 

Palaeozoic taxa.  

While the metabolic cost of shell secretion cannot be measured for extinct taxa, these 

considerations demonstrate that having thick shells comes at a cost. With the lower end of 

shell thickness being probably constrained by essential structural needs for a durable and 

functional shell, the question can be asked why some taxa that coexisted with thin-shelled 
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species secreted significantly thicker shells at probably higher metabolic cost. What were the 

advantages of having a thicker shell? 

 

The physical environment 

Studies on extant calcifiers have found a variety of physical, geochemical, and ecological 

factors that impact on shell thickness. The physical environment impacts shell thickness of 

bivalves via destructive wave action (e.g. Steffani and Branch 2003) and ice scouring the sea 

floor (Harper et al. 2012). While the effect of ice damage can be excluded from our samples 

due to their low palaeo-latitudes, the effects of wave action would have been confined above 

the fair-weather wave base. Specimens from BA2, which is characteristic for subtidal 

environments above fair-weather wave base, show a range of shell thicknesses but lack 

particularly thick shells with an IBST > 0.7 (Fig. 5). As wave energy strongly varies on a 

local scale, the effects of destructive wave action result in pockets of thicker and thinner-

shelled individuals in relatively close proximity (Stefani and Branch 2003), which would 

probably result in a relatively large variance of shell thickness in time-averaged fossil 

collections. However, the general absence of the thickest shells from BA2 assemblages 

suggests that the upper end of shell thickness is not linked to destructive wave action. 

 

Geochemical parameters  

Geochemical parameters that can influence shell thickness and durability in extant taxa are 

temperature, dissolved CO2, and oxygen concentrations. Laboratory experiments have 

demonstrated that increased pCO2 and temperature result in reduced shell thickness and 

reduced structural integrity of bi-mineralic mussels (Fitzer et al. 2014a, b; 2015; Sadler et al. 

2018). However, field studies along latitudinal gradients in temperature and CaCO3 saturation 
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state suggest that patterns in shell thickness are taxon-specific. Although some taxa have 

thicker shells in higher latitudes (e.g. laternulid clams and some mussels; Watson et al. 2012; 

Briones et al. 2014), others decrease shell thickness (e.g. some gastropods and echinoids; 

Graus 1974; Watson et al. 2012) or, in the case of extant brachiopods, do not change their 

shell thickness with latitude (Watson et al. 2012). Given this taxon-specific pattern in extant 

taxa, pCO2 and temperature are unlikely to explain the variation of brachiopod shell 

thickness. 

In addition to temperature and pCO2, oxygen concentrations can limit biomineralisation. 

Dysoxic and anoxic conditions can result in temporary anaerobic metabolism which produces 

acids that result in shell resorption (Rhodes and Morse 1971). Anaerobic metabolism is 

common in intertidal molluscs during exposure and has also been linked to the scarcity of 

calcifiers and their characteristically thin small shells in oxygen minimum zones (Rhodes and 

Morse 1971; Levin 2003). As it can be expected that dissolved oxygen concentrations 

decrease with depth, the observed pattern of increasing shell thickness from BA2 (shallow) – 

BA5 (deep) cannot be directly explained by oxygen concentration.  

A possible exception is the Ordovician cosmopolitan deep-water (BA5-6) Foliomena fauna 

which is generally interpreted to have lived under low oxygen conditions based on its 

common association with fine-grained organic-rich offshore mudstones (Liang et al. 2014). 

Furthermore, the Foliomena fauna is commonly described as ‘small and thin-shelled’ (e.g. 

Harper 1979; Liang et al. 2014), which fits the expectations for shelly taxa in low oxygen 

environments (Levin 2003). However, the description ‘thin-shelled’ is not a particularly 

helpful characteristic if not based on actual measurements.  

 

Ecological factors  
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Ecological factors impacting shell thickness in extant taxa are predation (Reimer and 

Tedengren 1996; Leonard et al. 1999; Caro and Castilla 2004), density in sessile gregarious 

species (Briones et al. 2014), and food availability (Palmer 1981; Leonard et al. 1999). 

