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Abstract: Carbonate skeletal remains are altered and disin-

tegrate at yearly to decadal scales in present-day shallow-

marine environments with intense bioerosion and dissolution.

Present-day brachiopod death assemblages are invariably

characterized by poor preservation on continental shelves,

and abundant articulated shells of brachiopods with com-

plete brachidia are thus not expected to be preserved if not

rapidly buried. However, such preservation is paradoxically

observed in shallow-water Palaeozoic and Mesozoic bra-

chiopod assemblages. Here, we show that a bathyal death

assemblage time-averaged to several millennia (Adriatic Sea)

consists of sediment-filled articulated shells of Gryphus vit-

reus with complete brachidia. Post-mortem age distributions

indicate that disintegration half-lives exceed several centuries

(c. 500–1700 years). The high frequency of articulated but

centuries-old shells (>50%) and the fitting of taphonomic

models to post-mortem ages indicate that disarticulation

half-life is unusually long (c. 200 years). Rapid sediment

filling of shells: (1) inhibited disarticulation, loop fragmenta-

tion and colonization by coelobites; and (2) induced precipi-

tation of ferromanganese oxides at redox fronts within shells.

Sediment-filled articulated shells, however, still resided at the

sediment–water interface as indicated by encrusters and

sponges that infested them after death. Sediment-filled shells

disintegrated through bioerosion and physical wear when

residence in the taphonomically active zone exceeded

c. 2000 years. We suggest that the articulation paradox is

driven by the Mesozoic Marine Revolution (MMR) that

escalated predation, bioturbation and organic matter recy-

cling, all intensifying shell disintegration. A scenario with

slow disarticulation in bathyal environments may have lead

to preservation of articulated shells in shallow-water assem-

blages prior to the MMR.

Key words: Brachiopoda, time averaging, taphonomy,

Mesozoic Marine Revolution, Adriatic Sea, disarticulation.

CARBONATE skeletal remains are altered and degrade

rapidly in the taphonomically active zone (TAZ) of

present-day continental shelves, typically at yearly to dec-

adal scales (Davies et al. 1989; Kidwell et al. 2005;

Toma�sov�ych et al. 2014, 2016a; Olszewski & Kauf-

man 2015; Ritter et al. 2017; Albano et al. 2020). This

dynamic is expressed by destructive alteration (here,

modification of skeletal remains that does not lead to the

loss of taxonomic identifiability) and final disintegration

to unidentifiable remains directly observed in laboratory

or natural conditions (Glover & Kidwell 1993; Powell

et al. 2011a; Pace et al. 2020; Ashton-Alcox et al. 2021),

time series of species abundance in living and death

assemblages (DAs) (Cummins et al. 1986; Powell 1992;

Powell et al. 2006), and distributions of post-mortem

shell ages measured in the upper decimetres of modern

seabeds (Flessa et al. 1993; Kosnik et al. 2007, 2009; Dex-

ter et al. 2014). Most Holocene and Anthropocene bra-

chiopod DAs in shelf environments are thus represented

by disarticulated and fragmented valves (Noble &

Logan 1981; Llompart 1988; Emig 1990; Carroll

et al. 2003; Toma�sov�ych 2004; Sim~oes et al. 2007a, 2007b;

Krause et al. 2010; Rodrigues & Sim~oes 2010). High

abundance of articulated shells of brachiopods with fragile

lophophore supports, without any obvious signs of rapid

burial, however, is typical of level-bottom mudrocks, thin

shell beds or biostromes in the Palaeozoic and Mesozoic

stratigraphic record (Copper 1997; Feldman 2005; Chen
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et al. 2010; Tessitore et al. 2013; Abdelhady &

F€ursich 2014). A transient burial of skeletal remains by

sediment veneers or by deeper stochastic burial induced

by burrowers can temporarily delay disarticulation (Ols-

zewski 1999; Parsons-Hubbard et al. 1999; Cherns

et al. 2008; Dattilo et al. 2008, 2012; Toma�sov�ych

et al. 2014; Nawrot et al. 2022). To preserve articulated

shells with delicate lophophore supports in the strati-

graphic record, however, this burial effect is still condi-

tioned by the lack of subsequent mixing or dissolution

induced by bioirrigation in the mixed layer and/or by the

lack of durophagous predation (Walker et al. 2002;

Cherns & Wright 2009). DAs with high abundance of

articulated elements of epifaunal species deposited under

slow sedimentation, as documented in the pre-Cenozoic

stratigraphic record (Heliasz & Racki 1980; F€ursich

et al. 2001; Zonneveld 2001), thus do not seem to have

any clear taphonomic analogues in present-day shelf

(non-deltaic) environments.

The increase in the thickness of shell accumulations

towards thick and internally-complex, modern-type shell

beds dominated by molluscs began during the Jurassic and

generally coincides with the Mesozoic Marine Revolution

(MMR; Kidwell & Brenchley 1996; Sim~oes et al. 2000). This

trend is accompanied by an increase in alteration of skeletal

remains (Kidwell 1990; Bambach 1993; Kidwell & Brench-

ley 1994, 1996). The MMR that accelerated the evolution

of burrowers, borers, grazers and predators, led to the dis-

placement of poorly mobile (mainly epifaunal) groups with

low-energy life strategies by mobile (especially infaunal)

groups that intensified sediment mixing and irrigation, in

association with diversification of several planktonic

groups (Thayer 1983; Walker & Brett 2002; Clapham

et al. 2006; Toma�sov�ych 2008; Gorzelak et al. 2012; Buatois

et al. 2016; Martin & Servais 2020; Petsios et al. 2021).

Although the onset of the MMR can vary depending on the

type of ecosystem function (Buatois et al. 2022; Fantasia

et al. 2022), it can be hypothesized that the restructuring

of marine ecosystems also increased the overall disarticu-

lation, fragmentation and other sources of alteration of

skeletal remains as the recycling of carbonate and organic

matter intensified and shell-destroying biological agents

evolved through time. The processes inducing this shift

may thus also be responsible for the lack of analogous

conditions leading to preservation of delicate traits in

present-day surface DAs.

We hypothesize that the taphonomic analogues of

preservation pathways with slower rates of alteration typi-

cal for continental shelves prior to the MMR can still

occur today at bathyal depths, where biomixing, bioirriga-

tion or bioerosion tend be less intensive owing to limited

light penetration, reduced organic flux and decreased

benthic biomass production (Boudreau 1994; Middelburg

et al. 1997). For example, multiple studies documented

high abundance of subfossil cold-water coral assemblages

of Pleistocene or Early Holocene age in bathyal environ-

ments in the Mediterranean, Atlantic or Pacific oceans

(Thiagarajan et al. 2013; Margolin et al. 2014; Pratt

et al. 2019), sometimes even 500–1000 m below the arag-

onite saturation horizon (Thresher et al. 2011a, 2011b),

indicating that such remains can endure long residence in

the TAZ at bathyal depths. Present-day bathyal environ-

ments may thus be characterized by slower disintegration

of carbonate remains relative to conditions on continental

shelves affected by high predation pressure and by intense

organic carbon respiration, bioturbation and bioirrigation

(Walter et al. 1993; Walker et al. 1998; Callender

et al. 2002; Powell et al. 2011b), and can better represent

taphonomic pathways near the sediment–water interface

prior to the MMR. Anthropogenic impacts that have per-

turbed marine benthic ecosystems during the past decades

or centuries, decreasing bioturbation and enhancing the

stratigraphic resolution of DAs on continental shelves

(Toma�sov�ych et al. 2018, 2020), may also resurrect path-

ways that are characterized by limited intensity of alter-

ation and disintegration processes in the TAZ. Such

Anthropocene changes in taphonomic pathways, however,

were documented in infaunal-dominated, prodeltaic habi-

tats with high sedimentation rates rather than in epifau-

nal communities subjected to slow sedimentation

(Toma�sov�ych et al. 2021).

Here, we focus on the preservation of the epifaunal bra-

chiopod Gryphus vitreus in the middle bathyal (580 m) of

the Bari Canyon in the Adriatic Sea (Fig. 1). Gryphus vit-

reus shells in surface DAs disarticulate and disintegrate at a

high rate at shallower depths (on the shelf edge and in the

upper bathyal depths at 100–300 m) in the western

Mediterranean Sea, leading to rarity or absence of articu-

lated shells (Caulet 1972; Llompart 1988; Emig 1990). The

DA collected in this study in the Bari Canyon, however,

represents a major departure from the preservation style

typical for the shallower DAs because, as our analyses show,

well-preserved articulated shells of G. vitreus are both

abundant and very old (>500 years) here. In a companion

study based on the distribution of post-mortem ages of

G. vitreus measured at this site, we inferred that this species

attained higher population density in the Bari Canyon in

the past, with abundance pulses occurring at c. 550 and

1750 years BP (Toma�sov�ych et al. 2022a).

In this study, to assess the discrepancy in brachiopod

preservation between shelf and bathyal environments, we:

(1) evaluate pathways that led to the formation of this

DA by combining age, size and taphonomic data; and

(2) attempt to estimate disarticulation half-lives of bra-

chiopod shells in the TAZ. We argue that the preservation

of articulated brachiopod shells in the Bari Canyon is not

a signature of limited time averaging but is rather a

unique indicator of the low intensity of alteration and
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destructive processes in the TAZ. Assemblage-level preser-

vation states are thus not only informative about the

incompleteness and the magnitude of biases of the fossil

record, but also about the efficiency of ecosystem pro-

cesses that directly or indirectly lead to recycling of car-

bonates and organic matter. We suggest that assemblages

in bathyal environments of the Bari Canyon may be ana-

logues for taphonomic conditions (not associated with

episodic burial) on continental shelves prior to the onset

of the MMR.

GEOLOGICAL SETTING

Sedimentation in the Bari Canyon is affected by thermo-

haline, cascading bottom currents of the North Adriatic

Dense Water that advect sediment, organic detritus and

suspended food particles downslope. These currents inter-

act with the complex topography of the Bari Canyon,

leading to a mosaic of non-depositional and depositional

conditions (Ridente et al. 2007; Trincardi et al. 2007a,

2007b; Turchetto et al. 2007; Verdicchio et al. 2007; Tesi

et al. 2008). The slopes and flanks of the Bari Canyon are

inhabited by cold-water colonial and solitary corals that

form three-dimensional structures (up to 80 cm high) at

305–650 m (d’Onghia et al. 2015; Taviani et al. 2016) in

association with serpulids (Sanfilippo et al. 2013) and

large sponges (Angeletti et al. 2020).

