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Late Quaternary marine skeletal concentrations from Argentina are rich in molluscs exhibiting a great variety of
bioerosion structures. The shells of Crepidula, a characteristic gastropod occurring along more than 2000 km of
coastline between the Río de La Platamargin and southern Patagonia, show traces of dwelling, predation and an-
choring activitiesmadeby porifers, bryozoans, annelids, other gastropods and brachiopods. Caulostrepsis, Entobia,
Maeandropolydora, Iramena, Oichnus, Finichnus, Pennatichnus, Pinaceocladichnus, Podichnus and Renichnus occur
on the outer shell surface. Finichnus and Oichnus are the only traces present along the entire area and the full
time span considered. The most characteristic structures are produced by bryozoans, polychaetes and predatory
gastropods. Traces produced by annelids and predatory gastropods occur preferentially in the central shell sector,
where predators gained access to the soft parts of the prey. By contrast, encrusting or branching bryozoan colo-
nies are widely distributed as they can attach to any sector regardless of shell features available. No strict corre-
lation is evident between ichnodiversity and either time or latitude, but ichnodiversity is linked to local
oceanographical/biotic controls. For Patagonia,with a greatmajority of ichnotaxamade by bryozoans, the general
trend of higher bioerosion degree and ichnodiversity at higher latitudes is controlled by sea surface temperature/
productivity: for the modern and the Holocene, several ichnodiversity peaks match with well-constrained con-
ditions (substrate, salinity, thermal fronts). By contrast, this does not hold for the Pleistocene: dissimilar condi-
tions probably prevailed, especially during the Last Interglacial (colder waters richer in nutrients).

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Bioerosion structures can be the result of mechanical, chemical or a
combination of both processes, and they represent several kinds of ac-
tivities by different groups of organisms on hard substrates (rocks,
wood, bones, shells, among others) (Boekschoten, 1970; Taylor and
Wilson, 2003; Bromley, 2004; Lorenzo and Verde, 2004; Farinati et al.,
2006; Kelley and Hansan, 2006; Seilacher, 2007; Santos and Mayoral,
2008; Lopes, 2012; Richiano et al., 2012; Árpád and Apród, 2013;
Santos et al., 2014).

It is widely acknowledged that in a variety of marine environments,
worldwide and through geological time, bioerosion is a taphonomic
agent controlled essentially by the bioeroding organisms themselves
(in their wide diversity through space and time), sedimentation rates,
water depth, biological productivity, and the density and architecture
(R. Sebastián), maguirre@
er).
of the substrate. Consequently, the different types and intensity of
bioerosion can provide palaeoenvironmental evidence with important
implications for palaeoecological interpretations (Bromley, 1994;
Edinger, 2002; Edinger and Risk, 2007; Wilson, 2007). On the other
hand, latitudinal changes in biodiversity (today and in the recent past)
have been intensively used in palaeoenvironmental contexts and to an-
alyse evolutionary patterns of different taxonomic groups, variations in
their ecological requirements and responses to climate changes (among
others, Radwanski, 1977; Edinger, 2002; Goldring et al., 2007; Chazottes
et al., 2009; Buatois and Mangano, 2011; Brezina et al., 2014; Paul and
Herbert, 2014). In contrast, few quantitative or biogeographical studies
of bioerosion structures, have been carried out (but see Wisshak et al.,
2011). This is especially true for the coast of the Southwestern Atlantic
(SWA).

In Quaternary marine deposits from Argentina (South America,
SWA) (Aguirre and Whatley, 1995; Aguirre et al., 2011a; Richiano
et al., 2013), molluscs represent the dominant biogenic component of
parautochthonous skeletal concentrations (sensu Kidwell, 1986).
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These are preserved between the Río de La Plata margin and southern
Santa Cruz province (Patagonia), where they exhibit a wide range of
bioerosive structures. Records of dwelling (Domichnia), anchoring
(Fixichnia) and predation (Praedichnia) are the most common; they
are abundantly preserved on gastropod and bivalve shells (Richiano
et al., 2012). The most constant taxa were selected among bivalves
and gastropods sampled along the Bonaerensian and Patagonian coastal
areas in Argentina in order to objectively compare bioerosion traces
identified onmolluscan shells from a large number of fossiliferous local-
ities and along the modern adjacent littoral (Fig. 1). Among these,
Crepidula is a gastropod constantly present and commonly dominant
in Pleistocene and Holocene littoral palaeoenvironments (mainly
beach ridges and marine terraces, and sometimes in tidal flats and
coastal lagoonal facies). These animals are outstanding due to the abun-
dance and variety of bioerosion signatures preserved on their shells.
Due to the nature of the substrate provided by the shells of this epifau-
nal gastropod and to the environments involved (mostly highly ener-
getic in intertidal and shallow infralittoral habitats), bioerosion
signatures are not preserved in situ but instead are transported– an in-
frequent condition for trace fossils. Also, a considerable residence time
of the shells at thewater-sediment interface enhances bioerosion inten-
sitywhen reworking of sediments exposes the shells to frequent attacks
or invasions by different organisms.

The localities selected for this study are based on the relative abun-
dance of Crepidula as well as and on the availability of chronological
controls for the sampled Quaternary coastal deposits preserved in
Argentina. Crepidula is more abundant along Patagonia than in the
Bonaerensian littoral, at present and since the Mid-Late Quaternary
(Marine Isotope Stage, MIS11, ca. 400 ka B.P.; Zachos et al., 2001;
Lisiecki and Raymo, 2005; Schellmann, 2007; Schellmann and Radtke,
2010). As a result, different numbers of localities and percentages of
Crepidula shells are represented along the coast (Fig. 1).

Bioerosion studies can reveal palaeobiodiversity patterns and evi-
dence for the ecological structure of palaeocommunities through time
(among others, Kelly and Bromley, 1984; Taylor et al., 1999; Martinell
and Domènech, 2009; Buatois and Mangano, 2011; Paul and Herbert,
2014). In spite of this, studies from a macroscale perspective in space
and time, which are useful to understand changes in ecological
Fig. 1. Location of 22 sampled localities from the coastal area of Argentina, (Southwestern Atlan
but and Santa Cruz provinces (Patagonia).
interactions between large communities of organisms regionally, are
still missing for Argentina. This approach is also fundamental to
assessing whether latitudinal ranges of ichnodiversity are in agreement
with latitudinal biodiversity patterns based on benthic molluscan taxa.
Likebody fossils, bioerosion structures record the response of organisms
to local and/or regional variations in physical and biotic parameters of
the marine Argentine littoral (Aguirre et al., 2011a).