Predation on shelly animals first appears with the first biomineralised metazoans (Bicknell 

and Paterson 2018) and may have increased throughout the GOBE (Harper 2003; Huntley 

and Kowalewski 2007; Vinn 2017). Until the Late Ordovician, however, predation on 

brachiopods seems to have been limited to thinner organophosphatic shells with the first 

evidence of predation on rhynchonelliform brachiopods coming from the Katian (Alexander 

1986a, b; Vinn 2017). While it is undeniable that predation must have resulted in selection 

pressure on the durability and strength of shells, predation is unlikely to explain a pattern of 

increasing shell thickness with water depth as predation pressure is expected to decrease with 

depth (Harper and Peck 2016). Briones et al. (2014) correlated higher shell thickness in 

intertidal gregarious mussels with increased population density. This crowding effect could 

contribute to the generally very thin anterior shells of pentamerides, which are the main 

group with gregarious taxa in our dataset.  

Food availability is linked to shell thickness via growth. Experiments on molluscs showed an 

inverse relationship between growth rate and shell thickness (Palmer 1981), implying that the 

rate of shell secretion is largely decoupled from the rate of somatic growth. More slowly 

growing individuals of the same species (and presumably of different species) would thus 

have relatively thicker shells. In the stratified epicontinental seas of the Ordovician and 

Silurian food availability, oxygen concentrations and temperature will all have decreased 

with depth, and all of these parameters will have slowed down growth rates. Much of the 

pattern of increasing shell thickness with depth in Ordovician–Silurian brachiopods could 

therefore be due to slower growth rates. Although growth rates are difficult to measure in 
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fossil brachiopods (but see Perez-Huerta et al. 2014, and Clark et al. 2015), the distribution of 

specimen length within BAs is consistent with this interpretation (Fig.5).  

   

Shell thickness, GOBE and LOME 

The taxonomic pattern of shell thickness is intriguing in the context of brachiopod 

diversification during the GOBE and the effects of the LOME on brachiopod groups. It was 

foremost thick-shelled taxa, orthides and strophomenides, which flourished during the GOBE 

and were most severely affected by the LOME (Fig. 7; Harper et al. 2014). Based on the 

studied samples, orthides in particular have a relatively narrow range of shell thicknesses 

with the main outlier being represented by the problematic Lycophoria, whose orthid affinity 

is questionable (Madinson and Rubel 2010). Strophomenides have the largest range of shell 

thicknesses in our dataset, but are still significantly thicker than rhynchonellides and thinner 

than orthides. Compared to all other groups in our dataset, orthides thus appear to have been 

unable to secrete thin shells. 

When comparing shell thickness patterns stratigraphically, it appears that LOME resulted in a 

significant drop in shell thickness, independent of water depth (Fig. 8). More specifically, the 

base-level in our data set drops prominently after the first extinction pulse, but thin shells 

during the Llandovery are large represented by pentamerids and rhynchonellids for both of 

which we only have few Ordovician data points (Fig. 8). In addition, maximum shell 

thickness shows an abrupt drop by about 50% after the second extinction pulse followed by a 

gradual recovery throughout the Llandovery. As our data set only includes three Llandovery 

data points of the thick-shelled orders orthida and strophomenida, this pattern might be 

somewhat biased. Although we acknowledge that more data are needed to fully resolve shell 

thickness changes across the LOME for individual groups, a drop in average shell thickness 
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across the Ordovician – Silurian boundary is consistent with the available data for orthids, 

pentamerids, and strophomenids (Fig. 8).   

In our total dataset, the first pulse of the LOME shows no significant effect on shell 

thickness, even though the diversity of the thick-shelled orders Orthida and Strophomenida 

was most strongly affected. The second extinction pulse, by contrast, resulted in a dramatic 

reduction of shell thickness across different taxa, thus suggesting that different factors acted 

on shell secretion during the first and second extinction pulses. 

The kill-mechanisms behind the two extinction pulses were probably caused by an interplay 

of multiple factors including habitat loss due to sea-level fall and fluctuations in water 

oxidation (Harper et al. 2014). Particularly the role of oxygen availability in the LOME has 

been studied in some detail (see discussion in Pohl et al. 2017) and while the first extinction 

pulse is generally characterised by well-oxygenated bottom waters (e.g. LaPorte et al. 2009; 

Zhou et al. 2012; Melchin et al. 2013), the second extinction pulse at the end of the 

Hirnantian glaciation was characterised by anoxic conditions (Hammarlund et al 2012; 

Harper et al. 2014; Bartlett et al 2018). Equally, habitat loss due to falling sea levels would 

have been important during the onset of the Hirnantian glaciation and thus the first extinction 

pulse, but not the second pulse. Overexposure of well-oxygenated seawater combined with 

increased competition due to reduced shelf area was probably an important factor in the 

increased extinction risk for brachiopods at deeper water depths (Finnegan et al. 2016). 