Mixtures of autochthonous and reworked Holocene

and Pleistocene remains of corals and other invertebrates

occur on the seafloor of the Bari Canyon. Dead corals of

Madrepora, Lophelia, and Desmophyllum occurring at

c. 250–585 m water depth vary in post-mortem age

between 230 and 5100 years BP (Taviani et al. 2019).

Molluscan DAs with a high frequency of bored and

encrusted skeletal remains that occur at 200–300 m water

depth, consist of Holocene and Pleistocene species

(Panetta et al. 2013), as indicated by calibrated 14C ages

of two Pseudamussium septemradiatum specimens dated

to 19 000 � 370 and 15 350 � 250 years BP (Colantoni

et al. 1975; Colantoni & Gallignani 1978, Taviani 1978).

The northwest slope of the South Adriatic Pit with

current-generated sand waves contains benthic foramini-

fers transported from the inner shelf (Ammonia, Elphid-

ium, epiphytic species; Tesi et al. 2017). Dead shells of

G. vitreus were collected in surface DAs between 318–

616 m in former surveys (Trincardi et al. 2007a, 2011).

Dead-only G. vitreus shells were also collected by Van

Veen grabs during the Poseidon cruise in 2017 (station

POS514-14) at 580 m in the Bari Canyon and are anal-

ysed here.

Gryphus vitreus is abundant in level-bottom benthic

communities inhabiting detritic, mixed-bottom, shelf-edge

or bathyal habitats of the Mediterranean Sea, at depths

exceeding 100 m (d’Hondt 1984; Emig 1985, 1987, 1989;

Cartes et al. 2009; Griny�o et al. 2018; Rosso et al. 2010).

Former surveys in the southern Adriatic Sea documented

several occurrences of live-collected G. vitreus at bathyal

depths between 300 and 1140 m in the nineteenth century

(Sturany 1896) and in the twentieth century (Gamulin-

F IG . 1 . Geographic map of the Bari Canyon, with the location of station POS514-14 investigated in this study (black circle) in the

southern Adriatic Sea. The sampling station is situated on the northern edge of the northern channel of the Bari Canyon (modified

according to Trincardi et al. 2007a; Angeletti et al. 2020; Toma�sov�ych et al. 2022a). The grey-shaded areas mark the location of

epibenthic communities with corals, sponges and serpulids as mapped by Angeletti et al. (2020).
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Brida 1973, 1983; Marano et al. 1989; �Simunovi�c 1997).

This species presently does not form any dense aggregations

in the South Adriatic Pit, and several more recent surveys

did not detect this species alive (Angeletti et al. 2014, 2020;

d’Onghia et al. 2015).

Gryphus vitreus is a pedunculate, suspension-feeding

brachiopod, with a smooth, punctate shell achieving

30–40 mm length (Boullier et al. 1986). It possesses a cyr-

tomatodont hinge characterized by interlocking teeth and

sockets. Disarticulation of articulated valves with such a

hinge entails breakage of the sockets (Sheehan 1978; Carl-

son 1989; Alexander 1990; Alexander & Gibson 1993). In

contrast to most rhynchonelliformean brachiopods with

two shell layers (represented by the outer, very thin

cryptocrystalline primary layer and the inner, thicker sec-

ondary layer consisting of fibres), the posterior and cen-

tral segments of G. vitreus valves are mainly formed by

the prismatic tertiary layer (Gaspard et al. 2007; Allmen

et al. 2010; Gaspard 2011). The posterior and central seg-

ments with the tertiary layer are also thicker (1 mm) than

the anterior margins which lack this layer (0.3–0.5 mm).

The tertiary layer is less rich in organics and thus more

robust against disintegration compared to the outer,

organic-rich primary and secondary layers (Gaspard 1989;

Emig 1990).

MATERIAL AND METHOD

The station POS514-14 is located at 580 m water depth

(41.35002 N, 17.19997E) on the northern slope of the

northern branch of the Bari Canyon (Channel B in Trin-

cardi et al. 2007a; Angeletti et al. 2014), consisting of

mixed sandy and muddy bottom sediments (Prampolini

et al. 2021), close to a steep, almost vertical wall of the

canyon channel. At these depths, the canyon is bathed by

high-density currents of the North Adriatic Dense Water,

salinity is 38.8 psu and bottom-water temperature is

13.6–13.8°C (Trincardi et al. 2007b). Three grabs (num-

bered 5, 6, and 7) were sieved at 1 mm. All contained

dead shells of G. vitreus, with no individuals of this spe-

cies collected alive. All of the G. vitreus specimens

(n = 59) larger than 20 mm were picked from grab 6 (la-

belled POS514-14-6) during the wet-sieving on board,

and an additional 33 specimens larger than 3 mm were

exhaustively picked from the 1/8 of the grab. 92 speci-

mens were dated with 14C, using direct carbonate acceler-

ator mass spectrometry (Bush et al. 2013). 14C ages were

calibrated to calendar ages by using the Marine13 data-

base, with the ∆R = 121 years based on Mimachlamys

varia (M. Taviani & A. Correggiari, in Reimer & McCor-

mac 2002), with details provided in Toma�sov�ych

et al. (2022a). Age errors (one standard deviation) of cali-

brated ages attain c. 50 years for shells <1000 years BP

and c. 80–90 years for shells that are c. 1000–3000 years

old. In this study, 261 specimens (including the 92 dated

specimens) exhaustively picked from grab 6 (specimens

above 2 mm) were scored according to 15 taphonomic

variables under reflected and transmitted light at 10–209

magnification (Table 1). These variables are scaled

between 0 (pristine) and 1 (altered). The frequency of

disarticulation per grab is standardized relative to the

total number of complete individuals (i.e. the total num-

ber of shells plus half of disarticulated valves). All other

per grab frequencies of other types of alteration are stan-

dardized relative to the sum of all specimens: the total

number of shells and all disarticulated valves. In addition

to the 15 variables scored on all specimens, the brachidia

(the so-called loops in terebratulids) in dorsal valves were

scored as absent (coded as 1) when crural processes were

broken or when hinge plates were preserved only, or as

present (complete loops coded as 0).

To compare the preservation of articulated shells with

disarticulated valves, and to contrast the preservation of

internal with external valve surfaces, we computed means of

per-specimen alteration (PSA) states based on 15 variables

with bootstrapped 95% confidence intervals. We assess the

variation in preservation among all the specimens in princi-

pal co-ordinates analysis (PCoA), using the Manhattan dis-

tance based on their PSA (equivalent to frequency of

alteration in variables with binary coding). The size of speci-

mens was measured along the length axis of the ventral

valve. The length was either directly measured on complete

specimens or estimated by reduced major axis regressions

for incomplete specimens based on pairwise allometric rela-

tionships between the ventral valve length and: (1) the ven-

tral valve width; (2) the dorsal valve length; or (3) the

cardinalia width when valves were incomplete.

We assess the relation between preservation on the one

hand and post-mortem age and size (prior to fragmenta-

tion) on the other with: (1) non-binned; and (2) binned

age and size data. First, log-transformed post-mortem ages

and log-transformed lengths of specimens are used as con-

tinuous predictor variables in constrained analyses of prin-

cipal co-ordinates (CAP, with the Manhattan distance).

Second, in analyses of size-selectivity of preservation, size

data are binned to eight 5 mm-classes. Third, in the analy-

ses of the taphonomic clock, post-mortem age data are

binned to eight age cohorts (<100 years, >100–300 years,

>300–500 years, >500–1000 years, >1000–1500 years,

>1500–2000 years, >5000–25 000 years, and >5000 years).

Rank correlations based on the cohort-level preservation

can be of borderline significance if adjusted for multiple

testing with the Bonferroni correction but as the sample

sizes are limited (n = 8 both in analyses of size-selectivity

and taphonomic clock) and the pairwise tests between age

and preservation are not independent, we report the effect

size (correlation coefficients) with raw p-values.
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We inspected the preservation of internal surfaces,

formed either by secondary fibres or by tertiary prisms

under the scanning electron microscope (SEM) at 1000–

30009 magnification. We assessed the composition of

cements, surficial coatings and boring infills with the

qualitative energy-dispersive x-ray spectroscopy (EDS;

software INCA), with gold-coated samples. We distin-

guish coatings mainly formed by Fe oxides from those

formed by Mn oxides on the basis of their colour because

EDS analyses consistently show that black coatings are

formed by Mn oxides and orange and reddish coatings by

Fe oxides.

Direct estimation of disintegration (mean time it takes

to disintegrate brachiopod shells to remains that cannot

be identified to species level) or disarticulation rate (mean

time to disarticulate brachiopod shells to individual

TABLE 1 . Summary of 15 taphonomic variables, scored on all individuals of G. vitreus larger than 3 mm.