The aim of this study is to characterize bioerosion structures (and
their trace makers) for one taxon, Crepidulawhich is constantly present
along the coastal area of theMar Argentino in the SWA. This will reduce
the possible variables (taxonomic, ecological and environmental
controls) and make a macro-scale comparative study possible. This ap-
proach will reveal latitudinal/temporal patterns since the Mid-Late
Pleistocene, and allow palaeoenvironmental interpretations.
2. Geological settings

In Argentina, rich and thick marine skeletal accumulations of Late
Quaternary age are abundant and exceptionally well preserved. They
occur in beach ridges and marine terraces that reflect beach
palaeoenvironmental parameters during sea-level fluctuations. The
molluscan assemblages is dominated by gastropod and bivalve
shells, which are mostly parautochthonous, and which accumulated
during the last transgressive-regressive Mid-Late Pleistocene to Mid-
Holocene marine cycles (Marine Isotope Stages, MIS, 11, 9, 7, 5,
1) (Haq et al., 1987; Burckle, 1993; Winograd et al., 1997; Zachos
et al., 2001; Lisiecki and Raymo, 2005; Schellmann, 2007; O'Leary
et al., 2013). These shell concentrations are extensively present along
the entire Argentinean coastal area, from the modern supratidal zone
up to a few kilometres inland (reaching up to ca. 30 km). Most of the
fossiliferous deposits were accumulated during the Holocene (MIS1;
mostly during the Mid-Holocene) and Mid-Late Pleistocene (MIS11 to
5), of which the most continuous and richest belong to MIS1, 5 and 7.
Previous studies provided complete sources of information for
morphostratigraphy, sedimentology, geochronological, taphonomical
and palaeoecological aspects of these deposits (e.g., Feruglio, 1950;
Farinati, 1985; Spalletti et al., 1987; Cionchi, 1988; Codignotto et al.,
tic, SWA) along Buenos Aires province (here called Bonaerensian area) and RíoNegro, Chu-



Fig. 2.General aspects of theQuaternary deposits studied. A,B,C-Detail of theHolocenedeposits at Bahía Samborombón (locality 2). D,E,F- Pictures of theHolocenedeposits at Bahía Blanca
(locality 3). G,H,I- General view of the Pleistocene deposits at Camarones (locality 12). J- General view of the Pleistocene deposits at Bahía Bustamante (some kilometers to the west of
locality 13, Península Gravina). J,K- Detail of sedimentological aspects of the Pleistocene deposits at Bahía Bustamante. For pictures B,H and K scale bar: 10 cm; For picture G, scale bar: 1m.

65R. Sebastián et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 439 (2015) 63–78
1988, 1992; Schellmann, 2007; Schellmann and Radtke, 2010; Aguirre
et al., 2011a,b, 2013; Ribolini et al., 2011; Richiano et al., 2013).

Although taphonomic studies for Crepidula spp. are not available
for Argentina, but our field and laboratory observations point to the
high degree of taphonomic signatures (sensu Kowalewski and Flessa,
1995) of our shells, most of which exhibit excellent preservation,
even retaining the original colour and luster or fragile ornamentation
structures (like spines and ribs, e.g., shells of C. aculeata). Both extrin-
sic factors (physical conditions of the Argentine littoral) and intrinsic
features (among others, shell mineralogy, density and shape; life
habit) can be strong controls influencing the taphonomic degrees of
shell preservation (Aguirre et al., 2011b). Selection of one particular
taxon (Crepidula) for bioerosion analyses along the whole geographi-
cal range minimizes the intrinsic factors. Biostratinomical processes
seem to have not significantly affected the shells of Crepidula (and as-
sociated taxa), most probably due to a short exposure time within the
TAZ (taphonomic active zone, sensu Davies et al., 1989), the zone
where the shell material suffers post-mortem alteration.
2.1. Bonaerensian quaternary marine deposits

Along the Buenos Aires coastal sector, the best exposed molluscan
concentrations, mostly within beach ridge landforms, occur at Punta
Indio (S 35° 16′ 21″; W 57° 15′ 04′), Bahía Samborombón (S 35° 58′
24″;W 57° 27′ 00′) and Bahía Blanca (S 38° 42′ 41″;W 62° 16′ 02″) local-
ities (Fig. 1). The Late Pleistocene fossiliferous deposits correlated with
MIS5 (Pascua Fm and equivalent units) are very scarce and exhibit a
patchy distribution. Shells of Crepidula are almost absent. For this reason,
for the Bonaerensian deposits, the main focus in this study will be put on
MIS1 (Mid-Holocene; Canal de las Escobas Fm and equivalent units).

Along Bahía Samborombón, the Holocene sediments (ca. 5 m above
presentm.s.l.), grouped into Canal de Las Escobas Fm, involve fourmem-
bers: Destacamento Río Salado Mbr (tidal flat deposits, 5.8–7 ka B.P.),
Cerro de la Gloria Mbr (beach ridge deposits, ca. 3–8 ka B.P.), Canal 18
Mbr (coastal lagoon deposits, 6–7 ka B.P) and Canal 15 Mbr (tidal flat,
since 3 ka to the present) (Fidalgo, 1979 modified by Fucks et al., 2010;
Richiano et al., 2013). The Destacamento Río Salado Mbr is about 0.5 m



Table 1
A- Total amount of shells of Crepidula studied from the three regions considered (Buenos
Aires province, Northern Patagonia and Southern Patagonia) and through time. B- Author,
trace maker and ethology of the ichnotaxa identified.

Littoral Argentinean areas Age Shells of
Crepidula

Without
Bioerosion

With
Bioerosion

Shells % Shells % Shells %

Buenos Aires province Holocene 595 50.4 487 81.8 108 18.2
Northern Patagonia
(middle Golfo San Jorge
towards the north)

Modern 211 17.9 109 51.7 102 48.3
Holocene 22 1.9 11 50.0 11 50.0
Pleistocene 42 3.6 37 88.1 5 11.9

Southern Patagonia
(middle Golfo San Jorge
towards the south)

Modern 97 8.2 32 33.0 65 67.0
Holocene 64 5.4 31 48.4 33 51.6
Pleistocene 150 12.7 38 25.3 112 74.7

Total 1181 100 745 63.1 436 36.9

Ichnogenus Author Tracemakers Ethology

Caulostrepsis Clarke (1908) Annelids Domichnia
Maeandropolydora Voigt (1965) Domichnia
Finichnus Taylor et al. (2013) Bryozoans

(Cheilostomata)
Fixichnia

Iramena Boekschoten (1970) Bryozoans
(Ctenostomata)

Domichnia
Pennatichnus Mayoral (1988) Domichnia
Pinaceocladichnus Mayoral (1988) Domichnia
Oichnus Bromley (1981) Gastropods & Octopus Praedichnia
Renichnus Mayoral (1987) Gastropods Fixichnia
Podichnus Bromley and Surlyk

(1973)
Brachiopods Fixichnia

Entobia Bronn (1838) Sponges Domichnia
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thick and composed of silty to very fine-grained sands with wavy strat-
ification. The Canal 18 Mbr is 3 m thick and is composed of fine-grained
sands and silts, usually containing both articulated bivalve shells in life
position and tabular levels of disarticulated shells with no preferential
orientation. In the Cerro de la Gloria Mbr (bioclastic ridges 200 m wide
and 5 m thick, oriented subparallel to the modern coastline), the main
lithologic components are bivalve shells (+70%, Fig. 2A–C) (Aguirre
et al., 2011b) with a low proportion of coarse- to medium-grained
sands. In cross-section perpendicular to the coastline, the ridge shows
lenticular, trough and sigmoidal geometry; eventually there are planar
beds. Cross bedding, hummocky cross stratification and parallel stratifi-
cation are the most common sedimentary structures (Richiano et al.,
2013). Finally, Canal 15 Mbr is 1 m thick and is composed of fine
brown silt, conforming the tidal flat consequent the regression of the
sea ca. 3000 yrs. B.P. Considering the palaeoenvironmental evolution of
the studied deposits at the Bahía Samborombón and in the Punta Indio
localities, the sea-level rise generated a transgressive surface that records
the beginning of the Destacamento Río Salado Mbr. During this trans-
gressive stage, sediment flux from the continent was reduced. During
several storm episodes, molluscan shells accumulated, generating the
Table 2
Results of the bioerosion analyses on Crepidula from the Holocene deposits at Buenos Aires pro

Crepidula Ichn

Buenos Aires Province posit

Age Locality sample total
shells

without
bioerosion

with
bioerosion

1

Holocene Punta Indio A117 1 0 1 1
Punta Indio A115 36 20 16 1

16

Bahía Samborombón Canal 15 19 16 3 3
Bahía Blanca PI 284 154 129 25 16

PI 31 55 45 10 6
PI 59 330 277 53 35

Totals Holocene
(numerical values)

576 471 105 78

Totals Holocene
(percentages)

81.8 18.2 42.4
chenier, while the finer-grained sediments were washed by tides.
When the chenier was completely formed, a lagoonal environment de-
veloped toward the continent (Canal 18 Mbr) (Richiano et al., 2013).