Neither increased oxygen availability nor increased competition are likely to immediately 

impact on shell thickness, and no significant shift is observed in our data. The sustained 

reduction of oxygenated seawater that seems to characterise the second pulse of the LOME 

(Bartlett et al 2018), however, would be expected to result in reduced shell thickness as 

discussed above.  
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In the absence of strong predation pressure and other physical stress selecting for strong 

shells, higher shell thickness possibly reflects generally slower growth rates and an overall 

physiology that was adapted to low food supply and perhaps lower oxygen concentrations. 

Overall, such conditions would have been more typical of the Cambrian to Lower Ordovician 

as the abundance and diversity of plankton increased throughout the Ordovician (Servais et 

al. 2008), thus supporting higher energy metabolism. This increase in metabolism is further 

reflected by the abrupt increase in average brachiopod body size at the end of the Lower 

Ordovician (Novack-Gottshall and Lanier 2008). In this context it is intriguing that while 

pentamerides have the thinnest shells and originated quite early (middle Cambrian), the 

thickest pentamerides in our data set (Equirostra – Fig. 2) are from the oldest pentameride 

superfamily. Equally, clitambonitides, which have some of the thickest shells in our data set, 

probably emerged from protorthides during the Late Cambrian to Lower Ordovician (Popov 

et al. 2007). A greater shell thickness might thus reflect to some degree the relatively nutrient 

and oxygen poor Cambrian to Lower Ordovician environments in which these groups 

originated. 

 

Pentamerid egg and paper shells 

Pentamerids have long been described as having thick shells, and indeed the posterior shell is 

generally prominently thickened in this group. This posterior thickening is commonly 

interpreted to have stabilized an upright life position (with the posterior end pointing 

downwards) in the absence of a pedicle or cementation (Bassett 1984). Our data demonstrate 

that the anterior halves, by contrast, are exceedingly thin, even when compared with a large 

variety of other contemporaneous rhynchonelliformean brachiopods. Except for Equirostra, 

all measured valves up to 43 mm in total length (or 25 mm of inner length of the anterior 
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half) have shell thicknesses that vary between that of standard copying paper and the average 

thickness of chicken eggs (grey area in Fig. 2). While across all studied groups many 

specimens with an inner length < 10 mm (approximately 20 mm total length) commonly fall 

within this bracket of shell thickness, pentamerids stand out in maintaining thicknesses 

thinner than chicken eggs or even literally paper-thin at up to 4 cm shell length. In the context 

of an overall calcification budget, pentamerids were probably closer to the more modern 

Rhynchonellata but invested more of their energy into the posterior shell to maintain a stable 

life position. The unusually thin anterior shells were probably close to the minimum thickness 

needed to provide adequate protection in the Ordovician – Silurian seas. 

 

CONCLUSIONS 

Shell thickness in brachiopods reflects environmental conditions and shows prominent order-

level differences that suggest phylogenetic constraints. Our observation that among early 

Palaeozoic brachiopods shells were generally thicker in phylogenetically older stocks 

indicates that energy-efficiency in shell secretion was not a strong selection factor in the early 

evolution of brachiopods. Selection for energy-efficiency would have been more severe 

during the pronounced environmental changes associated with the Late Ordovician glaciation 

and the associated mass extinctions. Beyond the specific case of Ordovician–Silurian 

brachiopods, the well constrained distribution of shell thickness against length illustrates the 

limitations of shell thickness in rhynchonelliform brachiopods. Using this morphospace will 

enable a systematic evaluation of brachiopod shell thickness in the context of environmental 

conditions and mass extinctions. 
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 Ordovician Silurian Other 

Order gen. spec. m. gen. spec. m. gen. spec. m. 