Variable Description and source (SEM, EDS) Scoring

Disarticulation Ventral and dorsal valve interlocked 0 – articulated shells

1 – valves

Fragmentation Valve breakage, loss of outline 0 – complete outline

0.25 – chipped margins

0.5 – 50–75% preserved

0.75 – 25–50% preserved

Discolouration Brownish and greyish colour (clay

coatings and micrite cement)

0 – semitransparent or white

0.5 – patchy discolouration

1 – extensive discolouration

External encrustation Encrusters or their attachment bases 0 – absent

0.5 – rare

1 – highly encrusted

Internal encrustation Encrusters or their attachment bases 0 – absent

0.5 – rare

1 – highly encrusted

External microbioerosion Borings with diameters <50 lm (mainly

Novodendrina, anomiid scars)

0 – absent

0.5 – rare

1 – highly microbioeroded

Internal microbioerosion Borings with diameters <50 lm 0 – absent

0.5 – rare

1 – highly microbioeroded

External macrobioerosion Diameter exceeding 0.05–0.1 mm

(Entobia)

0 – absent

0.5 – rare

1 – highly macrobioeroded

Internal macrobioerosion Diameter exceeding 0.05–0.1 mm

(Entobia)

0 – absent

0.5 – rare

1 – highly macrobioeroded

External abrasion Rounding of valve margins, surficial

wear, growth lines invisible

0 – absent

0.5 – rare

1 – highly abraded

Internal abrasion Loss of hinge plates, teeth and sockets 0 – absent

0.5 – rare

1 – highly abraded

External rusty or ochreous

coatings

Coatings, punctal and boring infills by

Fe-oxide tufts

0 – absent

0.5 – dispersed mm-scale spots

1 – patches or continuous coatings > few mm

Internal rusty or ochreous

coatings

Coatings, punctal and boring infills by

Fe-oxide tufts

0 – absent

0.5 – dispersed mm-scale spots

1 – patches or continuous coatings > few mm

External black coatings Coatings, punctal and boring infills by

Mn-oxide globules

0 – absent

0.5 – dispersed mm-scale spots

1 – patches or continuous coatings > few mm

Internal black coatings Coatings, punctal and boring infills by

Mn-oxide globules

0 – absent

0.5 – dispersed mm-scale spots

1 – patches or continuous coatings > few mm
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valves) in the TAZ is difficult when age distributions are

produced by temporally-variable populations. As the fre-

quency distribution of post-mortem ages of G. vitreus is

bimodal, we use a model that assumes that population

size of G. vitreus declined abruptly to zero at 450 years

BP (i.e. production of dead shells that enter a DA

abruptly stopped at this time) (we note that although we

report ages in BP in the text, the fit is performed on

post-mortem ages re-scaled relative to the time of sam-

pling in 2017), and fit the distribution of ages of articu-

lated shells with a simple taphonomic model to estimate

disarticulation rate and half-life, assuming that the rate of

disarticulation of shells does not significantly change with

post-mortem age. This approach also assumes that the

input of dead brachiopods remains is temporally in

steady state prior to 450 years BP. Although this assump-

tion is difficult to verify, the estimates of disintegration

rates may be robust to violations of constant population

size if that population does not increase or decrease over

a duration corresponding to the disintegration half-life

(Toma�sov�ych et al. 2016a). The estimate of disarticulation

rate can be used to predict the initial number of shells

that entered the sediment (the area of c. 0.1 m2 sampled

by a single Van Veen grab). The expected number of

such shells is computed by dividing the empirical number

of articulated shells in 100-year cohorts by e�(log(2)/half–

life) 9 age. This estimate of the initial number of shells is

also informative about the minimum half-life because the

maximum densities of G. vitreus or other articulated bra-

chiopods of similar size generally do not exceed c. 1000

individuals/m2 (Emig 1987). To assess size-dependency of

disintegration, we assessed the overall disintegration rate

of specimens (both shells and valves) smaller and larger

than 20 mm (ventral valve length of individuals prior to

their fragmentation as estimated from reduced major axis

regressions; the threshold used here to approximately sep-

arate adult specimens from juveniles; Boullier et al. 1986),

using the same procedure with abrupt termination in

brachiopod production as used in the estimation of disar-

ticulation rate. All age and taphonomic data are available

in Toma�sov�ych et al. (2022b). All specimens from grab 6

are deposited in the collections of the Department of

Palaeontology, University of Vienna.

RESULTS

Assemblage composition

DAs in all three grabs are rich in skeletal sand and gravel,

with abundant benthic molluscs, pteropods, brachiopods,

polychaetes (brownish-stained fragments of Ditrupa), for-

aminifers, bryozoans, and decapod fragments, and in

brownish or grey, rounded, gravel-sized carbonate intra-

clasts (up to 5 mm). The fragments of Pseudamussium

are worn, iron-stained (brownish colours), bored and

encrusted, similarly as microbored and encrusted Ditrupa

tubes. In contrast, the aragonitic bivalves Abra longicallus

and Kelliella miliaris are represented by well-preserved,

semitransparent or white, frequently complete valves.

Arcid bivalves (Bathyarca pectunculoides, Asperarca nodu-

losa) are represented by a mixture of well-preserved,

transparent to semitransparent or white valves and

poorly-preserved and discoloured valve fragments with

brownish, grey or orange stains. Intraclasts are micro-

bored and encrusted with agglutinated foraminifers (e.g.

Placopsilina, Sagenina, and others).

Time-averaging

The frequency distribution of post-mortem ages of G. vit-

reus is bimodal, with two modes at c. 500 and 1750 years

BP (Fig. 2A, B). Out of 92 specimens, the calibrated ages

F IG . 2 . A–B, frequency distribution of post-mortem ages (BP) of G. vitreus in grab sample POS514-14-6, with modes at c. 500 years

and 1750 years, highlighting the contribution of: A, articulated shells; B, individuals >20 mm in length (estimated as the ventral valve

length prior to fragmentation; the two modes are captured by both articulated and disarticulated specimens, although the contribution

of articulated shells diminishes in older cohorts; both small and large specimens contribute to both modes. C, size distribution of all

specimens collected in the grab 6, with articulated shells corresponding mainly to larger specimens >25–30 mm in length. D, size dis-

tribution of age-dated specimens shows that the dated subset closely captures the mode formed by adults >20 mm in length. E, the fit

of the simple taphonomic model to ages of articulated shells, assuming that an abrupt offset in production (abundance of living indi-

viduals) occurred at 450 years BP, indicates that disarticulation rate is 0.0036 year�1, half-life is c. 200 years. F, the expected number

of initial shells computed by dividing the empirical number of articulated shells in 100-year cohorts by e�(log(2)/half–life) 9 age; the initial

number of articulated shells entering 0.1 m2 of the sediment (area captured by a single Van Veen grab) within a 100 year period is

higher than 1000 individuals for cohorts older than 1000 years; when scaled to 1 m2, assuming a lifespan of 10 years, these values

along the y-axis represent annual densities of G. vitreus expected under three disarticulation half-lives; the dashed horizontal line repre-

sents 1000 individuals; age cohorts without any shells were assigned the value of one individual in this computation. G–H, age distri-

butions of individuals smaller and larger than 20 mm (ventral valve length of individuals prior to their fragmentation), fitted with the

simple taphonomic model, assuming that an abrupt offset in production occurred at 450 years BP, indicate that disintegration rate of

individuals <20 mm is 0.0013 year�1and disintegration rate of individuals >20 mm is 0.00041 year�1.
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of the three oldest specimens fall between 18 210 and

25 620 years, and the age of one specimen is 7360 years.

All of the other 88 specimens are younger than

3000 years. Time averaging (inter-quartile age range,

IQR) of all G. vitreus specimens is 1250 years. The oldest

articulated shell is 1770 years old, and the IQR of articu-

lated shells is 200 years. In contrast to the bimodal age

distribution of all specimens, distribution of post-mortem

ages of articulated shells possesses just one mode, equiva-

lent to the first mode at 500 years BP (Fig. 2E). The size-

frequency distribution is also bimodal, with abundant

small-sized, mainly juvenile specimens smaller than

10 mm, and with a second mode formed by shells 25–

30 mm long (Fig. 2B, C). Although ventral valves

(n = 160) are more frequent than dorsal valves (n = 92)

in the total assemblage, no significant bias in the ratio of

ventral and dorsal valves occurs in specimens exceeding

5 mm (96 ventral vs 70 dorsal valves, respectively).

Disintegration and disarticulation rate

The fitting of the simple model (that assumes that G. vit-

reus abruptly declined in abundance to zero at 450 years

BP and that disintegration rate does not decline with

post-mortem age) to post-mortem age data shows that

disintegration rate of small individuals (<20 mm) is

kd = 0.0013 year�1 (half-life is c. 530 years, Fig. 2G) and

disintegration rate of larger individuals (>20 mm) is

kd = 0.00041 year�1 (half-life is c. 1700 years, Fig. 2H).

Fitting the same model to ages of articulated shells,

assuming a simple age-independent disarticulation, indi-

cates that disarticulation rate ka is 0.0036 year�1 (95%

CI = 0.0023–0.0082; Fig. 2E). Disarticulation half-life is,

therefore, surprisingly long (c. 200 years). Shorter half-

lives are less likely because they predict unrealistically

high population densities, exceeding 1000 individuals/m2

(Fig. 2F), whereas the maximum density of G. vitreus

recorded in the Mediterranean Sea is 700 individuals/m2

(Emig 1987, Emig & Garc�ıa-Carrascosa 1991). For exam-

ple, the 100-year age cohort with midpoint at 1550 years

BP is represented by one articulated shell in the DA.

Dividing the number of preserved shells by eˉka 9 1550,

and if disarticulation half-life is equal to just 100 years,

the model predicts that c. 46 000 shells entered the sedi-

ment over 100 years (at the scale of Van Veen grab,

0.1 m2). This estimate propagates to an unrealistic annual

density of c. 4600 individuals/m2 (assuming that lifespan

is c. 10 years; Toma�sov�ych et al. 2022a). In contrast, if

disarticulation half-life is 200 years, the model predicts

that 300 shells entered the sediment over 100 years, with

a more realistic average annual density of c. 30 individu-

als/m2 (Fig. 2F).

Brachiopod preservation

Encrusters on both internal and external valve surfaces

are represented by serpulids, agglutinated polychaetes,

bryozoans, and calcareous and agglutinated foraminifers,

with preservation varying from complete specimens to

eroded relicts (Fig. 3C, D). The etched scars were pro-

duced by anomiid bivalves (Centrichnus eccentricus; e.g.

Neumann et al. 2014) (Fig. 3A, B). Podichnus traces,

which represent brachiopod pedicle attachment scars

(Bromley & Surlyk 1973), were not detected. Abundant

dendritic or rosette-like traces (c. 0.25–0.5 mm in diame-

ter) occur immediately below the external primary layer

of most specimens (Fig. 3D–L). These subsurface traces

are visible as whitish discrete dots on external surfaces in

reflected light and as dark spots in transmitted light

(Fig. 4A–D). They are formed by inter-connected oval

chambers arranged in spirals (Fig. 3H, I) that are con-

nected to the surface by thin filaments immediately below

the primary layer (Fig. 4E–G). The chambers can be

directly exposed on the surface as small pits or depres-

sions when the primary layer is eroded (Fig. 3G). They

can be assigned to the ichnogenus Nododendrina that was

probably produced by endolithic foraminifers. This ichno-

genus and similar dendritic and rosetta-producing borers

have been characteristically infesting valves of punctate

brachiopods since the Palaeozoic (Bromley et al. 2007;

Wisshak 2017; Mergl 2020).