At the Punta Indio area, along the Rio de La Plata margin northwards
of Bahía Samborombón, only Holocene ridges (5–7 krs. B.P., equivalent
to Canal de La Escobas Fm) contain rich molluscan concentrations.

On the other hand, at Bahía Blanca area, only Holocene deposits
were sampled as the Late Pleistocene unit (unnamed) contains scarce
and mainly badly preserved shells. The most extensive Holocene de-
posits are composed of ridges exhibiting coarse to medium sands with
high percentages of molluscan shells (Fig. 2D-F) (Aliotta et al., 2001,
2013). A littoral palaeoenvironment of moderate energetic conditions
with frequent storm events allowed accumulation of multi-episodic
shell concentrations (tempestites) similar to the Bahía Samborombón
Holocene ridges.

All the Bonaerensian shells analyzed in this study belong to the
beach ridge sections at the three localities (Punta Indio, Bahía
Samborombón, Bahía Blanca).
2.2. Patagonian quaternary marine terraces

Themolluscan shell concentrations preserved along the coastal area
of Río Negro, Chubut and Santa Cruz provinces (Patagonia; Figs. 1, 2) in-
tegrate beach ridges, marine terraces and estuarine deposits locally
known as “Marine Terraces” (MT), so-called MTIV, V and VI sensu
Feruglio (1950). Contrary to the marine Pleistocene deposits displayed
along the Bonaerensian sector, the Patagonian Pleistocene deposits
(MTIV and V) are very abundant, widely spread and better preserved.
They represent at least four Pleistocene high sea-level episodes, MIS 5
(ca. 125 ka), 7 (ca. 225 ka), 9 (ca. 325 ka), 11 (ca. 400 ka). The most
shore-ward deposits correspond to the last transgressive high sea-
level episode during the Holocene (MIS1, present day) (Codignotto
et al., 1988; Rutter et al., 1989, 1990; Schellmann, 2007; Schellmann
and Radtke, 2010).

The Mid-Holocene landforms (MTVI), at ca 5–12 m above present
m.s.l., provided the greatest number of molluscan shells. This fauna is
more diverse, better preserved and exhibit abundant and diverse
bioerosion structures.

In the Río Negro province, Pleistocene littoral ridges and Holocene
terraces (MIS7?, 5 and 1) were surveyed in San Antonio Oeste and sur-
rounding the Golfo San Matías (Baliza San Matías Fm, San Antonio Fm
sensu Mouzo, 2014). In Chubut province, the deposits correlate with
MIS 11, 9, 7, 5 (Pleistocene) and 1. Moreover, the best preserved
deposits are located at Bahía Vera-Cabo Raso-Camarones (Figs. 1, 2 G-I)
and at Bahía Bustamante (Figs. 1, 2 J-L). In Santa Cruz province, the
deposits were assigned mainly to MIS9, 7, 5 and 1 and most of the
vince.

ology

ion of the bioerosion Ichnogenera

2 3 4 5

1 1 1 1 Finichnus
1 Caulostrepsis
15 15 15 15 Finichnus
1 Renichnus
3 3 2 1 Finichnus
4 3 1 1 Caulostrepsis, Iramena, Finichnus, Maeandropolydora,

Oichnus, Pinaceocladichnus2 1 1
9 5 3 1
36 28 23 19

19.6 15.2 12.5 10.3



Table 3
Results of the bioerosion analyses on shells of Crepidula recovered from selected deposits at Northern Patagonia for the three time spans considered (Modern, fossil Holocene and
Pleistocene sites).

Crepidula Ichnology

Northern Patagonia position of the bioerosion Ichnogenera

Age Locality sample total shells without bioerosion with bioerosion 1 2 3 4 5

Modern Baliza San Matìas 6 3 3 1 Caulostrepsis
1 1 1 Oichnus

1 1 1 1 1 Finichnus
Bal. Pozo Salado PA0629 11 8 3 1 1 3 1 2 Finichnus
N Puerto Lobos PA0869 3 1 2 1 1 1 1 Maeandropolydora
Puerto Lobos MPA0870 3 2 1 1 1 Caulostrepsis

1 Finichnus
Caleta Sara PA02M7 3 1 2 1 Caulostrepsis

1 Maeandropolydora
Pto. Madryn S/N 4 2 2 2 1 2 1 1 Finichnus
Playa Unión 143 74 69 1 Maeandropolydora

20 17 11 14 12 Finichnus
11 10 11 7 3 Oichnus
1 1 Iramena

Bahía Vera Pa02M5 38 18 20 6 7 6 2 5 Maeandropolydora
1 Caulostrepsis

1 Finichnus
1 Oichnus

1 1 1 1 1 Podichnus
Totals Modern (numerical values) 211 109 102 47 41 40 29 29
Totals Modern (percentage) 51.7 48.3 25 22 22 16 16

Age Locality sample total shells without bioerosion with bioerosion 1 2 3 4 5 Ichnogenera

Holocene Caleta Los Loros PA0631 3 0 3 2 1
1 2 1 Finichnus

San Antonio Oeste PA0621 1 1
Camarones Pa02Hol7 11 5 6 1 Oichnus

2 1 2 Maeandroplydora
1 1 Finichnus

Península Gravina S/N 2 1 1 1 1 1 1 1 Caulostrepsis
Bahía Solano S/N 5 4 1 1 1 Caulostrepsis

1 1 Maeandropolydora
Totals Holocene (numerical values) 22 11 11 10 2 6 4 2
Totals Holocene (percentage) 50.0 50.0 42 8 25 17 8

Age Locality sample total shells without bioerosion with bioerosion 1 2 3 4 5 Ichnogenera

Pleistocene San Antonio Este PA06 26 2 2
San Antonio Este PA06 24 1 0 1 1 1 2 4 5 Finichnus
Puerto Lobos PA04Q4 3 2 1 1 Finichnus
Camarones MLP-225 8 8 0
Camarones Pa02Q15 7 6 1 1 Oichnus
Cabo Raso PA02Q12 21 19 2 2 Finichnus

Totals Pleistocene (numerical values) 42 37 5 3 1 4 4 5
Totals Pleistocene (percentage) 88 12 18 6 24 24 29
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fossiliferous sites are located in Golfo San Jorge and Puerto San Julián
areas.