Athyridida    1 1 1    

Atrypida    3 8 16 1 2 4 

Billingsellida 2 4 8       
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Orthida 13 23 38 7 7 12    

Pentamerida 3 7 10 6 14 25    

Productida    1 1 1    

Rhynchonellida 2 6 11 6 17 26 1 1 2 

Spiriferida    1 2 4    

Strophomenida 9 17 27 2 2 3    

Terebratulida       7 9 16 

 

Table 1. Numbers of genera (gen.), specimens (spec.), and measurements (m.) included in our dataset 

by order and Stratigraphy. The right column (‘Other’) includes one Devonian taxon (the Atrypid 

Pseudoatrypa) – all other taxa are Cenozoic or recent. 

 

 

 

 

BA Min Max 

BA2 5 60 

BA3 10 60 

BA4 20 90 

BA5 50 120 

 

Table 2. Estimates of the ranges of absolute water depth for the Benthic Assemblages BA2 – BA5 

used in this study (based on Brett et al. 1993). 
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Table 3. Museum numbers of figured specimens.  

Figure taxon Museum/publication Collection number 

2 Aerothyris 

kerguelenensis 

Gaspard et al. 2018; 

Fig. 3 

 

1 Bilobia musca Tallinn GIT 675-1046 

1 Borealis 

borealis 

National Museum of 

Wales (Cardiff) 

76.9G.1-2 

2 Brachyprion sp. NHM (London) NHMUK PI BC 64282 

2 Christiania 

subquadrata 

National Museum of 

Wales (Cardiff) 

84.44G.375-386 

2 Costistricklandia 

gaspeensis 

NHM (London) NHMUK PI BC 64292 

2 Dalejina 

phaseola 

Uppsala PMU 34326 

1 Dicoelosia 

biloba 

Uppsala PMU 34324 

2 Estlandia 

marginata 

Tallinn GIT 321-3; 

http://geokogud.info/specimen/62293 

1, 2 Gypidula 

galeata 

Uppsala PMU 34325 

2 Hirnantia 

sagittifera 

NHM (London) NHMUK PI BC 64296 

2 Levenea rica NHM (London) NHMUK PI BC 64299 

2 Megerlia 

truncata 

Schmahl et al. 2004; 

Fig. 1 

 

1, 2 Microcardinalia 

melisa 

NHM (London) NHMUK PI BC 64283 

1, 2 Pentamerus 

palaformis 

NHM (London) NHMUK PI BC 64279 

1 Plaesiomys 

anticostiensis 

National Museum of 

Wales (Cardiff) 

82.29G.2213 

2 Equirostra 

teretior 

Tallinn GIT 619-583 

1, 2 Resserella 

elegantula 

Uppsala PMU 34323 

2 Strophomena 

planoconvexa 

National Museum of 

Wales (Cardiff) 

84.44G.156 

2 Terebratula 

terebratula 

Clark et al. 2016; Fig. 1  

2 Terebratulina 

retusa 

Aldridge and Gaspard 

2011; Fig. 3 

 

2 Visbyella 

visbyensis 

Uppsala PMU 34328 
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Figure 1. Square root of shell cross section area as a function of inner length. The solid upper and 

lower lines indicate the linear envelopes of the data and the dashed line in the centre indicates the 

middle of the space defined by the linear envelopes. Cross-sections of representative specimens 

falling along the upper and lower limits of the data cloud are shown to illustrate the respective shell 

thickness. The panel in the lower left corner illustrates how the area and inner length was measured 

from cross sections. 

Figure 2. Taxonomic distribution of shell thickness and representative cross sections for the main 

groups included. The solid and dashed lines show the outer linear envelopes and centre of the space 

defined by them for all studied brachiopod samples as shown in Figure 1. The shaded area shows the 

range of thickness lying between 0.1 mm (approximate thickness of standard printing paper) and 0.35 

mm (approximate average thickness of chicken eggs). Numbers in brackets refer to the number of 

genera, specimens, and measured valves that are shown. See table 3 for specimen numbers. 

 

Figure 3. Boxplot of IBST averages for genera. Stroph. = Strophomenida, Orth. = Orthida, Pent. = 

Pentamerida, Rhyn. = other Rhynchonellata. 

 

Figure 4. Cross-sectioned area vs. inner length for Cenozoic brachiopods. Circles with error bars are 

from Watson (2009). Inner length and cross-sectional area of Watson’s (2009) data were estimated by 

linear regression of our own Cenozoic brachiopod data. Horizontal and vertical error bars represent 1 

standard deviation and 1 standard error of the linear regression residuals, respectively. 