Macroborings formed by clionaid sponges (ichnogenus

Entobia) are frequent on G. vitreus, producing oval cham-

bers connected by thin ducts, clearly visible in transmitted

light (Fig. 4A, B). In specimens where papillar openings

occur on both valve surfaces, external surfaces are pitted

with openings more frequently than internal ones. These

papillar openings on internal surfaces can terminate with

black or rusty Mn or Fe-rich sediments (Fig. 4H, I,

K–M). With the exception of two specimens (out of 30

shells), which show calluses that partly (Fig. 4H, I) or

completely (Fig. 4J) plug these openings, they remain

open on internal surfaces. Entobia is extensive in the

umbonal region of a few specimens where it is responsi-

ble for the exposure of the umbonal cavity.

Regardless of valve preservation, external and internal

surfaces do not show any signs of fibre jagging or delami-

nation of the whole secondary layer, made up of fibres.

Fibre jagging or delamination is typical of the softening

observed on brachiopod valves elsewhere in shallow-

marine environments (Emig 1990; Toma�sov�ych & Roth-

fus 2005). Although we did not observe this type of

preservation on G. vitreus specimens, the lack of periph-

eral margins in fragments and their sharp termination

that exposes the anterior margin of the prismatic layer

indicates that the softening and loss of the secondary
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layer along the anteriormost edges contributed to disinte-

gration of the valves (Fig. 4M).

Fibres of the secondary layer and prisms of the tertiary

layer on internal surfaces (penetrated by punctae, 5–10 lm

in diameter) of G. vitreus are either smooth in pristine valves

not affected by abrasion or discolouration (Fig. 5A–E), or

affected by extensive networks of microborings (10–20 lm

in diameter, Fig. 5G, H). They can be covered by <1 lm-size

angular-shaped calcitic overgrowths and coccoliths

(Fig. 5F). In contrast, internal surfaces of prisms and fibres

of discoloured and worn valves are irregular, covered by

thin micrometric patches of micrite crystals and by clay–

coccolith coatings that occur in depressions at prism or

fibre boundaries (Fig. 5J–L). In contrast to the low-Mg cal-

cite that forms brachiopod valves (Fig. 6A), micrite

cements that co-occur with clay coatings are formed by

calcite enriched in Mg (Fig. 6A–C). Micrite cements and

clay coatings are limited to valve surfaces, to internal

F IG . 3 . Scanning electron micrographs of external surfaces of G. vitreus valves with scars produced by encrusters and microendolithic

traces. A–B, an etched scar caused by the anomiid bivalve (ichnogenus Centrichnus). C, an eroded relict of an encrusting foraminifera.

D, external surface with fragments of agglutinated foraminifers and microborings (Nododendrina); specimen 111. E–L, valves pene-

trated by endolithic foraminifers that are located immediately below the surface and are connected with the surface with thin filaments

(ichnogenus Nododendrina): E–F, specimen 111; G–H, specimen 43–11; I, specimen 193; J–L, specimen 15. Scale bars represent:

500 lm (A, D), 100 lm (B, C, E, J, K), 200 lm (F), 50 lm (G–I, L).
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punctal infills, and borings. Freshly-broken valve edges in

the same specimens, however, show that fibres or prisms

within valves are smooth and well-preserved (Fig. 5I).

Black Mn oxides (Fig. 4Q–S) and rusty (reddish and

orange) Fe oxides (Fig. 4T), validated by EDS spectra

(Fig. 6D), are represented by aggregates of grains in mm-

F IG . 4 . Preservation of rosetted trace fossils (A–G) and Entobia (A–B, H–M) under reflected and transmitted light, and ferromanganese

coatings and fillings of borings and punctae on the external (N–P) and internal surfaces (Q–T). A–B, dispersed rosetted microborings and

internal galleries formed by Entobia in reflected (A) and transmitted (B) light; these galleries lead to the detachment of a large umbonal

area in the posterior part of the ventral valve (arrow); specimen 43–1. C–G, rosetted and dendritic microborings (Nododendrina) on the

external surface in reflected and transmitted light; specimen 43-11. H–I, internal valve surfaces with papillar openings of clionaid sponges

and their diagenetic infill, with partial callus around openings, which are plugged with black aggregates formed by Mn oxides; speci-

men 42-2. J, exposed borings of clionaid sponges on the internal surface, healed with callus (specimen 3). K–M, papillar openings of Ento-

bia on the internal surface without any callus and plugged with rusty Fe oxides: K–L, specimen 3; M, specimen 203. N–O, microborings

and punctae on the external surface filled with black Mn oxides; specimen 25-1. P, black coating formed by Mn oxides viewed from the

exterior in transmitted light; specimen 7. Q–T, interior of valves with Mn-coated edges (Q–S) and Fe-coated edges (T): Q, specimen 2;

R, specimen 5; S, specimen 8; T, specimen 23. Scale bars represent: 5 mm (A, B, O–T); 1 mm (C–N).
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scale spots, or form continuous coatings (c. 0.1 mm

thick) that are sharply separated from the valve surface

(Fig. 7). The coatings are particularly extensively devel-

oped on the internal surfaces of articulated shells along

the anterior edges of both valves, whereas in central parts

of valves they form dispersed, mm-scale spots (Fig. 4Q–T).

They fill punctae and borings, and plug the papillar

openings of boring sponges on the interior surfaces of

valves. Reddish and orange coatings are replaced by

black coatings across few millimetres on the internal sur-

faces of some valves, and both smooth globules (Mn

oxides) and tufts (Fe oxides) co-occur in transition

zones (Fig. 7E–H). At high magnification (>5009), Fe

oxides are represented by tufts (10–20 lm in diameter)

F IG . 5 . Scanning electron micrographs showing the preservation of internal surfaces of G. vitreus, with two well-preserved valves (A–

F) and one discoloured valve with microborings, clay coatings and micrite cements (G–L). A–C, well-preserved surface formed by

prisms of the tertiary layer on the ventral valve, with smooth prism surfaces and dispersed punctae; specimen 191; C, close-up showing

that the prism surface is smooth and lacking cement. D–F, a relatively well-preserved internal surface of the dorsal valve, with the tran-

sition from secondary fibres to prisms close to the hinge (D) and with prisms (E); specimen 143; F, close-up showing that surface of

prisms is overgrown by micron-sized calcitic crystals and covered by coccoliths. G–L, microborings, clay–coccolith coatings among

prisms, and micrite cements on the surfaces of prisms; specimen 194; the clay coatings and cements occur on surfaces or within bor-

ings, whereas freshly-broken edges are pristine (I). Scale bars represent: 50 lm (A, B, D, E, G, H); 10 lm (C, F, I–L).
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F IG . 6 . Scanning electron micrographs and corresponding EDS spectra. A, low-Mg calcite of pristine valves. B, calcite overgrowths

enriched in Mg in thin micritic cements. C, clay coatings and micritic cements. D, Mn and Fe oxides represented by globules and tufts,

respectively. The peak in at 2.2 keV corresponds to the gold coating. Scale bars represent: 10 lm (A, B, D), 5 lm (C).
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and Mn oxides by smooth globules (10–50 lm in diam-

eter). These tufts or globules are either dispersed, or

coalesce to continuous coatings (Figs 6D, 7). The Mn

globules are similar to stalactitic Mn-rich aggregates

coating serpulid tests in the Jabuka Pit in the Central

Adriatic Sea (Dolenec 2003).

Variation in preservation among specimens

With the exception of eight specimens, other articulated

shells of G. vitreus (n = 24) were completely filled with

sediment (Fig. 8). Brachidia were fully preserved in 53%

of articulated shells, whereas they were broken or fully

missing in all of the disarticulated dorsal valves (Fig. 9).

Gryphus vitreus is preserved in three states, including:

(1) articulated, sediment-filled shells with complete

lophophore supports, rare or absent internal encrusters

and borers, and internal ferromanganese coatings (post-

mortem age up to 1800 years) as documented by EDS

spectra (Fig. 6); (2) complete or almost complete, semi-

transparent or white disarticulated valves of similar age

but frequently with both internal and external encrusters

and borers (age up to 2300 years; Fig. 10A, B); and

(3) umbonal relicts that are worn, discoloured (covered

with micrometric clay and micritic coatings, Fig. 10C–L),

with missing anteriormost edges (that were formed by the

secondary fibrous layer), with truncated valve relicts

formed largely by the prismatic layer only (Fig. 10C–E).

This third category also includes few specimens from the

last glacial maximum (age > 18 000 years; Fig. 10C–L).

These preservational states are also exhibited by smal-

ler, juvenile valves (<10 mm), ranging from well-

preserved and transparent valves without any alteration,

to fragments that are intensely microbored, discoloured

and stained (Fig. 11). Brownish discolouration is primar-

ily associated with the presence of clay coatings and

micrite cements that are locally also associated with

patches of Fe oxides; we did not observe pyrite grains in

discoloured valves (Kolbe et al. 2011).

In the total assemblage, 80% of individuals are disartic-

ulated, 75% are fragmented and 17% discoloured

(Fig. 12A). If specimens are not partitioned into shells

and disarticulated valves, encrustation frequencies are

F IG . 7 . Scanning electron micrographs of internal surface of brachiopod valves with Fe-oxide tufts and Mn-oxide globules on speci-

men 7 (445 years BP). A–D, smooth Mn-oxide globules that are dispersed or loosely-packed. E–H, the mixture of Mn-oxide globules

and Fe-oxide tufts. I–L, a continuous coating formed by densely-packed Mn-oxide globules. Scale bars represent: 50 lm (A, D, G),

10 lm (B, C, E, F, H, I).
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F IG . 8 . Articulated shells of G. vitreus ranging in age from several centuries up to c. 1800 years. The specimens in D, E, F, I and N

were empty, other specimens were completely filled with sediment when photographed. The dark-grey and rusty colours reflect precip-

itation of Fe and Mn oxides on internal surfaces. Specimen numbers (post-mortem age): A, 13 (584 years); B, 10 (429 years); C, 3

(1418 years); D, 1 (not dated); E, 5 (552 years); F, 6 (1771 years); G, 7 (191 years); H, 12 (497 years); I, 15 (529 years); J, 14

(481 years); K, 8 (386 years); L, 17 (1655 years); M, 22 (304 years); N, 23 (398 years); O, 24 (1500 years); P, 25 (668 years); Q, 34

(505 years); R, 37 (postbomb). Scale bar represents 10 mm.
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equally high on external (27%) and internal surfaces

(28%) respectively. In contrast, boring frequencies are

higher on external (20% by sponges and 79% by microbor-

ers) than on internal valve surfaces (11% by sponges and

50% by microborers). The frequencies of abrasion are simi-

larly high on external (19%) and on internal surfaces

(14%), as are the frequencies of valve exteriors and interiors

coated by Fe oxides (11–15%) and Mn oxides (7–10%).