In general, the marine terraces from Patagonia have two different
deposits. The central part is mainly composed of massive, clast-
supported conglomerate, with a scarce sandy matrix interpreted as
the core terrace. On the other hand, above the massive core, well-
stratified sediments (fine conglomerates with abundant sandy matrix)
are apparent, representing the foreshore and shoreface deposits. These
sediments commonly show low-angle, planar cross-stratification and
trough cross-stratification. All the shells analysed in this study come
from the upper part of the terraces, where the shells aremore abundant
and better preserved (Richiano et al., 2013).

3. Material and methods

The number, age and geographical position of the fossiliferous local-
ities considered along the Argentinian coast correspond to their extent
in the field, their degree of preservation, and to the abundance of mol-
luscan assemblages. Among more than 10,000 shells collected in bulk
samples (sediment and biogenic content) from Late Quaternary littoral
deposits along the Bonaerensian and Patagonian coastal areas (source of
information available in previous studies, e.g., Farinati, 1985; Aguirre
et al., 2009, 2011a, 2013), a total of 1,181 specimens of Crepidula were
selected for trace fossils analysis (macroborings). The differential num-
bers per area depend on the occurrence and abundance of shells in each
site (Tables 1–4). The Holocene samples (595 shells) from Buenos Aires
provincewere recovered from three selected sectors: Punta Indio, Bahía
Samborombón and Bahía Blanca localities (Fig. 1; Table 1). Crepidula is a
marine gastropod taxon typical of hard bottoms. The modern
Bonaerensian littoral adjacent to the fossiliferous deposits show prefer-
entially sandy tomuddy substrates (Parker et al., 1997). For this reason,
few records were available for Punta Indio-Bahía Samborombón area,
which belongs to the Río de La Plata margin characterized by
mixohaline-polyhaline salinity gradients in dominantly fine substrates.
On the other hand, a total of 586 shells of Crepidulawere analysed from
the three provinces of Patagonia (Río Negro, Chubut and Santa Cruz;
Fig. 1): 12 Holocene and 7 Pleistocene locality areas, apart from 14 sam-
ples from the modern beach adjacent to the fossiliferous localities.

In order to allowgeographical latitudinal comparisons, the Argentin-
ean littoral sector was divided into three main regions: 1, Buenos Aires



Table 4
Results of the bioerosion analyses on shells of Crepidula recovered from selected deposits at Southern Patagonia in the three time spans considered (Modern, fossil Holocene and Pleisto-
cene sites).

Crepidula Ichnology

Southern Patagonia position of the bioerosion Ichnogenera

Age Locality sample total shells without bioerosion with bioerosion 1 2 3 4 5

Modern Rada Tilly MPA08 5 0 5 1 Maeandropolydora
1 Iramena
1 Entobia
2 Oichnus

Punta Murphy MPA04A2 3 2 1 1 Oichnus
N of Caleta Olivia S/N 5 0 5 3 2 2 1 Maeandropolydora
La Lobería MPA010–45 18 11 7 2 2 1 Maeandropolydora

2 2 3 2 1 Finichnus
1 Oichnus

Norte Deseado S/N 14 3 11 3 1 2 Maeandropolydora
5 1 1 2 1 Finichnus
1 2 1 Oichnus

Puerto Deseado MPA010–9 48 15 33 6 2 1 Caulostrepsis
11 5 14 1 2 Maeandropolydora
8 8 3 14 3 Finichnus
1 Oichnus

Puerto Deseado PA010- 5 4 1 3 1 Caulostrepsis
2 2 1 Maeandropolydora

Totals Modern (numerical values) 97 32 65 51 20 33 22 9
Totals Modern (percentage) 33.0 67.0 38 15 25 17 7

Age Locality sample total shells without bioerosion with bioerosion 1 2 3 4 5 Ichnogenera

Holocene Punta Médanos PA06 11 3 3
N of Playa Alsina PA010 41 26 16 10 1 1 1 Caulostrepsis

3 1 5 1 Maeandropolydora
1 1 Finichnus

S of Playa Alsina PA010 44 4 1 3 2 1 2 2 Maeandropolydora
Cabo Tres Puntas PA04 S/N 3 1 2 2 2 2 2 2 Caulostrepsis
N of Caleta Olivia PA010 40 2 1 1 1 1 1 Caulostrepsis

1 1 Finichnus
Caleta Olivia PA010 39 8 4 4 2 1 1 Caulostrepsis

1 1 1 Maeandropolydora
1 1 Finichnus

1 Oichnus
Cañadon Leon PA08 S/N 1 0 1 1 1 1 1 Caulostrepsis
San Julián PA07 HOL2 2 2
Punta del Buque WP009 1 0 1 1 Maeandropolydora
Sur Punta del Buque PA011-2 13 3 10 1 Caulostrepsis

1 2 4 1 1 Maeandropolydora
4 3 5 3 4 Finichnus

2 Oichnus
1 1 1 1 1 Iramena

Ensenada Ferrer PA011 Codi2 1 0 1 1 1 Oichnus
Totals Holocene (numerical values) 64 31 33 22 17 27 10 14
Totals Holocene (percentage) 48.4 51.6 24 19 30 11 16

Age Locality sample total shells without bioerosion with bioerosion 1 2 3 4 5 Ichnogenera

Pleistocene Mazarredo PA04A12 3 2 1 1 Oichnus
S de Pan de Azúcar PA010 42 2 2
San Julián PA 06 5 12 11 1 1 Maeandropolydora
San Julián PA06 9 25 16 9 1 1 Caulostrepsis

6 1 5 1 3 Finichnus
Estancia La Mina PA06 9 108 7 101 2 Pennatichnus

31 36 34 34 36 Pinaceocladichnus
45 44 45 39 34 Finichnus
1 2 Oichnus

Totals Pleistocene (numerical values) 150 38 112 87 84 84 75 73
Totals Pleistocene (percentage) 25 75 22 21 21 19 18
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Province coastal area; 2, Northern Patagonia, between San Antonio
Oeste and Comodoro Rivadavia; 3, Southern Patagonia, from Comodoro
Rivadavia towards the south (Fig. 1; Table 1). The total numbers of
shells recovered from each major sector are presented in Table 1.

Bioerosion intensity (amount of shell area occupied by bioerosion
structures) was analysed for all shell surfaces. As other authors have
shown, mostly for bivalve shells (Staff and Powell, 1990; Lorenzo and
Verde, 2004; Casadío et al., 2005; Parras and Casadío, 2006; Santos and
Mayoral, 2008; Brezina et al., 2014; Santos et al., 2014), significant
sectors of the shells can be established on their external surfaces. Only
a very small number of our shells exhibit bioerosion structures on the in-
ternal surface. Following those methodologies, and due to the morpho-
logical similarity of Crepidula with many bivalve shells, we considered
five main fields of occupation preference for the activities of the
bioeroders on the outer (external) shell surface: 1, central region; 2,
right margin; 3, apex; 4, ventral margin and 5, left margin (Fig. 3).
Accordingly, for each shell of Crepidula, the total number of bioerosion
structures identified in each field/region was estimated. The number of



Fig. 3. Distribution of the five fields defined on shells of Crepidula.
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shell fields involved for each bioerosion structure is dependent on the
size of the ichnotaxon considered relative to the dimensions of the host
shell (Crepidula). For example, circular holes of Oichnus (commonly 1–3
mm in diameter) can be present in one field only, while the long gallery
systems of Maeandropolydora can generally occupy more than one field
(Figs. 4, 5). These features were summarized in Tables 2, 3 and 4.