 

Figure 5. IBST against benthic assemblage (BA). Top four panels are separate plots for 

rhychonellides, pentamerides, strophomenides, and orthides. Lower two panels show plots for all 

Ordovician and Silurian brachiopods. Each data point represents one genus for one locality. Vertical 

error bars show the total range of BAs, and horizontal error bars show the maximum and minimum 

IBST. 



29 
 

 

Figure 6. IBST against water depth for Silurian brachiopods from Anticosti Island. Water depths are 

based on Long (2007). Each data point represents one genus for one locality. Horizontal error bars 

show the maximum and minimum IBST and vertical error bars the maximum and minimum water 

depth for any locality. 

 

Figure 7. Diversity curve of selected brachiopod orders for the Ordovician - Early Devonian. Epochs 

were used as time bins, apart from the Ludlow and Pridoli, which were merged. Data from the 

Paleobiology Database analysed using SQS with a quorum of 0.75. 

 

Figure 8. Stratigraphic distribution of IBST for Ordovician and Silurian brachiopods. Each data point 

is for a genus at a given locality. Stratigraphic resolution is at ICS stage level (or regional stages for 

the eastern Baltic). Data are plotted at the mid-range of their stratigraphic resolution. Vertical error 

bars show the full range of IBST measurements. Dotted vertical lines indicate stage boundaries and 

the solid vertical lines the base and top of the Hirnantian stage. Genera were coded for benthic 

assemblages with genera that could fall into two different assemblages coded for the shallower (e.g. 

Ptychopleurella might fall into BA3 or BA4 and was coded as 3 for this figure).   



Figure 1. Square root of shell cross section area as a function of inner length. The solid upper (red) 
and lower (blue) lines indicate the linear envelopes of the data and the dashed line in the centre 
indicates the middle of the space defined by the linear envelopes. Cross-sections of representative 
specimens falling along the upper and lower limits of the data cloud are shown to illustrate the 
respective shell thickness. The panel in the lower left corner illustrates how the area and inner length 
was measured from cross sections.
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Figure 2. Taxonomic distribution of shell thickness and representative cross sections for 
the main groups included. The solid and dashed lines show the outer linear envelopes and 
centre of the space defined by them for all studied brachiopod samples as shown in Figure 
1. The shaded area shows the range of thickness lying between 0.1 mm (approximate 
thickness of standard printing paper) and 0.35 mm (approximate average thickness of 
chicken eggs). Numbers in brackets refer to the number of genera, specimens, and 
measured valves that are shown. See table 3 for specimen numbers.



Figure 3. Boxplot of IBST averages for genera. 
Stroph. = Strophomenida, Orth. = Orthida, Pent. 
= Pentamerida, Rhyn. = other Rhynchonellata.  
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Figure 4. Cross-sectioned area vs. inner length for Cenozoic 
brachiopods. Circles with error bars are from Watson (2009). 
Inner length and cross-sectional area of Watson’s (2009) data 
were estimated by linear regression of our own  Cenozoic 
brachiopod data. Horizontal and vertical error bars represent 1 
standard deviation and 1 standard error of the linear regression 
residuals, respectively. 
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Figure 6. IBST against water depth for Silurian brachiopods from 
Anticosti Island. Water depths are based on Long (2007). Each 
data point represents one genus for one locality. Horizontal error 
bars show the maximum and minimum IBST and vertical error 
bars the maximum and minimum water depth for any locality. 
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Figure 7 Diversity curve of selected brachiopod orders for the 
Ordovician - Early Devonian. Epochs were used as time bins, 
apart from the Ludlow and Pridoli, which were merged. Data from 
the Paleobiology Database analysed using SQS with a quorum of 
0.75.
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Figure 8. Stratigraphic distribution of IBST for Ordovician and 
Silurian brachiopods. Each data point is for a genus at a given 
locality. Stratigraphic resolution is at ICS stage level (or regional 
stages for the eastern Baltic). Data are plotted at the mid-range of 
their stratigraphic resolution. Vertical error bars show the full 
range of IBST measurements. Dotted vertical lines indicate stage 
boundaries and the solid vertical lines the base and top of the 
Hirnantian stage. Genera were coded for benthic assemblages 
with genera that could fall into two different assemblages coded 
for the shallower (e.g. Ptychopleurella might fall into BA3 or BA4 
and was coded as 3 for this figure).  
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