PCoA based on all alteration indices and on all the speci-

mens shows that most variables positively covary with the

principal co-ordinates axis (PCo) 1 (74% of variance

explained), whereas PCo2 explains only 14% of the variance

(Fig. 13A). In contrast to all of the other variables, the

coatings of Fe and Mn oxides, and disarticulation correlate

weakly with PCo1 (r < 0.5), and are strongly correlated

with PCo2, together with external encrustation and macro-

bioerosion (r > 0.5). PCo2 thus separates articulated shells

with Fe and Mn oxides on internal surfaces from disarticu-

lated, more altered valves (Fig. 13A).

Differences in preservation between articulated shells and

disarticulated valves

The extent of external encrustation, as well as micro- and

macrobioerosion is similar on external surfaces of

F IG . 9 . Preservation of complete loops (A–O) and hinge plates with broken or missing loops (P–Y) in several centuries old but still

articulated shells. A–F, complete loops without any Mn or Fe oxides; specimens (post-mortem age): A, 1 (not dated); B, 39

(758 years); C, 37 (postbomb); D, 15 (529 years); E, 13 (584 years); F, 22 (304 years). G–H, complete loops coated by rusty Fe oxides:

G, 23 (398 years); H, 6 (1771 years). I–L, complete loops coated by black Mn oxides: I, 7 (191 years); J, 5 (552 years); K, 12

(497 years); L, 14 (481 years). M–Q, incomplete loops with descending lamellae: M, 24 (1500 years); N, 30 (postbomb); O, 34

(505 years); P, 3 (1418 years); Q, 10 (429 years). R–T, hinge plates only: R, 11 (521 years); S, 57 (427 years); T, 17 (1655 years). All

scale bars represent 5 mm.
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articulated shells and disarticulated valves. Interiors of dis-

articulated valves, however, are more strongly encrusted

and bored than the interiors of articulated shells. These

articulated shells display moderately-high levels of external

encrustation (PSA = 0.18), macrobioerosion (PSA = 0.24),

and microbioerosion (PSA = 0.57) but only minor levels

of internal encrustation, macrobioerosion and microbio-

erosion (all PSA < 0.1; Fig. 12B). External and internal

surfaces of disarticulated valves show similarly high levels

of encrustation (PSA = 0.19 (ext.), 0.2(int.)), macrobio-

erosion (0.13, 0.07), and microbioerosion (0.63, 0.41).

Therefore, although external surfaces of whole shells and

disarticulated valves are affected by encrustation and bio-

erosion to a similar extent, internal surfaces are more

encrusted and bored in disarticulated valves than in whole

shells. Fe and Mn oxides are more frequent on internal

valve surfaces within shells (PSA (Fe oxides) = 0.21, PSA

(Mn oxides) = 0.45) than on their external surfaces (PSA

(Fe oxides) = 0.08, PSA (Mn oxides) = 0.15). In contrast,

both interiors and exteriors of disarticulated valves are

coated equally frequently (PSA (Fe oxides) = 0.06, 0.08;

PSA (Mn oxides) = 0.02 on both surfaces).

F IG . 10 . Variability in preservation of disarticulated valves, with umbonal relicts older than 18 000 years. A, well-preserved dorsal

valve with Entobia and black Mn-oxides close to the anterior edge (specimen 57; 427 years). B, fragment of ventral valve with missing

peripheral margins and serpulids encrusting internal surface (specimen 38-1; 1633 years). C, ventral valve with missing anterior edge,

encrusted on both valve surfaces, with patches of black and brownish coatings on the exterior along the anterior edge (specimen 42-1;

357 years). D, ventral valve relict affected by discolouration, encrusted by agglutinated foraminifers on the exterior, with anterior mar-

gin missing (specimen 41-2; 378 years). E, brownish ventral valve fragment, encrusted on the interior and exterior (specimen 43-3;

537 years). F, dorsal valve with chipped edges, with a black coating near the external anterior margin (specimen 43-5; 581 years).

G, rounded fragment of dorsal valve encrusted on both surfaces (specimen 46; 1054 years). H, brownish ventral valve fragment,

encrusted on both surfaces with well-preserved bryozoans and serpulids (specimen 27; 493 years). I, discoloured ventral valve fragment

with worn encrusting foraminifers (specimen 45; 18 213 years). J, worn umbonal relict of ventral valve (specimen 67; 24 881 years).

K, worn and discoloured umbonal relict of dorsal valve, with well-preserved foraminifers encrusting truncated internal surfaces (speci-

men 64; 7364 years). L, worn and discoloured dorsal valve relict with eroded encrusters (specimen 44; 2574 years). All scale bars rep-

resent 5 mm.
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Taphonomic clock

The proportion of articulated shells relative to the total

number of individuals within 100-year cohorts exceeds

50% in age classes of 50, 450, 550, 1450 and 1650 years

BP (Fig. 2A), thus reaching surprisingly high values even

in specimens older than multiple centuries. Their contri-

bution to the older cohorts declines and no specimens

older than 1800 years are articulated (Fig. 2A). The post-

mortem age correlates weakly with both PCoA axes

(Spearman r: (PCo1) = 0.37, p < 0.001; (PCo2) = 0.22,

p = 0.036). The effect of post-mortem age on alteration is

also weak (CAP F (age) = 9.6, p < 0.001, R2 = 17%,

n = 92). When alteration is modelled as a function of

both age and size, R2 increases to 21% (CAP F

(age) = 8.5, p < 0.001, n = 92). Although the explanatory

power of these two variables is low, post-mortem age

increases along the first CAP axis whereas small and

large-sized specimens are separated along the CAP 2 axis

(Fig. 13C). Articulated shells with negative CAP 1 scores

are separated from disarticulated valves with positive

CAP 1 scores, and specimens with the most positive

F IG . 11 . Preservation of small-sized (juvenile) specimens ranging from well-preserved, semitransparent valves (A–F) to valves with

internal coatings by Mn-oxides (G, H) to brownish-discoloured and microbored fragments with punctae stained by iron oxides (K–

O). Specimen numbers (post-mortem age): A–B, complete shell, 55 (496 years); C, relatively complete ventral valve, 47 (1619 years);

D, fragment of transparent ventral valve, 74 (1769 years); E, fragment of semitransparent ventral valve, 76 (1580 years); F, white ven-

tral valve with a chipped anterior margin, 56 (412 years); G–H, complete shell with internal black coating near the anterior edge in

both valves, 57 (427 years); I, fragment of transparent dorsal valve, 75 (1657 years); J, fragment of semitransparent dorsal valve, 58

(481 years); K, ventral valve fragment, with internal encrusters and common microborings stained by iron oxides, 62 (625 years);

L, ventral valve fragment with internal encrusters and abundant microborings, 61 (1876 years); M, ventral valve fragment with micro-

borings, 60 (2114 years); N, ventral valve fragment microborings stained by iron oxides, 72 (1974 years); O, brownish, discoloured

fragment of ventral valve, 77 (522 years). All scale bars represent 2 mm.
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scores are represented by discoloured and abraded frag-

ments. CAP thus visualizes two size-specific preservation

pathways, with alteration progressing with increasing age

along the CAP 1 axis (arrows in Fig. 13C).

The complexity of the taphonomic clock emerges in

cohort-level analyses of specimens binned to eight cohorts

(encompassing c. 20 000 years, Fig. 14). Specimens that are

100–1000 years old are rather similar but differ in alteration

from specimens older than a few millennia. Age-dependency

of alteration over the initial c. 2000 years is weak for most

variables, with the exception of disarticulation and fragmen-

tation (Fig. 14A). The four specimens older than 5000 years

are not only represented by disarticulated fragments but are

also heavily bioeroded, discoloured, encrusted and abraded.

Across all age cohorts, post-mortem age positively correlates

with the mean per-cohort disarticulation (Spearman

r = 0.83, p = 0.011) and fragmentation (Spearman r = 0.9,

p = 0.002), microbioerosion (Spearman r (exterior) = 0.83,

F IG . 12 . A, frequency of alteration in all G. vitreus specimens, standardized to the number of individuals for disarticulation and to

the total number of specimens for other variables, tends to be higher on external than on internal surfaces (with the exception of coat-

ings by Fe and Mn oxides). B, per-specimen alteration (PSA) state partitioned according to disarticulation demonstrates that the dif-

ference in encrustation, micro- and macrobioerosion between external and internal surfaces is high in articulated shells, whereas it is

low in disarticulated valves.