Followingmodels for estimates of diversity (e.g.,Wisshak et al., 2011),
we used qualitative data (presence/absence), which represent the data-
base available for thewhole geographical area and time slices considered.
The ichnodiversity was measured for each locality as a percentage of
ichnotaxa preserved for each time span relative to the total number of
ichnotaxa recovered in the area of study (D = ni / nt x 100, where ni is
the number of ichnotaxa for each locality, nt is the total number of
ichnotaxa for a time span along the whole area) (e.g., Margalef, 1982).

From the Mid-Late Pleistocene to the present, molluscan biodi-
versity patterns have shown to vary latitudinally, decreasing south-
wards along the Argentine coastal area as a response (mainly) to
SST-oceanographical conditions (Aguirre et al., 2011a). Following
our previous results from analyses of molluscan biodiversity pat-
terns along Argentina since the Late Pleistocene (Aguirre et al.,
2011a), we hypothesize that in geographical areas and during time
spans which showed highest molluscan biodiversity, overall a more
diverse benthic macroinvertebrate community also occurred. These
area and times were associated with environmental conditions that
promoted more intense bioerosion activities by different organisms
(porifers, bryozoans, polychaetes, brachiopods, other molluscs, crus-
taceans). Consequently, in the same environments, a more diverse
ichnodiversity pattern should prevail. Alternatively, an inverse or
no correlation could be obtained between latitudinal molluscan bio-
diversity patterns and ichnodiversity patterns and through time.

The name Finichnus Taylor et al., 2013 was proposed to replace the
name Leptichnus (preoccupied by Simroth, 1896 for a terrestrial gastro-
pod), consequently we followed this change.

The material studied was washed by means of an ultrasonic cleaner
(Lilis 3.8) and photographed using a digital camera (Nikon D3100) and
a digital camera (Nikon Coolpix S10 VR) attached to a binocular loop
(Nikon SMZ1000).

4. Results

Overall, seven nominal species of Crepidula (in alphabetical order:
aculeata, argentina, dilatata, plana, onyx, protea, unguiformis) have been
described for the modern littoral; several of them have also been
recovered from Quaternary fossiliferous coastal deposits from
Argentina (Suppl. Appendix 1a-d). Of these, C. protea is themost widely
distributed along the whole coast and through time, while C. aculeata is
dominant in Bahía Blanca area (Buenos Aires province) and C. protea
and C. dilatata along Patagonia. However, due to the highmorphological
variability (phenotypic plasticity) of Crepidula, it is often impossible to
objectively discriminate thematerial to the species level. Consequently,
intermediate shells could only be assigned to Crepidula sp. The broad
shell forms of all the species are virtually the same, at least as far as
encrusters and borers are concerned. They share the same shell archi-
tecture (size, density, mineralogical composition, e.g., Carter, 1990).
On top of that, they all have similar ecological requirements (habitat
and life habits) (Appendix 1c), for which (even if the shell-substrates
considered belonged to different species of Crepidula) they can still be
considered environmentally equivalent. The taxonomic status at the
species level does not represent a conditioning factor to interpret the
bioerosion patterns obtained.

A total of ten ichnogenera (Caulostrepsis, Entobia, Iramena, Finichnus,
Maeandropolydora, Oichnus, Pennatichnus, Pinaceocladichnus, Podichnus
and Renichnus) were identified on the outer shell surface of 1,181 shells
of Crepidula recovered. They belong to three ethological categories,
Domichnia (dwelling), Praedichnia (predation) and Fixichnia (anchor-
ing) (Table 1b). Complete descriptions for each trace are available else-
where (Lorenzo and Verde, 2004; Farinati, 2007; Domènech et al., 2008;
Martinell and Domènech, 2009; Richiano et al., 2012). Some
ichnogenera include ichnospecies which can vary considerably (e.g.,
Finichnus), whereas others vary little (e.g.,Oichnus). To avoid an eventu-
al unbalanced ichnodiversity pattern caused by these differences, our
study is based on ichnogenera.

A summary of the results obtained for the three regional sectors con-
sidered are presented below.
4.1. Buenos Aires Province (Figs. 1, 4; Table 2)

For the northern region of the Argentinean littoral, a total of 595
shells of Crepidulawere recovered from the Holocene deposits. Neither
Pleistocene nor modern samples of Crepidula from this sector are avail-
able (see Bonaerensian setting above). Themolluscan assemblages from
the Bonaerensian coastal area are dominantly composed ofMactra spp.
along Punta Indio-Samborombón and Brachidontes spp. at Bahía Blanca.
Of the three sectors/localities considered, only Bahía Blanca offers the
most appropriate environments for Crepidula.



Fig. 4. Examples of themain bioerosion structures recognized on Crepidula in the Holocene deposits from Buenos Aires provinces. A- Caulostrepsis. B,C- Iramena. D- Iramena and Finichnus.
E,F- Finichnus. G,H- Maeandropolydora. I- Oichnus. Pictures A-E and G-I are from Bahía Blanca (locality 3); Picture F is from Punta Indio (locality 1). Scale bar: 1 cm.
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4.1.1. Punta Indio Area
For this locality, samples A115 and A117 from Cantera La Elvira

(35°11′S, 57°20′W) provided 37 shells of Crepidula. Of these, 20 shells
are unaltered, without any bioerosion structures, while 17 show
bioerosion traces (Finichnus, Caulostrepsis, Renichnus) (Table 2). The oc-
cupation preference for Finichnus involves the whole external shell sur-
face (Fig. 3) while Caulostrepsis and Renichnus are concentrated
preferentially on shell fields 1 and 2 (central and right margin areas,
respectively).

4.1.2. Bahía Samborombón area
In contrast with the Punta Indio area andwithin the coastal deposits

along Bahía Samborombón, Crepidula is a very scarce component. One
sample from Cerro de la Gloria Member at Canal 15 (Fig. 2) supplied
19 shells of which 16 exhibit no bioerosion signatures while 3 showed
Finichnus only (Fig. 4). These bioerosion structures are also concentrat-
ed on fields 1, 2 and 3 (central, right margin and apex areas; Fig. 3).

4.1.3. Bahía Blanca area
In this area, from a total of 539 shells of Crepidula, 451 (83.7%) lack

bioerosion traces while 88 (16.3%) exhibit signatures. Six ichnotaxa
were recognized: Caulostrepsis, Iramena, Finichnus, Maeandropolydora,
Oichnus, Pinaceocladichnus (Fig. 4). The occupation preference is con-
centrated in shell fields 1, 2 and 3 (central region, right margin and
apex, respectively) (Table 2).
4.2. Patagonia

4.2.1. Northern Patagonia (Figs. 1, 5; Table 3)
For the northern Patagonian sector, 275 shells of Crepidula were re-

covered from a total of 10 localities (modern Holocene, fossil Holocene
and Pleistocene age slides).

In the modern samples, from a total of 211 shells, 48.3% show
bioerosion signatures (6 ichnogenera, Table 3). For the Holocene sam-
ples, from the 22 shells recovered, 50% are bioeroded (4 ichnogenera).
Finally, in the Pleistocene localities, 12% from a total of 42 shells are
bioeroded (2 ichnogenera).
4.2.2. Southern Patagonia (Figs. 1, 5; Table 4)
For this area 311 shells of Crepidulawere recovered from 7 localities

of all ages.



Fig. 5. Examples of the main bioerosion structures recognized on Crepidula from Patagonian deposits. A,B- Caulostrepsis (Modern, locality 15: Rada Tilly). C- Entobia (Modern, locality 15:
Rada Tilly). D- Iramena (Modern, locality 15: Rada Tilly). E,F- Iramena (Modern, locality 4: San Antonio Este). G- Maeandropolydora (Holocene, locality 13: Península Gravina). H,I-
Maeandropolydora (Modern, locality 19: Puerto Deseado). J- Oichnus (Holocene, locality 20: Ensenada Ferrer). K- Oichnus (Modern, locality 15: Rada Tilly). K,M- Podichnus (Modern, lo-
cality 12, Camarones). Scale bar: 1 cm.
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In the modern samples, bioerosion signatures were identified in
67% (6 ichnogenera, Table 4) from a total of 97 shells. From Holocene
samples, 5 ichnogenera were identified in 51% of 64 shells. Six
ichnogenera were recognized in 76% of 147 shells from Pleistocene
samples.
5. Discussion

Crepidula offers a consistent substrate for bioerosion throughout
the systems studied at a macrogeographical scale, reducing variables
and making objective comparisons possible. The significance and



Fig. 6. Quantitative comparisons ichnotaxa geographically and through time, showing preference areas of occupation by annelids and bryozoans. For areas 1 and 5 see Fig. 3.
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palaeoenvironmental value of the bioerosion structures preserved in
Crepidula within the Late Quaternary coastal deposits along
Argentina can be analysed from two main standpoints: 1: interac-
tions between trace makers and the host (Crepidula); and 2:
ichnodiversity (geographically and since the Late Pleistocene) of
the bioerosion patterns observed.

5.1. Relation of the trace makers with Crepidula

Crepidula represents an important source of habitat and microhabi-
tat resources for a great variety of organismswithin littoralmacroinver-
tebrate communities along the Argentine coastal sector in the SWA.
However, a unique general bioerosion pattern cannot be defined
concerning this taxon for the whole area. For each of the five different
trace-maker groups identified (porifers, bryozoans, brachiopods, gas-
tropods, annelids) (Table 1b), their relationship with the shell substrate
depends on intrinsic features of the bioeroders and on the purposes of
the borings.

Overall, Finichnus and Oichnus are the only ichnotaxa represented
along thewhole area and time spans considered. Themost character-
istic structures are produced by polychaetes (Maeandropolydora,
Caulostrepsis) and bryozoans (Finichnus): they are constantly pres-
ent (all areas and ages) and highly abundant. By contrast, although
Oichnus, a trace made by molluscs, is widely distributed in space
and time, it is preserved generally in low proportions only. Other
makers, like porifers and brachiopods, are represented almost excep-
tionally (2 shells from a total of 1,181) and can thus be disregarded
for palaeoenvironmental changes/latitudinal trends. In general
terms, all the structures are preserved on the external shell surface
only (exceptionally, some isolated traces have been observed on
the margins of the internal surface). It is probable that they were
produced while the snails were alive with their shells in a convex-
up position. However, post-mortem colonization cannot be ruled
out considering that shells like Crepidula can easily lie in the same
convex-up position after death.

5.1.1. Polychaetes
In particular, regarding annelid polychaetes as tracemakers, they pro-

duce Domichnia structures (dwelling), identified as Maeandropolydora
and Caulostrepsis which are preserved since the Pleistocene along the
whole Argentine littoral, except for the Pleistocene deposits from north-
ern Patagonia (SAO to central Golfo San Jorge; Fig. 1). These traces occur
preferentially in shell field 1 (central) and secondarily in field 3 (apex)
(Figs. 3, 6). According to thehabitat (shallowandhighly energeticwaters)
and life habit (epifaunal gregarian) typical for Crepidula, the central area
represents the most protected sector against predators and erosion,
close to the sediment-water interface, which provides an optimal refuge
for annelids (Davis, 1967). Because Crepidula shells are thin, the boring
performed by the annelids is parallel to the external shell surface instead
of vertically as in thicker mollusc shells (e.g. oysters, Seilacher, 2007).
Maeandropolydora and Caulostrepsis are produced by boring Spionid an-
nelids interpreted as endoskeletozoans (Taylor and Wilson, 2002).
Spionids are very small worms (lengths of a few millimeters up to 2–3
cm) living in awide variety of habitats. They chemically build longnarrow
tubes or U-shape borings within calcareous substrates (Castellanos et al.,
1996). According to studies on Quaternary molluscs performed by
Domènech et al. (2008), some borings made by Spionids could represent
parasitic infestations within their hosts.

In other areas and time spans, studies of biotic interactions with
polychaetes involve algae (Villouta and Santelices, 1984; Masunari,
1988; López and Stotz, 1997), porifers (Cinar and Ergen, 1998), corals
(Tsuchiya et al., 1986), brachiopods (Rodrigues et al., 2008), bivalves
(Paredes and Tarazona, 1980; Tsuchiya and Hirano, 1985; Mayoral,
1991; Feller et al., 1992; Lorenzo and Verde, 2004), cirripeds



Fig. 7. Intensity and ichnodiversity of bioerosion recognized in the area of study since the Pleistocene. A- Intensity of bioerosion latitudinally and across time. B- Relative ichnodiversity (%)
from north to south along Argentina. For localities 1–22 see Fig. 1.
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(Hernández et al., 2001), tunicates (Zamorano and Moreno, 1975) and
gastropods (Richiano et al., 2012). Polychaete traces have shown to be
useful for diversity and bathymetric reconstructions within shallow
subtidal environments (Ojeda and Dearborn, 1989). The morphological
variations of the traces can be linked to substrate nature, to depthof ero-
sion and to density of occupation, and are determined by the changing
trajectories of the boring tunnels and channels (Santos et al., 2014).
Our material and the kind of deposits sampled, however, do not allow
us to attempt such reconstructions.

5.1.2. Bryozoans
Two behaviours can be recognized regarding the traces made by

bryozoans based on our materials, Fixichnia (Finichnus) and Domichnia
(Iramena, Pennatichnus and Pinaceocladichnus). The traces are pro-
duced by different bryozoan taxonomic groups (Cheilostomata and
Ctenostomata, respectively) (Mayoral, 1988).

Finichnus is the most frequent and constantly present along the area
of study. In contrast with traces made by annelids, occupying preferen-
tially field areas 1 (apex) and 3 (central area), where the external shell
features (coarse wrinkles or ribs and spines) provide better protection
for dwelling, those produced by bryozoans are widely distributed over
the whole shell (Figs. 3, 6). Bryozoans can establish encrusting
(Cheilostomata) or branching (Ctenostomata) colonies attached to
any shell area regardless of external features available. Accordingly,
the shells of Crepidula represent excellent substrates for the bryozoan
colonies representing episkeletozoans (sensu Taylor andWilson, 2002).

Iramena, Pinaceocladichnus and Pennatichnus (Domichnia produced
by Ctenostomata) occur very rarely. They are more abundant in Bahía
Blanca area and especially in southern Patagonia (Tables 2–4). Similarly
to the pattern obtained for Finichnus, these traces show no preference
for occupation field on the shell surface. This pattern can be explained
by the life habit of the producer colonies, encrusting (Cheilostomata) or
branching (Ctenostomata), and by the purposes of the bioerosion struc-
tures made by them: attachment (encrusting) or refuge (branching).