F IG . 13 . A, principal co-ordinates analysis (PCoA) based on 15 variables shows the difference in overall preservation between articu-

lated shells and disarticulated valves; contours correspond to ventral valve length (in mm) prior to fragmentation (extrapolated from

fragments on the basis of reduced major axis regressions). B, the negative relation between the length of ventral valve and PCo2

demonstrates the size dependency of alteration; specimens with and without coatings formed by Fe and Mn oxides also possess nega-

tive scores along PCo2. C, constrained analysis of principal co-ordinates (CAP) maximizing the separation of specimens on the basis

of shell size and post-mortem age, with contours representing post-mortem age, fitted to ordination scores with the generalized addi-

tive model the first axis correlates largely with post-mortem age and the second axis with shell size (ventral valve length prior to frag-

mentation); therefore, an increase in overall alteration with increasing post-mortem age along the CAP 1 axis, progressing from

articulated shells to complete disarticulated valves and to disarticulated, discoloured and worn fragments, documents the direction of

size-specific taphonomic pathways that generate the taphonomic clock; black circles and squares represent large shells and large disar-

ticulated valves (>20 mm); white circles and squares represent small shells and small disarticulated valves (<20 mm); the size thresh-

olds refer to the ventral valve length prior to fragmentation. Photographed specimens (with their numbers and post-mortem age):

a, 22 (304 years); b, 24 (1500 years); c, 43.1 (537 years); d, 27 (493 years); e, 45 (18213 years); f, 58 (481 years); g, 76 (1580 years);

h, 61 (1876 years); i, 46 (1054 years); j, 65 (2352 years).
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p = 0.015; r (interior) = 0.85, p = 0.007) and macrobioero-

sion (Spearman r (exterior) = 0.68, p = 0.06; r (inte-

rior) = 0.82, p = 0.011; Fig. 14). Post-mortem age also

correlates moderately positively with discolouration, but high

variability in the proportion of discoloured specimens in

older cohorts (Fig. 14B) lead to inconclusive support for a

discolouration-based clock (Spearman r = 0.56, p = 0.15).

Interestingly, the mean per-cohort extent of Mn oxides on

internal surfaces declines with post-mortem age (Spearman

r = �0.89, p = 0.003, Fig. 14H) whereas the extent of Fe oxi-

des on internal surfaces increases with post-mortem age

(Spearman r = 0.76, p = 0.036, Fig. 14G).

Size dependency of preservation

PCo1 does not correlate with size (Spearman

r = �0.03, p = 0.59) whereas PCo2 correlates

negatively with size (Spearman r = 0.57, p < 0.0001,

Fig. 13B). The direct ordination shows that at the scale

of individual specimens, log-transformed size explains

a minor amount (7%) of variation in alteration (F

(size) = 13.92, p = 0.001, n = 257). However, aggre-

gating specimens to 5 mm-bins shows that some types

of alteration relate to size non-monotonically. First,

the mean extents of internal encrustation, micro- and

macrobioerosion, and discolouration increase up to a

valve length of c. 20 mm, but decline to low values in

specimens >20 mm (Fig. 15). Second, the mean per-

cohort disarticulation monotonically declines with size

(Spearman r = �0.93, p = 0.002) whereas the mean

extent of internal Mn and Fe oxides increases with size

(Spearman r = 0.93, p = 0.0007). Third, the mean

extents of microbioerosion (Spearman r = 0.64,

p = 0.09) and macrobioerosion (Spearman r = 0.79,

p = 0.028) also tend to increase with size (Fig. 15).

F IG . 14 . Taphonomic clock on external (black) and internal surfaces (grey) of G. vitreus. A, disarticulation and fragmentation. B, discoloura-

tion. C, encrustation. D, microbioerosion. E, macrobioerosion. F, abrasion. G, Fe oxide coatings. H, Mn oxide coatings. Aggregating specimens

into eight age cohorts (the oldest category includes four shells older than 5000 years) shows: (1) weak or no age dependency of alteration over

the initial 2000 years (with the exception of disarticulation, fragmentation and coatings by Fe oxides; mean alteration by encrusters or borers

does not increase with increasing age); and (2) age dependency of alteration becomes more apparent and significant over the whole range of

post-mortem ages (>5000 years) because the four specimens older than 5000 years are strongly bored, encrusted and abraded. The mean

extent of internal Mn oxides declines whereas the mean extent of internal Fe oxides increases with post-mortem age.
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Large specimens are thus represented by complete

shells that are frequently encrusted and bored on

external surfaces and preferentially coated by ferroman-

ganese oxides but rarely infested by borers or encrus-

ters on internal surfaces (Fig. 15).

DISCUSSION

Preservation of articulated shells

Low frequencies of altered shells in a DA can reflect

either limited time-averaging and/or limited baseline

alteration rate or total disintegration rate of brachiopod

remains. The first factor is typically invoked in tapho-

nomic or oceanographic studies focusing on continental

shelf or slope environments subjected to variability in

sedimentation (Best & Kidwell 2000; Powell et al. 2011a,

2011b) whereas the second factor is invoked in deep-sea

studies where sedimentation is negligible (Thunell 1976;

Le & Shackleton 1992; Su�arez-Ibarra et al. 2021). High

variability in alteration, with a mixture of articulated

and disarticulated valves, is an expected outcome of

background taphonomic processes that tend to be

stochastic and patchy (i.e. bioerosion, encrustation or

bioturbation), and some shells can be locally protected if

buried by deep, non-local burial whereas others can

remain exposed or are repeatedly buried and exhumed

for long durations.

On the one hand, high abundance of articulated shells

with fragile loops (Figs 8, 9) in the upper centimetres of

a seabed at mid-bathyal depths in the Bari Canyon, with-

out internal borers or encrusters, can be explained by sce-

narios invoking rapid burial: (1) exposure of skeletal

remains in the TAZ is short owing to fast sedimentation,

leading to permanent burial (obrution) of well-preserved

and weakly time-averaged assemblages that can be com-

parable to censuses of living assemblages (Hallam 1972;

Kidwell 1997; Feldman 2005; Brett et al. 2012); or (2) ex-

posure of shells in the TAZ is short but not in steady

F IG . 15 . Size dependency of alteration in G. vitreus on internal (grey) and external surfaces (black), with mean alteration per size

class, with brachiopod specimens binned into 5 mm-size classes (using ventral valve length). A, disarticulation and fragmentation.

B, discolouration. C, encrustation. D, microbioerosion, E, macrobioerosion. F, abrasion. G, Fe oxide coatings. H, Mn oxide coatings.

Larger specimens are more frequently articulated, discoloured, and coated with Mn and Fe oxides than smaller specimens. Biotic infes-

tation of interiors by encrusters and borers shows a conspicuous non-monotonic relationship with size, peaking at intermediate sizes,

but decreasing with size in larger specimens. This pattern reflects the effect of the sediment fill of larger shells that prohibits the inter-

nal colonization of dead articulated shells.
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state when conditions with fast sedimentation are fol-

lowed by shell exhumation and sediment winnowing,

leading to highly time-averaged assemblages formed by

young shells mixed with old and recently exhumed, still

well-preserved shells. On the other hand, high abundance

of articulated shells with fragile loops can occur when

exposure of shells in the TAZ is long but rates of disartic-

ulation and valve disintegration are low, for example,

owing to reduced flux of particulate organic matter to the

seafloor, limiting carbonate dissolution driven by organic

matter degradation in sediment, but also leading to food

limitation of biomixers, bioirrigators and durophagous

predators. This third scenario thus produces highly time-

averaged assemblages with a significant proportion of

well-preserved articulated shells.

Several lines of evidence indicate that the third path-

way, without rapid burial but with slow disarticulation

and disintegration, is more probable than the first two

pathways with permanent or temporary burial. First, the

co-occurrence of articulated shells with multi-centennial

to millennial ages indicates that rapid burial by perma-

nently high sedimentation rates is unlikely at this loca-

tion, although the repeated phases of burial, winnowing

and sediment erosion can lead to low net sedimentation

rate. In any case, the DA with articulated shells and com-

plete loops clearly does not reflect a single snapshot

assemblage with limited time averaging.

Second, the extensive valve infestation by clionaid

sponges (penetrating from the external surfaces, with

internal valve surfaces rarely thickened in response to

borings) and commissure-crossing encrusters on articu-

lated shells demonstrate that external surfaces of the bra-

chiopod shells were colonized post mortem. Internal

borings that penetrate across the whole thickness of a

valve from the exterior can remain unhealed on internal

surfaces, as observed in live-collected bivalves (Lazo 2004).

Intensely-bored segments (especially in umbonal parts) of

some shells, however, led to a collapse of valve walls

(Fig. 4A, B), indicating that shells were mainly bored by

sponges after death.

Third, shells immediately buried in situ by episodic

events or buried after short-term transport into the sub-

surface zones typically remain empty, incompletely filled

by sediment and/or filled by cement (Graziano

et al. 2006; Harper & Pickerill 2008; Baeza-Carratala

et al. 2014). Such preservation contrasts with shells that

can be filled with sediment when exposed at the sedi-

ment–water interface for longer durations (Seilacher 1968;

Holland 1988). Such process may be associated with

infestation of internal surfaces by borers or encrusters

and by disintegration of lophophore supports. As most

shell interiors were filled with sediment, the external sur-

faces of articulated shells were thus exposed to sediment

input at the sediment–water interface. However, their

interiors and lophophore supports remained protected,

indicating that the rate of filling was very fast.

Fourth, the high frequency of Fe and Mn oxides on

internal surfaces along edges of articulated shells and their

presence at internal terminations of borings or in punctal

pores indicates that the suboxic/oxic fronts were located

at the interface between sediment infills enclosed within

shells and valve internal surfaces. Dissolved iron or man-

ganese can accumulate in suboxic, non-sulfidic zones,

with metal reduction driven by degradation of organic

matter within shells (Froelich et al. 1979; Kasten

et al. 1998; B€ohm & Brachert 1993; Jakubowicz

et al. 2014; Guido et al. 2016), and precipitation at the

redox fronts can be mediated by manganese- and iron-

oxidizing bacteria (Thamdrup et al. 1994; Pr�eat et al. 2006;

Ferretti et al. 2012). Therefore, the redox fronts where Mn

and Fe oxides precipitated were located within shells, and

thus close to the sediment–water interface. This scenario is

comparable to spatially-heterogeneous redox fronts that

form when fluxes with dissolved iron or manganese are

triggered by concentrations of decaying and patchily-

distributed labile organic matter (Kalhorn & Emerson

1984; Gioncada et al. 2018) or when suboxic sediments

lining borings or burrows are ventilated by oxic waters

(Wetzel 2008; Ortiz Kfouri et al. 2021). Although ferroman-

ganese coatings tend to form very slowly in deep-sea envi-

ronments (approximately a few millimetres per million

years; Hein & Koschinsky 2014), the postbomb ages of two

shells with conspicuous Mn oxides indicate that their pre-

cipitation on internal surfaces of valves inside the bra-

chiopod shells, as observed here, can be relatively fast: less

than few years or decades (e.g. Usui et al. 2020). Therefore,

to conclude, a subset of articulated shells was filled with

sediment when exposed at or close to the sediment–water

interface, either via pedicle opening or along a commissure

of gaping valves.