5.1.3. Other trace makers
Other important trace makers are gastropods (most commonly

Muricids and Naticids; Lorenzo and Verde, 2004; Paul and Herbert,
2014) which produce Oichnus (Praedichnia). On the other hand,
Renichnus (Fixichnia) is produced by Vermetids (tropical and subtropi-
cal gastropods; Goldring et al., 2007).

Oichnus is widely distributed in space and time. Together with
Finichnus it occurs along the whole coastal area for more than
2,000 km between the Río de La Plata margin and southern Santa Cruz
in Patagonia since the Late Pleistocene (Tables 2–4). Due to the preda-
tion strategy of the trace makers, the bioerosion structures are concen-
trated in field areas 1 and 3 (central and apical, wheremost soft parts of
Crepidula are located).

Other ichnotaxa, like Renichnus, Podichnus and Entobia, show no sig-
nificant pattern. They occur only on one shell each and at different geo-
graphical areas and time spans (Tables 2, 3, 4).

Renichnus is considered a climatic indicator for tropical to subtropi-
cal climates since the Miocene (Radwanski, 1977 in Goldring et al.,
2007). Interestingly, the only record of Renichnus along the coastal
area of Argentina comes from the Mid-Holocene (ca. 7–5 ka B.P.) of
the northernmost locality (Punta Indio, Buenos Aires province) where
independent evidence for the Mid-Holocene Thermal Maximum
(sensu Briner et al., 2006) has previously been acknowledged elsewhere
(Aguirre et al., 2011a).

Podichnus (Fixichnia; produced by attachment of brachiopod pedi-
cles) represents an early ethological strategy recognized in the fossil
Fig. 8.Mainmodern physical and oceanographical parameters of South America. A- Currents. B
Aguirre et al., 2013 (more references therein). Malacological provinces in the SWA: An, An
Magellanean, P-C, Peru-Chilean. Oceanic currents: BC, Brazilian (warm);MC:Malvinas/Flakland
boldt (cold); WWC: West Wind Drift (cold).
record of Argentina (Ordovician; Santos et al., 2014) but never before
for the Quaternary. Our records represent the first mention for this
ichnotaxon on Crepidula and for the area of study.

5.2. Can we recognize latitudinal patterns of bioerosion in Crepidula from
Argentina (SWA)?

Studies of ichnodiversity along macrogeographical scales are un-
common and are absent for the Quaternary of the SWA. On the other
hand, quantitative estimations of ichnodiversity have only been provid-
ed by Wisshak et al. (2011) who applied several indexes (e.g., species
richness, Simpson index of dominance, Shannon diversity index,
Pielou′s equitability index) and focused on modern patterns associated
with bathymetic and latitudinal variations and within very short time
spans (one to two years). By contrast, analyses of the qualitative data-
base of our study were focused on the search for latitudinal patterns
of bioerosion alongmore than 2,000 km and since theMid-Late Pleisto-
cene to present (last ca. 400 ka).

Taking into account that, at present, different taxonomic groups can
produce traces assigned to the same ethological categories, that their
occurrence and relative abundance within the original benthic commu-
nities are directly linked to environmental and biotic factors (mainly
substrate, salinity, SST, oceanographical conditions, productivity, inter-
specific relationships), and that our records show the same three etho-
logical categories along thewhole coastal area of Argentina and through
time, we conclude that similar or ecologically equivalent macroinverte-
brate assemblages lived in the study area since theMid-Late Pleistocene.
On top of that, a linkage has beenmentioned between trace fossil distri-
bution and latitude (mainly for northern hemisphere marine settings)
and climatic changes can have remarkable effects on the distribution
and abundance of trace fossils (Kelley and Hansan, 2006; Goldring
et al., 2007).

For Argentina, qualitative variations in diversity of bioerosion con-
tent have been documented across time for the Cretaceous-Paleogene
boundary in northern Patagonia (based on molluscs, echinoids and
crabs; Brezina et al., 2014). Concerning the marine Quaternary of
Argentina (Buenos Aires province and Patagonia), a general ichnological
characterization of the traces identified on dominant bivalve and gastro-
pod shells (Richiano et al., 2012) has shown that the highest Holocene
diversity is present in northern localities. This pattern was interpreted
as linked to the amelioration of climate during the Mid-Holocene
Thermal Maximum (enhanced salinity and thermal conditions).

Latitudinal variations of biodiversity patterns have been document-
ed in Argentina based on molluscan records since the Mid-Late Pleisto-
cene (Aguirre et al., 2011a) and on modern bryozoans (López Gappa,
2000). For example, regarding modern marine bryozoans, studies
based on species richness in the continental shelf of Argentina (between
35° and 56°S, and between the coast 50°W) reported highest values in
shelf areas dominated by coarse sediments along a high productivity
shelf-break front. Contrary to this, the highest number of planktonic
taxa was documented in the subtropics rather than in transitional, sub-
polar or polar water masses of the SW Atlantic (Boltovskoy, 1982).
What is more, similar trends were documented for the Atlantic Ocean
from 80°N to 70°S based on fishes and invertebrate groups (pelagic
and benthic habitats) (Macpherson, 2002).

Overall, molluscs (gastropods and bivalves) showed a southwards
decreasing diversity pattern along the entire Argentine coastal area,
interpreted as a response mainly to SST conditions. In contrast to this,
bryozoans showed an inverse pattern, increasing at higher latitudes,
most probably controlled by productivity conditions (highest in cold
salty and nutrient-rich waters; Romero et al., 2006). Accordingly,
- SST. C- Thermal and salinity fronts. D- Substrate. Modified from Aguirre et al., 2011a and
tilleana; B, Brazilian; A, Argentinean; M, Magellanean; in the Southeastern Pacific: M:
(cold); CAC:Antarctic Circumpolar Current (cold); CHC: Cabo deHornos (cold);HC: Hum-
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based on our results, only slight north-south trends for Patagonia, the
bioerosion geographical variations observed since theMid-Late Pleisto-
cene to present (Figs. 6; 7a, b) are most probably not exclusively linked
to temperature latitudinal gradients. Conversely, an interplay of physi-
cal and biotic controls seem to represent themost plausible explanation.
Some minor peaks of ichnodiversity seem to match with local physical
parameters of the Argentine Sea (Fig. 8, salinity and thermal fronts,
SST, substrates, productivity). Our bioerosion patterns for the higher
latitude localities along Patagonia (17–22, Mazarredo-San Julián),
where traces made by bryozoans are dominant, could be explained by
a combination of SST-productivity.

The Holocene pattern (Mid-Holocene Bonaerensian and Patagonian
beach ridges) (Figs. 6, 7a, and b) is the most geographically extensive
and abundant (152 bioeroded of 691 shells, 7 ichnogenera). First,
Fig. 7a shows a general trend of increasing bioerosion percentages
(intensity) towards the south. Secondly, Fig. 7b shows higher
ichnodiversity at higher latitudes (southern Patagonia, e.g., localities
12, 16, 21). The highest ichnodiversity along the whole area belongs
to the Buenos Aires province, with a peak at Bahía Blanca (locality 3,
rich in traces made by annelids). This matches with the highest gastro-
pod and bivalve peaks that appear to correspond to the thermal and
salinity fronts during the Mid-Holocene Thermal Maximum (Briner
et al., 2006) (Fig. 8). By contrast, the remaining Bonaerensian, muddy-
substrate localities (1 and 2, Punta Indio and Bahía Samborombón)
belong to unstable marginal marine environments, highly influenced
by theRio de La Plata plume. In this case, because salinity is a strong lim-
iting factor for biodiversity, the low total numbers of ichnotaxa (Table 2)
coincide with the lower malacological biodiversity reported for the
Bonaerensian marginal marine localities (Aguirre et al., 2011a). Conse-
quently, a lower variety of associated benthonic macroinvertebrate
taxa would be expected in localities 1 and 2. Regarding SST, Renichnus
(produced by Vermetid gastropods not living at present in Argentina
but typical of tropical and subtropical water masses northwards) was
recorded in Punta Indio (locality 1) where other displaced warm-
water molluscan taxa have been documented (Aguirre et al., 2011a),
implying higher SST than present.

The Late Pleistocene pattern of bioerosion (117 bioeroded shells
from 192 total shells), shows a similar southwards-increasing trend in
both intensity and ichnodiversity. Curiously, no tracesmade by annelids
were observed in the Pleistoceneof northernPatagonia, however a sam-
pling bias cannot be ruled out. In the southern Patagonian sector, traces
produced by bryozoans (Finichnus, Iramena, Pinaceocladichnus,
Pennatichnus) are most abundant, implying optimum conditions for
the occurrence of encrusting and branching colonies (hard substrates,
oxygenated waters of high productivity). In the northern Patagonian
sector only Finichnus and Oichnus were recorded (Cheilostomata bryo-
zoans and gastropods tracemakers, respectively) while along southern
Patagonia Pinaceocladichnus and Pennatichnus are abundant, reinforcing
SST and productivity as the main controlling factors. The modern diver-
sity of marine bryozoans is higher in colder Pacific waters than in the
SWA and, according to studies based on modern bryozoans recovered
by oceanographical expeditions, it is highest in the continental shelf of
Argentina along a high productivity shelf-break front (López Gappa,
2000). Additionally, it has been shown that variations in bioerosion in-
tensity can be indicative of palaeoproductivity changes (Edinger, 2002;
Edinger and Risk, 2007).

Consequently, the higher bioerosion records during the Late Pleisto-
cene in southern Patagonia could be linked to decreased SST andhighest
productivity patterns in comparison with the modern oceanographical
conditions along Patagonia (Fig. 8) (Romero et al., 2006; Paparazzo
et al., 2010). Moreover, palaeobiogeographical studies have shown
colder than present waters of higher productivity during the Late Pleis-
tocene along Patagonia, especially in the southern sector. This was doc-
umented by the fossil records of the gastropod Tegula atra which lives
along the cold Humboldt system in Chile and southern Perú. This spe-
cies is the dominant gastropod in the Patagonian Pleistocene beach
ridges and terraces, but is absent during the Mid-Holocene (increased
SST) and extinct today in the SWA (Aguirre et al., 2013). Also, as
Edinger (2002, p.275) pointed out, a majority of macroborers are filter
feeders that bioerode in more productive waters and, on the other
hand, all types of bioerosion increasewithmarine primary productivity.
Lower SST and higher productivity could also be the most plausible
explanation for the highest bioerosion intensity, mainly produced by
bryozoans, especially at locality 21 (San Julián; ca. 49°S) where the
Pleistocene deposits were correlated with the Last Interglacial (MIS5;
Rostami et al., 2000). Interestingly, a collapse of ice sheets was docu-
mented during the last interglacial (O'Leary et al., 2013), which proba-
bly brought Antarctic ice rafts debris to the Patagonian coast through
the Malvinas/Falkland cold, north-flowing current (Fig. 8a) enhancing
a general cooling of the water masses.

Finally, the modern records for bioerosion intensity and diversity
(Fig. 7a, b), with higher percentages of bioeroded shells southwards,
show a similar ichnodiversity pattern along both sectors in Patagonia
(the northern and southern). Three peaks are evident (localities 9, 15,
19) whichmatchwith specific oceanographical conditions (North Pata-
gonian Frontal System, NPFS; Subtropical-Subantarctic Convergence,
Atlantic Patagonian Cold Estuarine Front, APCEF and South Patagonian
Frontal System; SPFS; Fig. 8; Acha et al., 2004; Bogazzi et al., 2005),
implying a strong linkage between bioerosion ichnodiversity and the
salinity and SST of water masses and with productivity values derived
from them.

6. Conclusions

1- The greatest majority of bioerosion signatures recognized on
Crepidula from the marine Quaternary of Argentina, from the Mid-
Late Pleistocene to present, were made by bryozoans, gastropods
and annelids. These left traces on the external surfaces of the shells
of extant hosts.

2- The intensity of bioerosion and the morphology of the traces identi-
fied respond to extrinsic and intrinsic factors of Crepidula. The inten-
sity is directly linked to the life habit and habitat, favoured by longer
exposure time of their shells within the sediment-water interface.
The morphology and arrangement of the traces vary with skeletal
architecture (coarser shell surfaces with wrinkles, ribs, and spines
favour the activities of Fixichnia and Domichnia, e.g. Crepidula
aculeata bioeroded by Spionid annelids in Bahía Blanca costal area).

3- Overall, the intensity and ichnodiversity patterns obtained for the
modern littoral and for the Mid-Holocene are strongly linked with
substrate nature, salinity, SST and oceanic fronts; higher peaks
matchwith coarser substrates, increased salinity, higher SST; lowest
values coincide with muddy substrates at marginal marine areas.

4- Southern Patagonia, characterized by ichnotaxa produced by bryo-
zoans, shows the greatest bioerosion intensity and ichnodiversity
through time. We suggest that this pattern is a consequence of
highest productivity conditions in comparison with the remaining
geographical sectors of Argentina. The lowest values, obtained for
the fossil Holocene localities, are linked to the Mid-Holocene Ther-
mal Maximum, which reduced palaeoproductivity levels along the
entire Patagonian coast.

5- In general terms, no strict correlation is possible between latitudi-
nal molluscan biodiversity patterns and ichnodiversity geographi-
cal variations through time. Several ichnodiversity peaks for the
modern localities along Patagonia, especially from Golfo San Jorge
area and southwards, are linked to well-constrained oceanograph-
ical conditions. This also applies for the Holocene pattern, implying
that the main coastal and salinity fronts must have been already
active then, although with differential magnitudes, as shown by
previous molluscan palaeobiogeographical studies. By contrast,
the ichnodiversity pattern points to dissimilar conditions
(decreased SST and higher productivity in comparison with the
modern oceanographical conditions) prevailing during the Late
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Pleistocene especially for southern Patagonia.
6- The highest bioerosion intensity recorded along Patagonia for the

Late Pleistocene, mostly produced by bryozoans (Finichnus,
Pinaceocladichnus, Pennatichus), and especially in southernmost
coastal deposits correlated with MIS5 (Last Interglacial) at ca. 49°S,
is most probably a consequence of higher paleoproductivity rates
during a time when a collapse of Antarctic ice sheets allowed a gen-
eral coolingof the Patagonianwaters. Our Pleistocenebioerosion pat-
tern represents independent evidence for colder waters that were
richer in nutrients than today, especially during MIS5e. This comple-
ments previous interpretations based on palaeobiogeographical
analyses of the extinct Tegula atra (Gastropoda), a biostratigraphical
and palaeoclimate-palaeoceanographical signal for the Patagonian
Pleistocene.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palaeo.2015.05.003.
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