Disarticulation and disintegration rates

Well-preserved shells of G. vitreus at the sampling station

contrast with shallower DAs of G. vitreus characterized by

rare articulated specimens and high proportion of worn

fragments (Caulet 1972; Llompart 1988; Emig 1990). They

also contrast with accumulations of other brachiopods

found on temperate or tropical shelves and characterized

by the lack of articulated shells with complete loops (Col-

lins 1986; Daley 1993; Carroll et al. 2003; Toma�sov�ych &

Rothfus 2005; Rodland et al. 2006, 2014; Toma�sov�ych &

Zuschin 2009; Sim~oes et al. 2007a, 2007b, 2009; Rodri-

gues & Sim~oes 2010; Toma�sov�ych & Kidwell 2017).

Therefore, both shell disarticulation and valve disintegra-

tion rates at the sediment–water interface are surprisingly

low in the mid-bathyal environments of the Bari Canyon,
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in contrast to taphonomically harsh conditions on the

shelf or in the upper bathyal region in other locations in

the Mediterranean Sea.

Although valve fragmentation can precede disarticula-

tion, as was observed in one specimen of G. vitreus, disar-

ticulation represents a first step in most pathways towards

disintegration, followed by alteration and fragmentation

of disarticulated valves (with thick umbonal relicts repre-

senting the last stages of disintegration), resulting in heav-

ily altered specimens that can no longer be identified to

species level. Therefore, the disarticulation rate is expected

to be faster than overall disintegration rate. In theory, the

vast majority of disarticulated valves can disintegrate

rapidly and may not be preserved as identifiable remains

if disintegration proceeds very fast following shell disarti-

culation. Such a pathway would generate a high frequency

of articulated shells in the G. vitreus DA (>50% in some

age cohorts). The G. vitreus fragments with thick umbo-

nal regions and robust hinge plates, however, accrue

diverse taphonomic signatures and are rather highly dur-

able as evidenced by very low rates of disintegration of

both smaller and larger G. vitreus specimens. The total

disintegration rates are lower by a factor of 2 to 10 rela-

tive to the disarticulation rate. Disarticulated valves are

thus unlikely to be under-represented in DAs when half-

lives of valves are longer than half-lives of articulated

shells. The high durability of disarticulated valves suggests

that the high contribution of articulated specimens to the

total assemblage directly mirrors the low rate of disarticu-

lation occurring over multiple centuries. Under the disar-

ticulation half-life of 200 years, c. 18% of shells will

remain articulated after 500 years, and c. 3% of shells will

still remain articulated after 1000 years. A shorter disar-

ticulation half-life would produce unrealistically-high esti-

mates of brachiopod population density (Fig. 2F),

significantly exceeding annual density of 1000 individuals/

m2. Transport of shells from other habitats can concen-

trate and spatially-average shells at the sampled site, but

the markedly bimodal size-frequency distribution or the

lack of the bias in the ratio of ventral and dorsal valves in

larger specimens indicate the lack of any significant sort-

ing that would be predicted to occur if currents or down-

slope gravity flows concentrate or sort coarse skeletal

remains such as brachiopod shells (Sim~oes et al. 2005).

Sediment trapping as a mechanism preventing

disarticulation and loop fragmentation

The cyrtomatodont hinge of G. vitreus with interlocked

teeth and sockets increases the potential for the preservation

of articulated shells relative to the non-interlocking (deltid-

iodont) hinge of other brachiopods (Brett & Bordeaux 1991;

Li et al. 2016). However, first, this interlocking effect is not

sufficient to prevent disarticulation of brachiopod shells in

DAs on present-day, mainly temperate shelves. Second,

even in the absence of disarticulation, the preservation of

loops in taphofacies not generated by episodic burial

requires that G. vitreus shells were not exposed to internal

settlement by borers or cavity-dwelling organisms (that

would lead to deterioration and fragmentation of loops

formed exclusively by the secondary, organic-rich fibrous

layer) or to any significant movements by bulldozing or

burrowing organisms that would lead to disarticulation.

Internal colonization of articulated shells of brachiopods

was also documented in the fossil record when they were

entrapped in sponge–microbial or coral–microbial frame-

work and thus remained exposed to cryptobionts (Remia &

Taviani 2005; Toma�sov�ych et al. 2006; Lee et al. 2016; Park

et al. 2017).

A higher alteration of external surfaces relative to inter-

nal surfaces is a parsimonious expectation because exter-

nal damage to epifaunal shells by borers or encrusters (or

parasitic spionid polychaetes; Rodrigues 2007; Rodrigues

et al. 2008) can occur during the lifetime of the brachio-

pod. Residence time of dead calcitic shells in the TAZ,

however, still significantly exceeds the lifespan of living

brachiopod individuals and the difference in preservation

between external and internal surfaces is generally rapidly

minimized in DAs of epifaunal species (Kidwell

et al. 2001). The persistence of external–internal differ-

ences in alteration affecting old articulated shells is thus

rather a diagnostic feature of unique pathways occurring

in a TAZ where hinges remained interlocked and shell

interiors remained closed and protected, with filling rates

exceeding the rate of disarticulation or internal coloniza-

tion of shells by cavity-dwelling cryptobionts. Although

the size of the pedicle opening or of the gap between the

valves can limit larval colonization of shell interiors, such

limitation is contradicted by the observation that most

shells were completely filled with sediment. If dead shells

are oriented with umbo downwards (especially when the

posterior region is thick as in G. vitreus), the anterior

margin is not constrained and can gape within the limit

allowed by interlocked valves.

We propose that trapping of sediment by closed or

gaping shells can be one of the key processes that delays

or inhibits disarticulation and stops the internal tapho-

nomic clock for several centuries or even a few millennia

because: (1) internal surfaces are pristine or unaltered in

shells of G. vitreus; (2) these articulated shells display

signs of extensive post-mortem bioerosion on external

surfaces (comparable to alteration levels observed in dis-

articulated valves); and (3) internal lophophore support

structures (loops) remain preserved in shells that resided

in the TAZ for more than several centuries. Initially

empty shells of dead brachiopods with a pedicle foramen

and a limited opening between the two gaping but still
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interlocked valves can over-collect sedimentary particles

that float in suspension around the shells or are brought

by currents (Seilacher 1968; Gardner 1980; Holland

1988). The gape angle of valves of cyrtomatodont bra-

chiopods that is allowed by the hinge (prior its breakage)

tends to be limited to <15° (Carlson 1989). Although this

gape angle will increase with increasing hinge deteriora-

tion (Daley 1993), the limited gape in dead shells with

well-preserved hinge can simultaneously allow for sedi-

ment filling but also for some protection against subse-

quent sediment winnowing and settlement of

cryptobionts. Bottom currents tend to scour sediment

around the up-current sides of dead shells, forming

depressions into which shells can topple or slide, eventu-

ally burying them at the sediment–water interface

(Alexander 1984; Messina & LaBarbera 2004). If sediment

filling occurs at a rate that exceeds internal deterioration

of loops inside the shells by cryptobionts, larger shells

filled by sediment will be protected against cavity-dwellers

and will be more resistant against reworking relative to

empty shells. This shell-filling by sediment thus delays the

taphonomic clock in shell interiors.

Sediment infilling of shells, however, is insufficient for

long-term inhibition of disarticulation under extensive

physical or biotic mixing of sediment, and conditions that

minimize physical or biotic reworking in the Bari Canyon

are probably necessary for the long-term preservation of

articulated shells. Although the Bari Canyon environ-

ments are exposed to significant input of particulate

organic matter sourced from the outer shelf and carried

away by cascading currents, with intense bioturbation

(Sanfilippo et al. 2013; Angeletti et al. 2014), the sub-

strates are mixtures of soft sediment, coral rubble and

hardground crusts, with high abundance of sediment-

stabilizing epifaunal communities. Such conditions may

generally lead to smaller depths and rates of mixing and

irrigation relative to those observed on continental

shelves.

Post-disarticulation pathways

The high abundance of juvenile brachiopods in DAs

observed in live–dead analyses tends to be driven by high

input of recently dead cohorts that were not subjected to

disintegration by predators or had not yet degraded after

they died (Noble & Logan 1981; Toma�sov�ych 2004; Pru-

den et al. 2018). The age-dated subset shows, however,

that the small specimens of G. vitreus are as old as the

larger specimens (Fig. 2G, H) and the peak in abundance

of juveniles does not simply reflect a recent pulse in juve-

nile mortality. Although disintegration half-life of the

smaller specimens is shorter than the half-life for larger

shells, juveniles also disintegrate at a slow (multi-

centennial) rate and are durable enough to accrue bio-

erosion, encrustation, discolouration or staining. The

cohort-level taphonomic clock and multivariate analyses

indicate that even sediment-filled shells eventually disar-

ticulate and disintegrate by sponge bioerosion (with Ento-

bia contributing to bioerosion observed in other

brachiopods, Taddei Ruggiero & Bitner 2007; Bromley

et al. 2008; Taddei Ruggiero & Raia 2010), wear related to

exhumation, and/or by collapse of the secondary layer

along the anterior margins (Gaspard 1989; Emig 1990)

when residence time of specimens in the TAZ increases

beyond a few millennia and both small and large speci-

mens progress towards more worn and stained states. In

spite of the differences in the intensity of disarticulation

and alteration between the bathyal DAs in the Bari Canyon

with well-preserved articulated shells and shallower envi-

ronments with poorly-reserved disarticulated valves and

fragments, the resulting time averaging in these environ-

ments attains similar, millennial scales (Table 2; Carroll

et al. 2003; Krause et al. 2010; Toma�sov�ych & Kid-

well 2017). This lack of differences may occur because time

averaging in surface DAs is not simply limited by disinte-

gration rate but is also determined by the rate at which

shells can bypass the TAZ and by other early-diagenetic

mechanisms that lead to alteration but can slow down

overall disintegration.

Clay coatings (with dissolved coccoliths) and micrite

cements, both contributing to brownish discolouration,

occur on fragments older than c. 500 years and are typical

of very old fragments (>2000 years). The co-occurrence

of clay coatings and cements indicates that discoloured

valves were confined to reducing conditions for long

durations, triggering small-scale calcite dissolution in

undersaturated pore waters, but locally also leading to

precipitation of thin micrite cements. Very old, early

Holocene or Pleistocene aragonitic skeletal remains in

bathyal DAs are also typically stained and carry diverse

early-diagenetic signatures on firm- or hardgrounds (No�e

et al. 2006; Rivers et al. 2007; Freiwald et al. 2009; Ange-

letti & Taviani 2011, 2015; Toma�sov�ych et al. 2016b;

Grun et al. 2020). Some worn, discoloured, and micri-

tized valve fragments are encrusted by well-preserved for-

aminifers not affected by staining, indicating that they

were exhumed from subsurface zones back to the sedi-

ment–water interface (Fig. 10H, I, K, L). To conclude, the

taphonomic pathways of G. vitreus initially bifurcated at

the time of disarticulation, separating the post-mortem

fates of: (1) articulated shells that were rapidly filled by

sediment and were protected from internal alteration but

also from exhumation or displacements and could endure

long exposure in the TAZ (Fig. 16A); and (2) shells that

remained empty for a longer time or small shells rapidly

filled with sediment, but possessed of a weak hinge, that

were subjected to disarticulation (Fig. 16B). These two

24 PALAEONTOLOGY

 1
4
7
5
4
9
8
3
, 2

0
2
2
, 6

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/p

ala.1
2
6
3
1
 b

y
 S

lo
v
ak

 A
cad

em
y
 O

f S
cien

ces, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

8
/1

2
/2

0
2
2
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



TABLE 2 . Estimates of time-averaging (IQR, interquartile age range) of brachiopods collected in surface death assemblages.

Region Species Station N IQR

(years)

Water

depth (m)

References

SE Brazilian Bight Bouchardia rosea Unatuba Bay 1 32 5472 30 Krause et al. (2010)

SE Brazilian Bight Bouchardia rosea Ubatuba Bay 9 71 1577 10 Carroll et al. (2003);

Krause et al. (2010)

SE Brazilian Bight Bouchardia rosea Ubatumirim 1 19 225 5.7 Carroll et al. (2003)

SE Brazilian Bight Bouchardia rosea Ubatumirim 2 20 264 22.8 Carroll et al. (2003)

SE Brazilian Bight Bouchardia rosea Ilha das Couves 21 635 15.8 Carroll et al. (2003)

Southern California Bight Laqueus erythraeus Palos Verdes Shelf-0C 60 200 61 Toma�sov�ych & Kidwell (2017)

Southern California Bight Laqueus erythraeus Palos Verdes Shelf-10C 60 1974 61 Toma�sov�ych & Kidwell (2017)

Southern California Bight Laqueus erythraeus Palos Verdes Shelf-4134 39 1073 78 Toma�sov�ych & Kidwell (2017)

Southern California Bight Laqueus erythraeus Santa Monica Bay-24 205 31 1041 81 Toma�sov�ych & Kidwell (2017)

S Adriatic Sea Gryphus vitreus Bari Canyon-POS514-14 92 1249 580 This study

N, number of age-dated specimens.

F IG . 16 . Preservation pathways of G. vitreus in the TAZ (under conditions with sufficient amount of suspended particulate organic

matter or sediment that can be trapped by shells). Shell disarticulation at the sediment–water interface (in the TAZ) is a stochastic

process determined by the rate of shell infilling by sediment. Shells are externally encrusted and microbored during life (with rare

sponge infestation). A high abundance of articulated shells enters into death assemblages (assuming durophagous predation is limited).

Shells can initially be subjected to one of two pathways (A, B) that eventually converge to the same final pathway (C). A, shells are

rapidly filled by sediment from suspension or brought by currents (grey arrows), via pedicle opening or via gaping valves or both,

before they can be colonized by cavity-dwelling borers or encrusters and/or before they disarticulate. Sediment infill prevents loop frag-

mentation. Dead sediment-filled shells located at the sediment–water interface are externally bored by sponges, encrusted by organisms

crossing the commissure, and internally coated by Mn and Fe oxides at the oxic/suboxic fronts (black internal coatings along the an-

terior margin). This pathway allows multi-centennial residence of the G. vitreus dead shells in the surface TAZ. B, empty shells are

internally infested by borers and encrusters and disarticulate and fragment at a rate that exceeds their rate of filling by sediment. C, at

time scales exceeding c. 1000–2000 years, most specimens are represented by discoloured and abraded fragments. Regardless of condi-

tions at the sediment–water interface, long-term exposure thus leads to shell disarticulation and valve deterioration by bioerosion, soft-

ening of the secondary shell, and abrasion.
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states eventually converge and lead to worn, bored and

discoloured fragments (Fig. 16C).

Present-day bathyal analogue for taphonomic pathways on

shelves prior to the Mesozoic Marine Revolution

Carbonate disintegration may be slower in present-day

bathyal environments than on shelves owing to multiple

phenomena that are related to a bathymetric decline in

predation (Walker et al. 2002); bioerosion intensity (Wis-

shak et al. 2005; Toma�sov�ych & Zuschin 2009; Walker

et al. 2011), export of organic matter (reducing dissolu-

tion rate, Aller 1982; Archer 1991; Reimers et al. 1992;

Mekik et al. 2002) and bioturbation rate (Boudreau 1994;

Middelburg et al. 1997; Henderson et al. 1999; Smith

et al. 2000; Meile & Van Cappellen 2003). Although duro-

phagous predation, grazing and bioturbation intensified

to some degree during the Triassic and Jurassic, and

plankton have diversified since the Middle Jurassic

(Kowalewski et al. 1998; Harper & Wharton 2000; Haut-

mann 2004; Radley 2010; Schweitzer & Feldman 2010;

Bardhan et al. 2012; Salamon et al. 2012; Such�eras-Marx

et al. 2019; Tackett & Tintori 2019; Manojlovic & Clap-

ham 2021; Buatois et al. 2022; Cueille et al. 2020), these

processes were probably less effective on shelves prior to

the main Cretaceous phase of the MMR that intensified

both shell fragmentation by durophagous predators and

post-mortem deterioration of organic and carbonate mat-

erials in the TAZ.

Even when brachiopods are numerically abundant on

Holocene–Anthropocene continental shelves, the abun-

dance of articulated and complete valves of epifaunal

brachiopods is rapidly reduced in DAs under the tapho-

nomic conditions typical of present-day continental

shelves. Although the rates and intensity of biotic interac-

tions decline with decreasing temperature, and cold-

temperate conditions in bathyal environments can thus

be characterized by their low intensity, seawater tempera-

tures also remain within 12.5–14°C at shallower locations

in the western Mediterranean Sea where G. vitreus disar-

ticulation and alteration rates are faster, and examples of

the fast deterioration of brachiopod shells have been doc-

umented in shallow-water conditions with temperatures

<10°C (Daley 1993; Toma�sov�ych 2004). Therefore, the

high alteration rates observed in shelf environments can-

not be explained by bathymetric gradients in seawater

temperature. Taphonomic pathways determining the

quality of preservation of brachiopod shells in modern

shallow-marine DAs are thus probably distinct from path-

ways that characterized similar environments prior to the

MMR. Preservation of shell-rich brachiopod assemblages

in Cenozoic shelf deposits is also frequently characterized

by high abundance of disarticulated and fragmented

valves (Reolid et al. 2012; Garc�ıa-Ramos & Zuschin 2019),

unless entombed by episodic burial (that will tend to lead

to the preservation of incompletely-filled, empty or

cement-filled shells; Skompski et al. 2018). The tapho-

nomic clock is thus typically accelerated in shallow mar-

ine environments; most destructive alteration occurs

early, and age cohorts that are decades or centuries

old may not differ in alteration (Agiadi et al. 2021;

Toma�sov�ych et al. 2022c). Slow disarticulation and frag-

mentation of brachiopods in the Bari Canyon contradicts

this dynamic, leading to a delayed taphonomic clock

(Fig. 14A). DAs with articulated shells of G. vitreus, with

similar preservation with rusty or blackish oxide coatings

were also documented at similar bathyal depths in the

Ionian Sea at Santa Maria di Leuca coral province (Rosso

et al. 2010), indicating that these conditions are not

unique to the Bari Canyon. We suggest that in contrast

to the pre-MMR conditions, this low-intensity tapho-

nomic dynamic detected in bathyal environments is rare

in the seabeds of present-day shelves, unless bioturbation

is reduced due to anthropogenic impacts.

CONCLUSION

We describe a preservation pathway in which dead bra-

chiopod shells exposed at the sediment–water interface

trap sediment significantly, stopping their disarticulation

and other sources of alteration in their interiors for sev-

eral centuries (with some shells remaining articulated for

c. 1500 years) in deeper bathyal environments not sub-

jected to extensive bioturbation or durophagous preda-

tion. This pathway thus allows for the preservation of

articulated shells in the absence of episodic burial and

may be a unique testament of generally low intensity of

biotic interactions that directly or indirectly contribute to

skeletal alteration and disintegration. Although the multi-

millennial residence time in the TAZ eventually leads to

disarticulation owing to bioerosion and other sources of

damage, the high frequency of articulated, sediment-filled

shells of G. vitreus with well-preserved loops in surface

DAs in the Bari Canyon still markedly contrasts with

abundance of disarticulated and worn brachiopods on

present-day shelves. Although juveniles (<20 mm in

length) are characterized by a shorter disintegration half-

life (c. 500 years) compared to adults (c. 1700 years),

their half-life is still relatively long to allow for the accu-

mulation of small-sized individuals in time-averaged DAs.

We suggest that the preservation of sediment-filled articu-

lated shells of brachiopods with well-preserved loops in

bathyal environments of the Bari Canyon is a signature of

mild conditions in the TAZ that mimics taphonomic

attributes of brachiopod shell accumulations in the Palaeo-

zoic or the Mesozoic stratigraphic record: articulated shells
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were not buried rapidly but resided in a relatively well-

preserved preservation state at the sediment–water interface

for long durations (i.e. several decades or centuries).
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